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ABSTRACT

The objective of this program is to carry out a fundamental study of the nucleation
and film growtn mechanisms in hetercepitaxial semiconductor thin films, leading to
new undarstanding of these processes, and to apply the results ic the preparation of
improved semiconductor thin fiims and thin-film devices on insu’ating substrates. The
research program involves both theoretical and experimental investigations, divided
into nine subtasks -- two theoretical and seven experimental. The emphasis is on
chemical vapor deposition (CVD) techniques. The Si-on Al90O3 and GaAs-on Al505
system3 are emphasized bu. other semiconductors and other substrates, such as spinel
and beryilia, are to be included.

A generalized theoretical method for the study of crystallographic relationships
between substrate and film has been developed, utilizing two-dimensional gaussian
distributions of mass as replacements for real atoms on the subsirate. The method,
which allows pseudomorphic deformation to occur and accounts for the associated
elastic strain energy, is applicable either fo an extended film or tc films of finite
extent (i, e., islands), and has been applied to simple square-lattice systems., Aunother
theoretical approach has been utilized in examining effects associated with film-
substrate crystallographic relationships, with particular attention to the interfacial
cohesive and binding energies between film and substrate. The model under develop-
ment uses a semi-phenomenological treatment employing a relatively short-range
pairwise interatomic interaction potential between Si atoms and the Af and O atoms in
and near the interface in the Si~A2503 system. Pseudomorphic distortion is allowed
in this treatment, also. ’

Experimental studies of the effects of variots growth parameters ard other
variabies on the qua'ity of Si film growth on A£503 and spinel substrates have been
undertaken utilizing the pyrolysis of SiH4. The properties of nominally undoped Si films
grown at temperatures less than 1050C are found to be domiaated by surface conduction.
N-type conductivity, with carrier concentrations from ~1612 to ~7 x 1015 ¢cm=3 and
mobilities as high as 700-850 cm2/V-sec are found, but properties vary greatly with
surface conditions. Arsenic-dcped n-type films with carrier concentrations from
1016 to 1018 cm=3 in both (111) and (100) orientations on AigO2 have been prepared
in both Ho and He at temperatures as low as 950C with good electrical properties.
Undoped Si filins depgsited at temperatures >1050C are invariably p-type, due to auto-
doping. However, the exact role played by surface conduction is not yet fully evaluated.

Chromatography studies designed tc identify the impurities in reactants used in
the deposition of Si and GaAs by CVD techniques have been initiated; the investigations
are directed toward eventual preparation of reactants of improved purity for use in the
program.

Preliminary studies and design of required modifications in an electron micro-
scope tc be used for in situ observation of semiconductor CVD are also under way.
First experiments involviag the cbservation of some type of fiim growth in the micro-
scope are expected in the second half of the vear.
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In addition to the evaluation of deposited films of both Si and GaAs in terms of
crystai structure, surface topography, electrical resistivity, carrier concentraticn
ard moblility, and optical properties, a novel method of measuring high-field transport
properties based on a time-of-flight measurement has been developsed.

A detailed outline of the work planned for the second six months of the program
is included.
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SECTION1

INTRODUCTION

The preparation of thin-film heteroepitaxial semiccnductors on insulating
substrates for device applications has become a requirement of first-order importance
in the scmiconductor industry. Many circuits and circuit functions in military elec-
tronics now employing solid-state components or low-power vacuum-tube components
have potential applications for devices fabricated in heteroepitaxial semiconductors,

Among the many reasons for developing further thke techniques for preparing
high quelity films of heteroepitaxial semiconductors on insulating substrates are the
following:

1, Many promising applications for heteroepitaxial Si on insulating
substrates have been abandoned or have fallen short of original
expectations because of limitations in the quality of the epitaxial
layer, resulting at least in part from incomplete understanding of
nucleation and early-stage growth phenomena and general inability
to take corrective measures to improve this phase of the film growth
process,

2. There are applications requiring large-area arrays of devices in which
the total cost of fabrication will be less for deposited thin-film devices
on an insulating substrate than for the same devices carved out of wafers
of bulk crystals,

3. The opportunity to fabricate complete microcircuits in wide-bandgap
high-mobility compound semiconductors (such as GaAs) on insulating
substrates extends the range of permissible operating temperatures
and power levels,

4, The composite structure of a compound semiconductor on a transparent
substrate, with controllable bandgaps ranging throughout the spectral
range from ultraviolet to long-wave infrared, opens a multitude of
potential photodevice possibilities which are impractical with bulk
material,

5. Special configurations, such as that of a semiconductor and a piezoelectric
material side-by-side on a common substrate, for use in fabricating
surface-wave acoustic devices can be routinely achieved by heteroepitaxial
growth techniques but are difficult (or in some cases impossible) to obtain
utilizing bulk crystals,

An example of a specific instaince in which a signilicant improvement in hetero-
epitaxial film quality, and thus in device performance, would produce an immediate
effect in military electronics applications is the GaAs film-type photocathode recently
investigated in a contract program* at Autonetics, A practical limitation has appeared

*Fort Belvoir Contract No, DAAK02-69-C-0333, "Heteroepitaxial Deposition of P**

GaAs on Insulators. " (Ref, 1)




on the performance of such a photocathode v:ilzing heteroepitaxial GaAs on sapphire
because of the infericr pruperties of the GaAs-sapphire interface region. Nucleatior
and early-stage growth phenomena probably establish this limitation; knowledge of the
details of these growth mechanisnis could permit improvement in the properties of the
interface region and thus in ihe perfcrmance of the device in hattlefield surveillance
and night vision applications.

Similarly, improvement in the electrical properties of thin heteroepitaxial fiims
of other compound semiconductors on transparent insulating substrates would probably
permit fabrication of solid-state infrared vidicon tubes, a military requirement of iong
standing. In addition, the fabrication of diode and other device arrays as well as
discrete thin-film devices and full microcircuits, with emphasis on such important
items as microwave mixers and os:illators having significent power handling capability,
would probably advance from its present status to full utility as a result of improve-
ments in film properties made posaible by knowledge of early-stage growti phenomena,

1. PROGRAM OBJECTIVES

The overall ebjective of this program, for which thic is the first Semi-annusai
Technical Report, is to carry out a fundamental study of the nucleation and film growth
mechanisms in heteroepitaxial semiconductor thin films, leading to uew knowledge
and understanding of these processes, ard then to apply these vesuits to the prepara-
tion of improved semiconductor thin films and thin-film devices on insulcting substrates.

The specific technical objectives of the three-year program are the following:

1. Investigation of various aspects of tae mechanisms of heteroepitaxial
film growth, to establish {through accumulation of basic knowledge})
sets of technical guidelines for the preparation of better films which
can then be applied to rea! situations.

2. Preparation of improved, high-quality, device-grade heteroepitaxial
films of Si and GaAs on insulating substrates by chemical vapor deposition
(CVD} methods.

3. Development of methods of characterizing heteroepitaxial films as tc
their suitability for subsequent device fabrication.

4. Design and fabrication of selected thin-film devices which take
advantage of the unique properties of such films.

2, PROGRAM SCOPE

The program involves both theoretical and experimental investigation of the
nucleation and growth mechanisms of heteroepitaxial films in semiconductor-insulator
systems, the development of improved techniques for preparation of heteroepitaxial
semiconductor films, and the fabrication of some devices utilizing these films, the
latter primarily for the purpose of evaluating the heteroepitaxial film materials but
also to exploit the special properties of the films,




The theor:tical studies in the program are of two types, First, there is
"on-line" response to the needs of the experimental program involving data analyses,
theories and explanations, and guidance in identifying definitive experiments. Secord,
original exploraticn of theoretical topics of fundamental importance to the field of
epitaxy, peraaps only indirectly related to the experimental problems of the moment,
will continue throughout the program; the goal of such theoretical studies will be the
generation of significant theoretical advances in the field of heteroepitaxy.

The experimental investigations are also of two types. First, fundamental
explorations are being undertaken to elucidate mechanisms and general principies
of the heteroepitaxial growth process. Secornd, practical studies accompany the
furid2--ental investigations so that useful discoveries and developments can be im-
medistely appiied to improvement of the properties of the semiconductor filme. which
can then be utilized in fabricating the experimental devices.

CVD methods are the most common and successful in use for film growth in the
semiconductor industry, and it appears that this circumstance will continue for some
tirme. Consequently, the emphasis in this program is on such teckniques. Most
previous fundamental studies of epitaxy have concentrated upon physical vapor depesi-
tion (PVD) methods, partly because both experimental and thesretical scrutiny are
2asier with these techriques. However, they will be employed in this program only
at those times when they will be cleerly helpful in the search for understanding,

Si and GaAs are to be used for most of the work, together with substrates of
sapphire (A&O3), spinel (both stoichiometric and nonstoichiometric), and beryllia
(BeC). Si and GaAs have been chogen because of the preeminence of the former in the
semiconductor industry and the high-frequency and high~temperature attributes of the
latter; in addition, they represent the elemental and compound semiconductors for
which most comparative information exists,

Si-on-A£,03 and GaAs-on-Aly03 are the semiconductor-insulator systems to be
emphasized, based in part on the success already achieved with these systems {albeit
in the absence of full fundamertal understanding) and in part on the potentisl value of
these systems to device technology. However, if it becomes advisable as the program
develops, other semiconductor-insulator combinations will be brought into considera-
tion, employing either CVD or PVD,

3. PROGRAM DESCRIPTION BY SUBTASK

To carry out the overzall program iask, the research has been divided into nine
subtasks as foilows:

a. Theoretical Studies
(1) Subtask 1

Theoretical examination of CVD kinetics and the processes of nucleation, surface
migration, and film growth with emphasis on crystaliographic relationships between
overgrowth and substrate, using both *'classical" and recently developed iechniques
and concepts, to attempt to identify mechanisms and establish general principles of
heteroepitaxial growth,
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(2y Subtasgk 2

Caleulation of interfactial (surface) binding energies and other parameters involving
the quantum mechanics of surfaces and interfaces, based primarily on the pseudopotential
approach, which couid add significantly to the present knowledge of binding energies and
the heteroepitaxial process,

b. FExperimental Studies

(1) Subtask 3 .
Investigation of the delivery kinetics of CVD processes, to improve the detailed
understanding and control of the chemical reactions involved in the preparation of

heteroepitaxial semiconductor films by CVD; also preparation of films for use in other
parts of the program.

(2) Subtask 4

Analysis and purification of reactant materials used in metal-organic-hydride
and other CVD processes, and preparation of sample quantities of improved-purity
reactants so that films of higher quality can be obtained.

(%) Subtask 5

Preparation of substrates and characterization of surfaces and impurity content
of substrates for use in semiconductor heteroepitaxy, with particular attention to such
factors as surface orientation, defect structures, and surface purity.

(4) Subtask 6

Correlation of properties of grown heteroepitaxial semiconductor films with
meagured substrate properties and CVD process parameters, and explicit experimental
varification of these correlations,

(5) Subtask 7

In situ observation and study of the early stages of growth of CVD films in the
etectron microscope, to devel :p ndditional fundamental knowledge of the epitaxy
nrocess. Results of these experimental observations will be incorporated into
theoretical studies as they become available,

(8) Subtask 8

Measurement of the electrical, optical, crystallographic, and thermal properties
of heteroepitaxial semiconductor films on insulators by a variety of measurement
techniques., Standard techniques will be employed and new methods developed where
required for measurement of those film properties which appear best to characterize
ultimate device performance,



(7) Subtask 9

Design and fabrication of certain types of devices, using some of the heteroepitaxial
films produced in the above studies. Some devices will be used to evaluate material
properties and others to exploit semiconductor film characteristics unique to heteroe
epitaxial systems, .

Additional specific subtasks may be added to the program as-the work progresses,
consistent with the status of the program work at the time or in response to specific
requests by the contract monitor.



SECTION I1I

RESULTS AND DISCUSSION S

The progress achieved during the first six months of the program is summarized
in this section. All of the subtasks (see preceding section) are technically under way,
although two of them (Subtask 6 -~ correlation of film properties with substrate prop- -- - -
erties and CVD process parameters -- and Subtask 9 -~ design and fabrication of
devices in improved films) will not be fully activated until later in the program.

A summary of the progress on the other subtasks follows.

1. THEORETICAL STUDIES

In addition to the "on-line' interactions with experimentalists, which are
planned as an important and integral part of the theoretical effort on this program,
the activitics of the theoreticians associated with the contract have now become
clearly cdefined and directed toward the solution of several specific problems in the

field of semiconductor heteroepitaxy. This work will be discussed in some detail
here,

a. Subtask 1: Classical Epitaxy Theory -- Nucleation, Kinetics, Crystallographic
Relationships

Considerable work has been done on the development of a generalized theoretical
method for the study of crystallographic relationships between substrate and film.
Among the important factors to be considered in such an investigation are the following:

1. Imperfection of substrate surface

2. Deformation of substrate surface in presence of film overgrowth
3. Precise nature of interface potential between film and substrate

4. Strain energy as function of orientation

5. Registry by pseudomorphic deformation or by dislocations a‘t the interface

8. Surface {ree energy of exposed facets of islands
7. Extent of overgrowth -~ i.e., extended film or separate islands.

The generalized method adopted is a semi-empirical means for describing the
coordinated effect of factors 1, 4, 5, and 7, with possible later consideration of 6.
FFactor 3 would have to be parameterized and determined, among a limited number of
possibilities, by fitting experimental data or through use of semi~empirical interatomic
force curves, such as Morse curves. Restrictions such as the symmetry and periodic-
ity of lattices, the known state of imperfection of substrates, relative surface energies,
and known elastic coefficients do, however, limit the empirical alternatives so that a
rational deduction of realistic growth and orientation mechanisms should be achievable.

6
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Although completely accerate predictions of growth behavior in particular cases will
rerazin out of reach, enough guidelines can be established by these methods to indicate
probable ranges of specific resul*s. The method used is briefly described in the
following paragraphs.

I an individual free cvergrowth atom migrates ou the exposed substrate sur-
fsce, it will experience a potential (usually periodic, except for perturbations due to
defects) which will be denoted by Up (r), where r is the position vector on the substrate
surface. For reasons of achieving coivergence in an analytical representation of the
interface potential for a film of such atoms, it is convenieant to replace the usual
"point” atcm with a two-dimensional gavssian distribution of mass which has the
same total interaction with the substrate as does the real or "point' atom. The mass
in such a "gaussian" atom is distributed about a center located at T = T, as follows:

pg (T-r) --—2e" (=) 2pa , 1)

TR

where p, is the mass density and n measures the "width" of the gaussian atom..
Thus, ife gaussian atom becomes a point atom of unit mass when n—0,

An interaction potential ¢ per unit mass is chosen such that
U, ) = [6(F) o, G-F,) dF,, @)

where Ug (F) is the total potential experienced by the gaussian atom. For example,
consider that U, () is given by

= - cos 2T% o5 2TY
Up(ﬂ A(l cos =3~ cos b)’ (3)

in which A and b are constants and x and y are the components of r, i.e., r = Ix + jy.

The potential corresponds to a substrate having a primitive square lattice of
parameter b/{z_ rotated at an angle of 45 degrees to the x-direction. Potential
minima occur over substrate atoms. In terms of a nonprimitive unit cell, the lattice
is a face-centered square lattice of parameter b parallel to the x-direction. Either
of these descriptions is satisfactory. If ®(r,) is chosen as

21rxo 2ny0
¢('f'o) =a~f cos 5 Cos T 4)

then Equations (1) and (2) require that

2
Ug(?)=a-pe"n/b cos%—bxcos-z—gx. (5)




To ensure that the point atom potential Up (r) and the gaussian atom potential Ug (r) are
equivalent it is necessary that

a=A

and

22,2
B=Ae" ! " ®)
The potential of the entire film is next considered. In order to obtain aa
analytical expression for the film potential it is first necessary to find an expressioa

for the distributed mass density in a periodic film constructed of gausaian atoms.
This density may be written as

i =

where pgm refers to the ith gaussian atom centered at T in the film. Because of the
periodic nature of the extended film it is possible to expand pf in a Fourier series
whose coefficients are indexed in the reciprocal lattice of the film.

First, however, an internal coordinate system rigidly fixed in the film mcust be
introduced. The position vector in this system is 8 = i'u + j'v, where {" ad J* e miz
vectors fixed in the film, and u and v are the corresponding components of s. The
transformation between 8 and r is

X=ucosb -vsing,
and
y=usin® + vcos 0, ®)

where 6 is the angle of rotation of the film coordinate system with respect to that of
the substrate.

It now follows that

pg (8) = Z;l. Py e pItEE )

where h is a reciprocal vector and Py, are the Fourier coefficients. Since Pf (5) can be
expressed as

P ®=Z pg VG- 5, (o)

it follows that p1 can be calculated in a straightforward manner. For exzxmple, if the

film consists of a simple square lattice of parameter a with a gaussisn atom centered
at each node point, it can be shown that

8
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petentisl Ug may sow be expressed solely in terms of the lattice parameter a and
the angle of rotation € by

v, @0 = j 6@ B & . (14)

Egustion (%) mast be ased to express the position vector T, in &(r) above, in terms of
s before the Imtegration in Equatian (14) is performed,

it is assamed in 2l! of the sbove that the central atom of the island lies directly
over 3 sabstrate atom. Trmaslationsl effects can, however, be treated by removing
thes [imiting 2ssamptian.

For szall islends, and ever for some exiended films, there is experimental
evidmce Gt psradomorphic deformation rather than dislocztion generatiop is the
mechamise lor minimizing e combined elastic and interface energies. When this is
the case, Se moreased 2egative binding energy associated with the pseudomorptic
deformation more fax compeasates for the positive elastic erergy due to the deforma-
tha, and Gas 3 lower tolal energy s oltained.

I the apzura! lattice parameter of the film is a,, the strain energy in the
egaiidrinm confguoiticn ca be spproximated by

Vi = Tie-s ), (15)
witere [ is 3 modslns depeading o the elastic coefiicients. The total energy will
Der De

Eia.6 = Vin) - U‘ (2.€). (16)

Experimentaily sheerved crystaliograpkic crientations of fiim and substrate will
correspond 1o camfige-ations of misimam totsl energy. Within the framework of ihe
present modei, these comfigarations cin be determined by mimimizing E(a,0) in the
shove egagtion with respect to a 2nd 6.

Toe validity of this model and the above analysis bas been established for the
itmitieg case of 22 extended fllm, where L= and E(a,@}/N is the energy per stom,
For simplicky, ¥ was further asssmmed that -0, f.e., po elastic energy, Noun-zero
vaizes of the binding energy per atom Ug (2,6)/N are shlaired only when the
geometrical condiions of elther Eqguation 7172) or Eguation (17b) are satisfled;

ce =sme = & and a =b//Z (172)
me+lt b m-#{b
‘Tﬁ; = -ela® and (—2' -y = CcOS 6, (17b)

10




Equation (17a) represents the simplest case, that of autoepitaxy, vhile Equation
(17t) identifies all of the crystallographic relationships involving commensurability
between overgrowth and substrate for the more general case, Thus, physically
correct results have been obtained from the gaussian atom model for these cases,

For 1ilms of fin!te extent the appropriate expressions can be¢ made te converge
rapidly by choosing the gaussian width parameter n as large as a/8, In this way, the
finite film case becomes tractable; the accuracy of the method has been checked for
the simple case of small angles of rotation 6,

The methed described here is now being applied to real film-substrate sysiems,
b. Subtask 2: Theoretical Studies of the Quantum Mechanics of Surfaces

The results obtained in experimental heteroepitaxy are known to be dependent
upon a number of variables and experimental conditions, including source material
impurities, substrate preparation methods and perfection; (including both intrinsic
defects and extrinsic defects such as surface impurity atom complexes), and substrate
crystallographic orientation.

The relation of orientation and crystallographic direction to heteroepitaxial fiim
quality is likely to involve both "directi' and "indirect' effects. The direct effects can
be definied as those associated with particular film-substrate crystallographic orien-
tation relationships for a substantially ideal film (i.e., with bulk crystal qualities) on
a substantially ideal (bulk-crystal) substrate. Indirect effects, on the other hand, can
arise if different growth and/or deposition planes behave differently with respect to
the formation of surface impurity complexes, surface catalysis of chemical reactions,
or some impurity- or defect-induced nucleation. In the theoretical investigations
described in the present section the so-called direct effects relating to bulk or slightly
modified bulk film-substrate crystallographic relationships are considered.

The work on this subtask began late in the fourth month of the contract program
and increased to the planned level of effort in the sixth; the major theoretical effort in
the first year will take place in the second six months. The prin ‘pal activity has
been the investigation of theories and theoretical apprcaches to the problems of
cohesion and structure as applied to heteroepitaxy. ‘The three theoretical problems
of the direct-effect nature believed to be most relevant to the experimental hctero-
epitaxy investigations are: (1) the interfacial cohesive and binding energy betwecn
film and substrate, (2) the interfacial-state energy bands and associated electronic
conductivity, and (3) the film surface-state energy bands and associated clectronic
conductivity. The first of these three problems has received the most attention to
date.

Before a more detailed discussion of this investigation is undertaken, the
question of why the binding energy between film and substrate is of importance in
heteroepitaxy will be examined briefly. The simplest analysis of the physical "com~
patability' of a film-substrate combination is a geometrical consideration of the "fit"
or ""match' between atoms of various crystaliographic planes in the film and substrate
lattices. However, such a geometrical model has proven of little value in that film-
substrate systems with small mismatch do not always lend themselves to successful
epitaxy, while some systems with a large mismatch result in good epitaxial growth.
The logical next step in understanding the basic principles of heteroepitaxy is to
attempt to determine the actual! film-substrate interfacial binding energies for planes

11




of various oricntaticas of 2 given film-substrate systess. Aay progress oa this problem
and any guidclines which caz be evelved coudd be of real importaace in the practical
applicaiinas of hetcroepitazy.

In *he theorstical studles thus far, the attempt has beea made to gevelop a
method of calculztion of interfacial bindiag energy between flim and scbsirate which
is more realistic jand therefore uscfal) than other previcas csiculstions of thic kind,
Prior work presently accessthle in the litersture is far too idealived to allow deter-
mination of any distinguishing characteristics between varioze fiZzm-schstrate
arlentations in a system such 2 S-on-Als03.

To the extent possible, the binding-energy caiculatimal model should be bared ca
solid-state quaatum mechanics. The origimal intent was to perfor2 s Greea's Smction/
Wamier-basis c2lrelation of the ane-electroa redistritution energy of the interface.
hhis redistribution energy is, iz the presest termimclogy, the effective binding energy.
Yurther iavestigstiaa of this spproack, which woeld be aa explicitly qesste >-mechanical
trcatment utilizing first priacipies, led to the conclasion thai sack a procedare s not
frasible within the time scsle md avzilable level of effort of tke (otal cantract pro-
gram. In addition, tae 2yprcach bas two features whick now appesr importast 2s
disadvanlages. Firct, this method mekes sse of and tends to focus atirmation a basis
fuacticgs {explicitly the localized Waxmier Smactions, bat jmplicitly the wsual Bloch
functices). A simpler sltereative approack, which does not reguire laboricus calcu-
lation of Block functions per se, would be desirsble. Secand, it is capsidered
imporiant to inclode the elastic energy dee to structasral deformation near the interface.
It has not been possible to iscosporsie sech deformaticn isto the Green's fmacticn/
Waanicr-besis techaique withoat badly oompuicating s2 already difficeit problem.

These difficultics h2ve required that a rather different spprcack be taken 1o the
calcvlation of interfacial binding easrgess. The model preseaily being developed is s
scmi-phesomenological tresiment whice caplors 2 relatively short-razge prirwise
interatomic interactica potential betweea Si atoms md the ALO stoms lying i and
aear the interfaze. Provided the interatomic potentials can be determined and sre
fsund 1o be of relatively short rang2, the binding snergy caa be calcelated witk com-
puters. The relative orientations of the interfacial film-suhstrate pisnes can thea be
variva, 2nd in this way the orientation dopendence of the binding energy can be
determined.

The actual total energy will, bowever, iaclude elastic contributions due to the
rclaxation from the "ideal™ bulk coafiguration fato an atomic ceefiguration with
greater {(negative) binding energy at the expease of clastic {positive) energy. It is
aut pow feasibie (o determine the actual relaxed eguilibrium locatioa of all 2toms.
To do this would involve the inazpendent virtual displacemeat of 21l those atoms
partaking in relaxation, and cclculztion of binding energy for each comfiguration.
This is outside of present comnuter feasibility. In the interest of practicality, 2
pseudcimorphic distortion or strzin will be emmployed which is maximum near the
interfzce and dies off towasd the free surface of the film according tc classical
clasticity theory.

The major uacertainty which must be resolved withie thic caiculation is the
formis and values taken on by the interatomic potentials. Recent work (Hef 2) on
cohesion and structure suggests that it may be possible te determine reasceable
potentials from the pseudopcientiai formulation of the "band structure =nergy”. In
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the cited work it is shown that the k-space “band structure energy' ean (in principle)
be Fourier-transformed into real physical space to yield an interatemic potential.
At any rate, the determication of reasonable potertials is presently being attempted
by this method.

The calculatinn of binding cnergies as discussed here uses a semi-empirical
pairwise interatomic interaction potential. The pinding energy is also being calcu-
lated as part of Suntask 1 (see preceding sectionj, using a different type of petential.
The bulk of that work has emploved a potential which is two-dimensional and depends
only apon position in the interfacial place, as jndicated eurlier. The third dimension,
i.e., displacement normai to the plane, is not explicitly inciuded. Thus, the poten-
tial used in those calculations is not as fundamental and may not be as realistic, g
priori. The approach being used in Subtask 1, however, does possess the strong advantagce
tha: the simpler potential aliows a more complete analytical solution before resorting
tc pumerical sojutioe. Thus, qualitative features car be more readily determined.

Ga the other hand, the advantage of tne three-dimensional potential, with a
summation -over all atoms rather than over all lzaitice sites in an interfacial plane,
should lie in the more realistic numerica! resulis, althcugh qualitative features may
ant be so readily determinred and presented. Dne further advsatage is that it may
become possible to determine to what extent the summation of threc-dimensicnai
potentials over all atoms near tte interface can actuziiv be represented by an effective
iwo-dimensionai potential. There are thus commea aspects of both theoretical
eficrts; where agpropriate, theoretical investigations are being pursued jointiy,

2. EXPERIMENTAL STUDIES

The experimenial stedies coasutasie the major part of the coontract efiort.
Althcugh two of the ssbtasks (6 an2 9) are oot fully under wav, most of the experi-
mectal program: is in progress and is reviemed 15 this section.
a. Suitask 2: CVD Deliver: Kinetics and Film Preparation

In the first vear of the progra= it is intended that both the Si-on-insulatcr znd
tbe Gads-an-iasalator systems be investigated, with atlentioo girected tomard iden-
tifving the following in bcth sysiems:

1. Preferred substrate

2. Optimam growth iemperatire

3. F¥relerred film criestation

$. Preferred growth atmosphere

5. Preierred subs:rate oriesislics

(3]

Cpumized over—-all growth process.

During the first six manths of the program, studies of the eficcts of various
growth parameters and other variables an the quality of Si films grouwa wo Al,U3 and
MgaloOy4 substrates were uncertaken. Pasticular attention was paid 1o growth oo
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Al,04, for this substrate has a rhomhohedral crystal structure (Si 18 diamond-~cubic)
and could, therefore, provide epitaxial growth data fotentially valuable to the theoreti-
clan's ane mpts to model heteroepitaxy, Since MgAfo0, is a cubic material; like Si,

it is less attractive as a host for Sf In basic studles ot‘ heteroepltaxy because comnletely
parallel orfentation relationships (L.e., (111) 81//(111) MgAlp0,4, etc.) have been
observed in the Si-MgAf,04 system, In the GaAs-MgA{904 system, however, explain-

ing the (100)GaAs growth experimentaily observed on (110) MgA2204 is a challenge to
the theoretician,

On the other hand, considerable interest has been generated in MgA{904 as a
possible preferred substrate for St growth, based primarily on a comparison of the
electrical properties of (100)Si growth on (OIIZ)AB q with those of (11151 growth on
(111)MgA7,04. However, it is significant to note ¢ 2hat high quality (111)Si growth has
also been repm'ted on (0001)A£’203 (Ref 3)

Since one of the cbjectives of this program is the preparation of high-quality Si
films on insulating substrates, comparative S growth data on Af 204 and MgA£50, are
now being accumulated and evaluated, These¢ studies will lead to a realistic determi-
nation of the preferred substrate for heteroepitaxial Si, based on such criteria as
growth temperature, film orientation, growth atmoSphere and substrate surface
quality and orientation, There are several different orientations of Af 203 that promote
(111)S1 growth; differences that are observed in the growth parameters whlch promote
high quality (111)Si growth in these several cases should, therefore, be related to the
conditfon of the substrate surface, its orientation, and its chemical behavlor in the CVD
environment, Such differences could be of considerable importance to the theoretician,

The {nitial growth studiez in this program involved the formation of Si films by the
avrolysis of SIH; (Matheson Co, ) In the apparatus depicted n Figure 1, R consists
principally of a single vertical 60 mm-OD quartz (standard grade) tube 38 cm long,
containing a SiC-covered carbon pedestal ("'Ti-Kote', Texas 'nstruments) which can be
inductively heated and rotated; a manifold made from 1/4 in,-OD stainless steél (type
316) tubing; appropriate flowmeters (Brocks Instruments Co.} for -nonitoring the gas
flows; a teflon connector (Beckman Instruments) to facilitate reactor exchange; and
provision fer separate evacuation of the flow lines and the reactor, During the working
day a continual flow is maintained In the gas lines; only the reactor portion and connec-
tfons arc evacuated netween experiments, The Hp carrier gas is Pd-purified, and the
tle iz grade §TM from Airco, The dopant source presently in use contains 200 ppm
AsH:3 tn a H2 carrier gas (Matheson Co,), Temperatures of the SiC-coated C pe-estal
are measured with an optical pyrometer and are uncorrected for apparent emissivity
change< cansed by the Intervening quartz wall,

Undoped SI films were used in the first work in the expectation that the electrical
properties of such films would be more sensitive to changes In CVD deposition para-
meters, substrate conditions, and other controllable factors, However, it was deter-
mincd thai the properties of undoped Si fillms grown at temperaiures less than 1050 C
are domninated Ly surface conduction (see Subiask 8), It appeared expedient to add an
a-type dopant, in this case As, to the growing film and to establlsh cgndlthins for the
Zrovth of fiims with donor c&rrier concentrations from 1016 to > 10! , So that
‘he effects of the §1 surface might be minimized,
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‘ The electrical results obtained on such films to date (Subtask 8) verify the
achievement of good quality n-type (111) Si and (100) Si growth on Af,03 at growth
temperatures as low as 950 C. In a He atmosphere, (100)Si epitaxy was obtained as

tow as 800 C, but the films were relatively poor in appearance. These results are
discussed further in Section 1.

He may be nreferred over Hg as the carrier gas if autodoping of the Si film is to
be minimized.  The high temperature etching of AlgO3 by Hoy was first reported in
1963 (Ref 4) as an experimental step useful for "preparing' “an Al90O4 surface for Si

epitaxy. A plausible reaction for explaining AfpOq removal is indicated by Equation
(18):

ALO U 2HL, —ALO + 28,0, (18)

[t was also reported in 1963 (Ref 4) that a second reaction was important at these
tomperatures:

ALO 128t = ALO + 28i0. (19)

Both reactions release Af compounds into the growth environment in the early growth
stages until St coverage of the substrate surface is attained and also during subsequent
St film growth from areas not covered by 81 (such as the back of the substrate wafer),
Therefore, St growth at such temperatures and in such environments that minimize or
climinate the effects of the reactions of Equations (18) and (19) is desirable, An

inert atmosphere (e,g., He) solves the problem represented by the reaction of
'quation (18), and low temperatures overcome the difficulty Introduced by the reaction
of Lquation (19),

The experiments carried out so far have indicated that at temperatures > 1050C
nominally undoped St films grown in Ho were invariably p-type (as determined with a
hot-probe), n-type when grown at 1000 C, and sometimes both n- and p-type in adjoin-
ing areas when grown at ~1050C, However, {t was also observed that hot-probe typing
lead to the same results for films grown in a He atmosphere, a rather surprising
result which might be explained if the reaction of Equation (19) were more important
than that of Equation (18) in the autodoping process, The effect on autodoping of the
Ho produced during SiH4 decomposition,

Sin«—Si ' 2112, (20)

has not yet becn assessed. (The reaction expressed in Equation (20) is oversimplified,
since decomposition of SiH4 in a He atmosphere was observed to produce a yellow film
on the reactor walls, presumably a Si hydride, which could be decomposed to yleld St
and Ho. Ieavy vellow deposits of this nature sparked when contacted by acid mix-
tures.)

The above considerations indicated that the preferred growth temperature range
for further studies in Si heteroepitaxy on AlpO3 was 950-1050 C to provide high quality
100~ and (111)-oriented Si films esscntially utncompensated by A2, These tempera-
tures were also found to he usable for Si growth on (111)-oriented Czochralski-grown
I\Igt\gz( );] .
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One of the criteria which have been advanced for favoring MgAloOy4 over AlpOy
as a substrate is that the thermal expansion coefficient for MgAfyOy is less than that
for (0112) AlyO3. However, the thermal expansion for Al O4 is oricntation depen-
dent, and various orientations of AFZO3 have thermal expansion coefficients lower than
that of MgAfyQ4 and closer to the value for Si. Results of initial growth experiments
on such orientations of AfyOq(based only upon general film appearance at this point)
have heen quite encouraging, and studies are continuing in the preparation and cvalua-
tion of films grown on these orientations.

b. Subtask 4: Analysis and Purification of CVD Reactants

Review of available literature has shown that silane (SiHy) and its suspected
contaminants can be safely handled and separatcd on gas chromatograph colums con-
taining deactivated solid supports coated with nonpolar liquid phases, c.g., AW-DMCS
Chroracsorb P coated with Silicone Oil 200, which will be tried first. The preparative
chromatograph to be used for this purification study has been temporarily modified
for higher sensitivity for the purpose. A mass spectrograph is also available for
identification of impurities by mass analysis, but it is doubtful that its sensitivity will
be better than a few ppm in the low molecular-weight range.

A sample handling system has been designed and is being constructed to facili-
tate transfer of the reactant samples from supply tanks to the chromatograph and the
mass spectrometer. This system is shown schematically in Figure 2. It will be put
into operation early in the second half of the first-year program. '

c. Subtask 5: Preparation and Characterization of Substrates

The routine preparation of polished wafers of both A2203 and MgA#Oy to provide
substrates for the Si and GaAs deposition experiments has been under way from the
beginning of the contract year. A major improvement has been made in the procedure
for polishing A!2203 substrates for (111)Si growth, using synthetic diamond dust (1um
particle size) in the final polishing step. The surface finish now being obtained is the
best yet achieved in the case of one AlyOg3 orientation which has been quite trouble-
some for polishing in the past. It has also been found that Linde ""A'" polishing
compound (0.3 pm o-alumina) can leave a residue on the Af Og substrate surfaces
which, unless removed by special techniques, survives routine predeposition cleaning
procedures and prevents proper nucleation of CVD Si films. '

A set of AL, O, substrate wafers has been selected for use in a series of
analyses of the surface structure and impurity content in various stages of prepara-
tion for heteroepitaxial growth of semiconductor films. Techniques of Lang X-ray
topography, scanning electron microscopy, low-energy electron diffraction, and Auger
electron spectroscopy are to be utilized in these studies, in addition to conventional
electron microscopy and eleciron diffraction analysis, X-ray diffraction analysis,
and classical metzllographic examination. These investigations were just beginning
at the close of the six months period covered by this report.

d. Subtask 7: In Situ Studies of CVD Film Growth in the Electron Microscope
While the preliminary design of the necessary modifications in the AEI Model
EMS6 electron microscope to be used in these investigations was in progress it was

decided that the in situ observations of CVD of semiconductors will be carried out at
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the Auvtonetics Research Center, requiring relocation of the instrument from the
North American Rockwell Sciencc Center. This has now been accomplished, with
only a slight delay of the technical program resulting.

During the first six months of the program, a bibliography of previous rescarch
(primarily physical vapor deposition) related to thc in situ chemical vapor dcposition
studies has been compiled. Contact has also been established with othcr rescarchers
active in areas related to in situ film growth in the clectron microscope

Calculations based on the amount of scattering of 100 KcV electrons have shown
that the resolution loss which will occur if the pressure of the gaseous rcactanis docs
not exceed 1 torr will be tolerable, These calculations are bascd on the assumption
of a gas layer thickness of 1 mm in the direction of electron beam travcl, which is the
lower iimit for a practical specimen holder design,

Various design alternatives have been considered for heating thc specimen in
these experiments, and a decision has been made to use an Agar-type (Ref 5) specimen
heater (a resistively-heated stainless-steel mesh) rather than a furnace-type heater.
The mesh-type heater has two significant advantages: (1) it is relativcly easy to
assemble and replace, and (2) it heats only the specimen, not thc surrounding holder,
thus reducing considerably the reaction of the reactant gases with the matcrials of
the inlet tubes and the specimen holder.

Based on this heater configuration and the above thickness limitation, a specimen
holder {s being designed, The first specimen holder will permit translation of the
specimen, As experience is gained in its use, a second holder will be designed which
will also permfit specimen rotation and tilting,

Various methods to provide auxiliary vacuum pumping in thc specimen chamber
area have been considered. It has been decided to modify the spccimen chamber por-
tion of the electron microscope column by installation of blank vacuum flanges
containing apertures for the passage of the electron beam. This will permit differ-
ential pumping of the specimen chamber area with an auxiliary oil-diffusion pump.
Although preferable from a cleanliness standpoint, an ion pump will not be used
because of its extremely low throughput for the particular gases to be used. Design
of the pumping system is under way, and the necessary pumps, valves, and fittings
are being obtained. Preliminary design of the internal modifications in the electron
microscope specimen chamber has also been initiated.

e. Subtask 8: Measurement and Evaluation of Film Properties

During the first six months of the program most of the investigations of St
heteroepitaxial growth on Afy05 and MgA{l,0, substrates of varfous orientations
involved nominally undoped Si, This was done since it was thought that the electrical
properties of lightly doped films would be more sensitive to changes in vartous
deposition parameters, as discussed earlier,

Results to date have indicated that in thin undoped St films grown at temperatures
<1050 C the apparent fgnductlvlty i{s n-type, with donor carrier concentrations var%ing
from ~1012 to ~7 x 101° ¢m =2 and some electron mobflities as high as 700-850 cm“/
V-sec, These electrical characteristics are found, however, to be strongly influenced
by surface conditions, For example, an as-grown Si/A0203 film dipped in HF and
rinsed In distilled deionized water may exhibit apparent electrical properties differing
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by an order of magnitude or more from those of the same sample after an organic
solvent rinse. It is apparent that observed electrical properties may be entirely
dominated by surface-state conduction. For this to be the case, the estimated n-type

surface charge density would be ~1011 = 1012 ¢m=2, which is not unreasonable for Si
surfaces,

Due to the uncertainties appearing in the measurement of electrical properties
of 8i films with donor carrier concentrations less than ~1016 ¢m=3, the emphasis was
shifted to the growth of As-doped Si, as indicated previously., Preliminary results

have indicated that good quality n-type Si with both the (100) and (111) orientations can
be grown on Al,O4 at temperatures from 950-1050 C.

The electrical characteristics of a number of these samples are illustrated in
Table 1. These samples have been annealed for one hour in Op at 1100 C, to simulate
the conditions that might be encountered during device processing. In most cases, the
as-grown characteristics are similar to those after annealing, although there is a
tendencey for the electron mobilities to increase slightly after anneal. In general, the
(L11) and (100) Si growths appear to have nearly equivalent electrical properties. It
should be polnted out, however, that the effects of surface conduction on the electrical
characteristics of these samples have not yet been determined. Until such studies are
completed the results given in the table are to be considered as provisional.

The growth of nominally undoped Si above a temperature of 1050 C in either Ho
or He atmosphere typlcally ylelds p-type films, the acceptor commonly being identified
as Al transferved from the substrate during growth, A few films not intentionally
doped have been grown at temperatures from 1100 to 1200 C, The electrical properties
of the best of these films are shown In Table I, However, the characteristics of these

films are also considered provisional until the effects of surface conduction have been
established,

During the period covered by this report, routine electrical measurements were
also carvried out at UCLA, with a twofold objective -~ to provide a verification of the
accuracy of measurements made at Autonetics and to establish measuring techniques
at UCLA identical to those employed at Autonetics, for use later in the program

In addition to routine measurement of resistivity, carrier concentration, and
mobility by the Hall effect, infrared reflectivity and transmissivity measurements
were made in the wavelength region from 3 to 40 microns, The infrared measure-
ments are useful for determination of the thickness of the semiconductor film and
Jdetermination of the optical constants of the fillm material, The thickness is
obtaired from the intsrference pattern in the infrared reflectance spectrum, The
optical constants will be determined with the as‘sistance of a computer program
written for use with reflectivity and transmissivity data,
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Table 1

Electrical Properties of Arsenice=Doped Si/A 2203

Growth Si Film Carrier

Carrier
Temp. Thickness Carrier Orien- Resistivity Concentration Mobility
(C) (um) Gas _ tation (ohm-cm) (ecm~3) (ecm2/vV-gec)

950 1.7 He  (100) 0.24 5.9 x 1016 450
1.7 He (111 0.26 7.3 x 1016 330
1.9 He  (100) 0.12 1.3 x 1017 400
1.9 He (il 0.15 155107 330
1.9 He  (100) 0.080 2,3 x 1017 360
1.2 He (111 0. 060 2.1x 107 500
1.5 He  (100) 0.097 2.1x 1017 320
1000 1.8 He  (100) 0.15 1.0 x 1017 410
2.0 H, (111 0.12 8.7 x 1016 580
2.2 Hy,  (100) 0.11 1.1 x 107 530
1045 2.7 Hy (111 0.17 6.7 x 1016 560
2.7 ‘Hy  (100) 0.14 9.8 x 1016 460
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Talde U
Electrica! Properties of As~-Doposited P-Type (111) 8t

on Several Orientations of A 203

ok detnas Sisiinss o i

Growth Carrier Carrier
Temp. Thickmess Carrier Resistivity Concentration Mobility
© (pim) Gas (ochm-cm) (cm=3; (cm2/V-sec)

16

095 9.9 H, 0.90 2.3 x 16 310
16

mee L3 He 0.84 2.2 x 10 340

5.6 He 2.3 7.1 x 1013 380
17

use 2.3 H, 0.20 1.5 x 10 210

10.5 H, 0.20 1.2 x 1017 270

10.9 H, 0.28 1.1 x 1017 220

5.1 He 1.8 1.1 x 1016 310

5.7 He 0.68 2.2 x 1016 420

6.7 He 0.76 2.5 x 1018 330

6.9 He 0.62 2.5 x 1018 410
17

1200  10.0 H, 0.17 1.2 x 10 300

10.1 H, 0.20 1.4 x 10%7 220

4.3 He 0.20 1.4 x 1017 220
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A microwave method of measuring carrier concentration without attaching
electrcdes to the samples has been tested on bulk samples, and it 1s now being extended
to the heteroepitaxial films, This technique has the further advantage that it can be
very easily extended to lifetime measurements, The method depends upon the absorption
of microwave power in a semiconductor window through which a microwave beam {is
propagated,

A conventional high-voltage pulse technique has been used to study the current
density-versus-electric fleid (J - vs, -E) characteristics of GaAs-on-A2905 hetero-
epitaxial films, A d-c pulse of approximately 10-psec width and 1 percent cycle
wag applied across ohmic contacts at efther end of a long ""bar" sample of hYeteroepitaxial
GaAs, Figure 3a shows the Hall-effect bridge-sample pattern adapted for these J - vs.-E
measurements, By measuring on an osctlloscope the voltage developed at two
intermediate ohmic contact points at known locations along the bar and simuitanecasly
monitoring the voltage developed across a known resistance in serfes with the sample
(see Figure 3b) the J-E characteristic was determined, Using this technique, gocd
agreement was obtained with the low-field mobility data obtained with the Hall effect,
However, to determine the carrier mobility, or more precisely, the carrier velocity-
versus-electric field (v -E) characteristics from such data is difficult, A precise
evaluation of the J - E characteristic requires a detailed Bolzmann-equation analysis
of high-field carrier transport, with consideration of the various mechanisms respon-
sible for energy relaxation and intervalley carrier transfer, In heteroepitaxial GeAs,
with unknown concentrations of vacancies and other defects present, this technique at
best will yleld an indirect and uncertain value for carrier mobility.

It became apparent that a direct method of measuring the velocity-field charac-
teristic was needed, In such a method it would be only necessary t» measure the
velocity of carriers over a wide range of electric field values rather than to measure

the nv product (current density), Such a method has been developed and is discussed
in the following section,

f, Subtask 9: Design and Fabrication of Devices in Improved Fiims

Although this work is not planned for full activation untii later in the program,
some preliminary work on simple device structures has been initiated at UCLA,
connection with this preliminary work, a novel method of measuring high-field
transport properties has been developed, This method, which vses a time-of-flight
measurement technique, appears suitable for both bulk and thin-fiim samples,

The technique employs a transistor structure (Figure 4a) in which the emitter-base
junction 1s used to inject a pulse of excess carriers into the depletion region of a high-
resistivity collector, The collector is held in a "swepi-out" condition, that {s, with the
depletion layer extending throughout the collector region to the high-conductivity p+
contact, Assuming a uniform electric fleld exists over the relatively long depletion
layer, the carriers will travel at essentfally constant velocity through this region, This
in turn Induces a constant current in the external collector circuit, which remains for
as long as the carriers are in transit through the collector, By monitoring both the
base and collector currents it is possible to obtain, with a knowledge of the width of the
collector region, a direct measurement of carrier velocity for a known electric fleld,

The electric fleld may be varfed stmply by changing the collector-base biss voltage
ensuring, of course, that the fully ""swept-out" condition remains,
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An over-riding limitatior in any time-of-flight measurement of excess carriers
is set by the dielectric relaxation time Ty, where,

?D = €p, (21)

with ¢ the dielectric constant and P the resistivity of the maierial. For Si and for
™p 208 sec it follows that p 2104 ohm-cm. The value of T, sets an upper limit
on the transit time of the carriers that can readily be measured and also demands
that high resistivity material be employed.

The saturation velocity of holes in St is v‘i (sat) = 8x 106 cm/sec.

némlt time of carriers across the depletfon region of length L, then for
= 107° sec the maximum length becomes

-2
Lmux =V (sat)xtcz 8x10 "cm = 800 um (22)

The total delay time in the response of the collector current when a voltage
pulse is applied to the emitter-base junction is v, where

Tae = Te + ‘rb + o + TSi' (23)

and ve is the emitter-barrier charging time, Ty, is the base transit time, v, is the

collector depletion-layer charging time, and Tg is the transit time of carriers across
the collector depletion layer.

Te 18 an RC product of the emitter series resistance r,, given by kT/elg, and
Ce, the emitter barrier capacitance, If the emitter junction potential is defined as
Ve =¢-V,, with ¢ the junction barrier potential, V, the applied voltage, Ae the area
of the emitter-base junction, g the junction grading factor, and a being a parameter
between 3 and 8 which accounts for the doping proftle of the emfitter departing from an
ideal graded junction, then

. (] /3
Ce = Ae (‘ :5 )1 (24)
e
: A 2o \1/3
and ,e=l‘§_e( Sy (25)
¢ Ig ' aVg

For the gecometry shown in Figure 4a and 4b T 0.01 x 1072 sec

The time constant associated with the mobilily of minority carriers in the
base region is

D L (26)
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where wy, is the base thickness, D the minority carrier diffusfon coefficient, and
n a factor related to the drift fleld {a the base region associated with the imparity
g:adient, The parameter n has a value of 4 for diffused- base agd step-ymctloo
emftter structures, For the model {ransistor, v, = 0,015 x 197

T o 1s the collector depletion-layer charging iime and is Getermined by the RC
product r' Cq, where re’ is the resistance in series with the inmer collector deplezion-
layer capscitance C;. Neglecting spreading resistance, v is given by

[eci\'c 1/2

T =p l »

c c ¢ ’
szc rd4]
where P, lsthep collector layer rzsistivity, lct.helengthotﬁep region in serfes
with the depleuou region, N, the doping coacentration in the collector on

region, :nd V, the collector voltage, For the preseat design 7, =1x10""° sec,

The transit time “g of carriers traversing the rollector depletion region is
simply Tg=w./vg> wberewcisthedeple&lon layer wickh and v, is the drift
velcelity o! the carriers, For the model transistor the traasft ume is =10 x 10”9 gec,

From these calculations it {s seen that ibe present emitier-bage structure is
capable £ providing at the base-collecter jurction 2 pulse of boles having a rise (or
fail) time of less than 0,05 x 10~9 sec, A Hewilett- Packard HP125A pulse generator
appl!edacrocstheemmr-hsejmeuoulseqnbleoIthlagewhe from
0 to 10 volts with a pulse width of frcm 1 to 109 x 16-9 sec and 2 rise {or fal’) time of
approximately 0,3 x 10~9 sec,

To obtain accurate measurzment of the sulse widtk ca s sampiing cectiloscope,
it is desirable to have collector-current puise widths of two or more panosec, This
requires a depletion layer width of

%2V (sat) x T {28)
or

W, > 160 um (29)

The presert design of the transistor structure has depletion layer widths from
200 to 800 um, easily satisiying this conditior.

inftial experimernts with this new method have been performed on high
resistivity bulk Si wafers, The method will be adapted for the study of high-field
transport properties of heteroepitaxisl films in the zext six-month perfod, At ihis
point, & basic design has been completed and masks heve been mads, Experiments
will be performed on the heteroepitaxial devices made by this design, and the results
will be used to optimize the design,
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SECTION III

WORK PLANNED FOR SECOND SIX MONTHS

The work planned for the second six months of the contract constitutes mainly
extensions of work already in progress. In addition, Subtasks 6 and 9 (see Section I
will become fully active, so that the entire program will be underway along the general
lines described In the initial technical proposal, The plans for the balance of the first
contract year are outlined briefly, by subtask, in this section,

l. THEORETICAL STUDIES

The regular interactions between theoreticians and experimentalists will increase,
both In frequency and in depth of involvement of the theoreticians in day-to-day
experimental problems, It {s expected that the experimental characterization of real
surfaces wili be well under way and that means of improving and perfecting them will be
under i{nvestigation, so that theory can be more adequately used in delineating mechanisms,

Additional effort will be devoted to development of the two theoretical Investigations
already In progress, as follows,

a, Subtask 1: Classical Epitaxy Theory = Nucleation, Kinetics, Crystallographic
Relationships

During the second six months the "gaussian replacement method' will be applied
to real films on "perfect” surfaces of real substrates, probably Si on both AlyOg and
spinel, Aitempts will be made to employ not only realistic geometries but also some-
what realiatic potentials derived by one or more empirical means (for example, by
analysis of Morse potentials), Attempts will then be made to apply the method to
substrate gurfaces containing simple defects in order to see how far this theoretical
approach can be carried in the discussion of real systems,

h, Subtask 2: Theoretical Studies of the Quantum Mechanics of Surfaces

In the second six months of the program, the phenomenological pairwise inter-
atomic potential calculdtion of interfacial binding energy between Si and Afo03 will be
performed for orientations of interest in the experimental program, Elastic deforma-
tion neer the interface will be permitted, and the elastic energy will be included in the
total energy, By employing the same phenomenological potentials and methods of
calculation, the position/orientation-dependent features of the various crystal growths
can (in principle) be determined, Of special interest will be any orientations which
produce large amounts of elastic strain and stress, It is expected that these studies
will be completed during the second six months, A second investigation which may
be started, but not completed, by the end of the year is the pseudopotential calculation
of Interfactal and surface electronic energy bands,
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2. EXPERIMENTAL STUDIES

Scveral of the experimental subtasks have only recently become fully activated.
As a result, the sccond six months will witness an acceleration of the experimental
program and an increase in the interplay among the various experimental activities.
The anticipated work in this part of the contract program for the remainder of the
year is as follows.

a. Subtask 3: CVD Delivery Kinetics and Film Preparation.

During the second six mouths of the contract year the Si growth studies will be
continued, using AsHg as the source of n-type dopant. Growth comparisons will con-
tinue to be made for the Si-on-Af903 and Si-on-spinel systems. During this study,
attempts will be made to correlate growth parameters with the properties of the
substrate as they are related to substrate orientation. Particular attention will also
be given to examining the effect of substrate surface etching on film quality.

Deposition parameter studies, examination of the kinetics of the chemical
reactions involved, and preparation of films for experimentation in the GaAs-on-
A2903 and GaAs-on-MgA£90, systems vill also be initiated in the second half of

the first year. 1t is likely that major emphasis will continue to be placed on Si film
growth in this period, however.

h. Subtask 4: Analysis and Purification of CVD Reactants

During the second half of the first year, the apparatus for handling and trans-
ferring samples of air-sensitive materials will be completed and tested. Methods
of analysis for trace contaminants in SiHy, AsHg, and trimethylgallium (TMG) will
be designed, tested and used to check starting materials as available. Major
impurities will be detected initially by mass spectrometry. Because of the limited
sensitivity of this instrument (AEI Spectrometer Model MS-9), impurities in the parts
per billion range will not be observed. For ultratrace contaminants, presently
available gas chromatographs will be modified and rebuilt as necessary, Unknown
compounds may be identified by retention characteristics or by enrichment followed
by mass spectrometry. Concurrently, efforts to purify starting reactant materials
by preparative gas chromatography will be-initiated.

c. Subtask 5: Preparation and Characterization of Substrates

The activities of this subtask in the second six months will include both continued
routine preparation of a variety of substrates for Si and GaAs deposition experiments
and also detailed analyses of the surface structure and impurity content of substrates
at various stages of preparation for use in heteroepitaxial growth experiments. These
analyses will be carried out on the set of Af5O0q substrate wafers already selected for
the purpose and also on a similar set of MgA! 04 substrates, in the same manner.
Many of these thoroughly characterized substrates will be subsequently used for both
Si and GaAs heteroepitaxy, to permit correlation of substrate properties with the
results of the deposition experiments and the properties of the deposited films. In
some cases experimental device structures will be fabricated in these films to extend
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further the correlative constderations, These studies are considered to be an
extremely Important part of the program, since it {s quite clear that the initial stages
of nucleatfon and growth of a heteroepltaxial fllm are strongly dependent on the details
of the physical and chemical condltion of the substrate surface, Increasingly stringent
and controlled substrate preparation and cleaning procedures will-be developed and
utilized as the program progresses,

d, Subtask 8: Correlation of Film Properties with Substrate Properties
and CVD Process Parameters

The activities appropriate to this subtask are interwoven among all of the other
subtasks of the program, Correlation of various aspects of the experimental results
will be a continuing process, and correlation of experimental results with some of the
theoretical analyses will be undertaken when appropriate,

¢. Subtask 7: In Situ Studies of CVD Film Growth in the Electron Microscope

It is anticipated that the second six months of the program will involve the
following activities in this subtask:

1. The photographic set-up for motion-picture recording of in sgitu film growth
will be completed and tested.

2. Hot-stage experiments will be performed whereby single-crystal thin films
of Zn, Cu, or Si will be oxidized in the existing microscope vacuum.,

Fabrication of the necessary parts will be completed and a physical vapor
deposition experiment will be conducted in the existing microscope vacuum.
Au, Zn, or Cu will be deposited onto amorphous carbon or single-crystal
Si in this experiment.

5~

The design, fabrication and installation of the auxiliary vacuum pumping
system will be completed.

(93 ]
.

The design of the specimen chamber modifications required for differential
pumping will be completed and fabrication begun.

6. The design of the "pressurized” (1 torr) specimen holder with heating
element will be completed and fabrication begun.

7. A technique will be developed-for thinning single-crystal-Si for making
electron-transparent substrates.

f. Subtask 8: Measurement and Evaluation of Film Properties

The electrical evaluation measurements to be carried out in the second six
months will constitute primarily a continuation of the studies already in progress.
Due to the uncertainty inherent in the electrical characteristics of undoped n-type
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Si films, emphasis will be shifted to evaluation of doped Si films grown with carrier
concentrations greater than 1016cm™. At these concentrations the relative contribu-
tion of surface states to the electrical conductivity can be reduced so that the bulk
properties of the material can be more accurately ascertained. By the end of the first
year of the program it is anticipated that optimum growth conditions for Si epitaxy by
CVD may have been determined, as well as the Si orientation and substrate composi-
tion and orientation which lead to the best Si film properties. However, the study of
surface-state conduction in undoped Si films will be continued in order to determine
the factors which most strongly influence the surface conductivity. In addition,
measurement techniques which might distinguish between surface and bulk conduction
will be investigated during the second six months so that the true bulk conductivity
and related parameters can be deduced for high-resistivity films.

It is expected that some measurements on heteroepitaxial films in the GaAs-on-
insulator system will also commence during the second six months as deposition and
reaction kinetics studies with GaAs are initiated. Routine structural evaluation of the
heteroepitaxial films by means of classical metallographic methods, X-ray diffraction
procedures, and reflection electron diffraction techniques will also continue.

In addition, it is expected that microstructure investigations will be undertaken
by special X-ray diffraction and related techniques. The microstructure of an
epitaxial layer is influenced by the details of the initiation, growth, and coalescence
of the nuclei and the post-nucleation islands. Detailed investigation of film micro-
structure is expected, therefore, to yield information from which can be inferred
certain aspects of the mechanisms of the early stages of film formation. The micro-
structure also represents the status of defect type and concentration, which defects
have important implications for the electrical behavior of the film. These micro-
structure studies will be closely coordinated with the theoretical studies of film
nucleation and growth, substrate characterization, deposition parameter investigations,
and electrical characterization of the films. It is anticipated that the microstructure
studies will make use of specialized X-ray diffraction techniques including Lang
topography, double-crystal spectrometry, recently-developed Kossel-line topography,
and otker appropriate techniques.

An interesting new technique which, on the basis of some preliminary experi-
ments with keteroepitaxial films of GaAs on Al,04, appears to offer promise of major
success for evaluating the structural perfection (and related properties) of the
important interfacial region in a heteroepitaxial system is the observation of the
energy spectrum of the back-scattered protons from a proton beam injected into the
crystalline film in appropriate crystallographic directions. This recently developed
technique, useful for determining whether implanted impurity ions are located on
interstitial or substitutional lattice sites in a host crystal, is very sensitive to lattice
disorder and permits locating regions of disorder at various depths into a crystal.
During the second six months of the program the possibilities of evaluating film per-
fection and cbtaining defeci density distributions as a function of depth in the interfacial
regioc of heteroegitzxial films of Si and of GaAs will be investigated experimentally.
Protoa beam energies up to ¢.5 MeV from a Van de Graaff accelerator. together with
all of the necessary amxfliary equipment and techniques for making detailed channeling
and back-scattering measurements, are available at the North American Rackwell
Science Center and wiil be used in these studies.
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g. Subtask 9: Design and Fabrication of Devices in Improved Films

The new method for measuring the high-field transport properties of
semiconductors, which has been developed with bulk crystal semiconductors it the
first part of the program, will be adapted for the study of these properties in epitaxial
films in the second half of the year. This will involve the design of a suitable tran-
sistor geometry for heteroepitaxial films and the fabrication of devices in theae films.
In addition, p-n junctioas will be fabricated to study the cxponentiai dependence of the
I-V characteristics to identify the source of the current and to analyze the reverse
current. Other related junction and device measurements will be made to determine
the doping profile and other characteristics, to assist in evaluating the feasibility of
using these films in various devica applications. These device-based measurements
will be made in films of both Si and GaAs, on substrates of Af904. MgAf50,. and
possibly BeO.
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SECTION 1V

PROGRAM SUMMARY FOR FIRST SIX MONTHS

The overall objective of this program, for which this is the first Semi-annual
Techrical Report, is tc carry cut a2 furdamental study of the nucleation and film growth
pechanisms in beteroepitaxial semiconductor thin films, leading to new knowledge and
understanding of these processes, and then to apply these results to the preparation of
improved semiconductor thin films and thin-{film devices on insulating substrates.

The specific technical objectives of the thiec-year program are the following:

1. Investigation of the many aspects of the meckanisms of hetercepitaxial film
growth, to establish (through 2ccumulation of basic knowledge) sets of tech-
nical guidelines for the preparation of better fiims which can then be applied
to real situstions.

2. Preparation ¢f improved, high-quality, device-grade heteroepitaxial films
of Si and GaA 3 on insalating substrates by chemica! vapor deposidon (CVD)
methods.

3. Development of methods of characterizing heteroepitaxial films as to their
suitability for subsequent device fabrication.

4. Design and fabrication of selected thin-film devices which take advantage
of the unique properties of such films.

The program involves both theoretical and experimental investigations of hetero-
epitaxial films in semiconductor-insulator systems. The theoretical studies in the
program are of two types. First, there is direct response to the needs of the experi-
mental program involving data analyses, theories and explanations, and guidance in
identifying definitive experiments. Second, original exploration of theoretical tepics
of fundamental importance to the field of epitaxy will continue throughout the program;
the goal of such theoretical studies will be the generation of significant theoretical
advances in the field of heteroepitzxy.

The experimental investigations are also of two types. First, fundamental explor-
ations are undertaken to elucidate mechanisms and general principles of the hetero-
epitaxial growth process. Second, practical studies accompany the fundamental investi-
gations so that useful discoveries and developments can be immediately applied to
improve the properties of the semiconductor films, which can then be utilized in fabri-
cating experimental devices.

CVD methods are the most common and successful in use for film growth in the
semiconductor industry. The emphasis in this program is on such techniques. Most
previous fundamental studies of epitaxy have concentrated upon physical vapor deposi-
tion (PVD) methods, partly because both experimental and theoretical scrutiny are
easier with these techniques. However, they will be employed in this program only at
those times when they are helpful in the search for understanding with CVD methods,
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Si and GaAs are to be used for most of the work, together with substrates of
sapphirc (Af203), spinel (both stoichiometric and nonstoichiometric), and beryllia
(Be(). Si and GaAs have been chosen because of the preeminence of the former in the
semiconductor industry and the high-frequency and high-temperature zttributes of the
latter; in addition, they rcprcscnt the elemental and compcund semiconductors for
which most comparative information exists.

Si-on Af205 and GaAs-on-Afg03 are the semiconductor-insulator systems to be
emphasized, based in part on the success already achieved with these systems and in
part on their potential value to device technology. However, if it becomes advisable
as thce program develops, other semiconductor-insulator combinations are to be
brought into consideration.

The research has been divided into nine subtasks. as follows:
Theoretical Studies

Subtask 1: Theoretical examination of CVD kinetics and the processes of nuclea-
tion, surface migration, and film growth with emphasis on crystallographic
relationships between overgrowth and substrate, using both 'classical' and
recently developed techniques and concepts, to attempt to identify mechanisms
and establish general principles of heteroepitaxial growth.

Subtask 2: Calculation of interfacial (surface) binding energies and other
parameters involving the quantum mechanics of surfaces and interfaces, based
primarily on the pseudopotential approach.

Experimental Studies

Subtask 3: Investigation of the delivery kinetics of CVD processes, to improve
the detailed understanding and control of the chemical reactions involved in the
preparation of heteroepitaxial semiconductor films by CVD; also, preparation
of films for usc in other parts of the program.

Subtask 4: Analysis and purification of reactant materials used in metal-organic-
hydride and other CVD processes; preparation of sample quantities of improved-
purity reactants so that films of higher quality can be obtained.

Subtask 5: Preparation of substrates and characterization of surfaces and im-
purity content of substrates for use in semiconductor heteroepitaxy, with
particular attention to such factors as surface orientation, defect structures,
and surface purity.

Subtask 6: Correlation of properties of grown heteroepitaxial semiconductor
films with mcasured substrate properties and CVD process parameters, and
explicit expcrimental verification of these correlations.

Subtask 7: In situ observation and study of the early stages of growth of CVD
films in the clectron microscope, to develop additional fundamental knowledge of
thc epitaxy process. Results of these experimental observations will be incor-
porated into the thcoretical studies wherever possible.
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Subtask 8: Measurement of the el=ctrical, optical, crystallographic, and thermal
properties of heteroepitaxial semiconductor films on insulators, by a variety of
measurement techniques. Standard techniques will be employed and new methods
developed where required, for measurement of those film properties which best
characterize ultimate device performance.

Subtask 9: Design and fabrication of certain types of devices using some of the
heteroepitaxial films produced in the above studies, both to evaluate material
properties and to exploit semiconductor film characteristics unique to hetero-
epitaxial systems.

The accemplishments of the first six months are summarized as follows:

1. THEORETICAL STUDIES

The method of replacing the atoms of an overgrowth on a substrate with gaussian
mass distributions, which interact with the substrate as a function of position in the
same way as real atoms, has permitted the development of these "atoms' into an over-
growth the effective density of which is represented as a rapidly converging expansion
in the reciprocal lattice. This makes it possible to study the orientational and misfit
potential between film and substrate.

The method has been extensively devnloped and applied in detail to the determin-
ation of crystallographic relationships between square lattice overgrowths and sub-
strates. It is possible to computar tho Intaraction energy between film and substrate
for any lattice parameters and any mutual orlentation of film and substrate. Ir order
to determine the preferred orientation, rotations are carried out until the film comes
(in some orientation) into near commensurability with the substrate. Then pseudo-
morphic deformation is assumed to occur, leading to precise commensurability. The
elastic strain energy corresponding to this pseudomorphic deformation is then added
to the interface energy, and the sums correaponding to different orientations at which
pseudomorphic registry is possible are then compared. Those sums which lead to the
lowest total energy represent preferred orientations.

The method is applicable to films of infinite extent and to islands of finite size
and irregular shape, and has been applied to both of these cases for this simple case
of heteroepitaxy. As a result, all of the crystallographic relaticnships for this case
have been generated. Refinements in the method are now being developed. (See
Section II~1-a,)

In a second theoretical investigation, the principal activity has been the investi-
gation of theories and theoretical approaches to the problems of cohesion and structure
as applied to heteroepitaxy. The three theoretical problems of a direct-effect nature —
i.e., those involving film - substrate crystallographic relationships for '"substantially
ideal"” films and "substantially ideal" substrates — believed to be most relevant to the
experimental heteroepitaxy investigations are: (1) the interfacial cohesive and binding
energy between film and substrate, (2) the interfacial-state energy bands and associa-
ted electronic conductivity, and (3) the film surface-state energy bands and associated
electronic conductivity., The first of these three problems has received the most
attention to date.
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In these theoreticai studies, an attempt uas been made to develop a method of
~aiculition of interfacial binding energy between fiim and substrate which is more
realisiic 1a2nd therefore usefui) than previous caiculations of a simiiar nature. To
«h -tever extent possibie, the binding-energy calculational modei should be based on
<o}i.i-state quantum mechanics. The original intent was to perform a Green's function/
Wannicr-basis calcuiation of the one-electron redistribution energy of the interface.
(This redistribution cnergy is the effective binding energy.) Further inveatigation of
this approach, which wouid be an expiicitiy qaantum-mechanical treatment utilizing
first principies, led to the conclusion that such a procedure is not feasibie within the
timne scaie and availabie Ievei of effort of the total contract program.

Consequently, a different approach is being used for calculation of interfaciai
binding energies. The model presently being developed is a semi-phenomenological
treatment which employs a reiatively short-range pairwise interatomic interaction
potential between Si atoms and the A£-O atoms iying in and near the interface. Provided
the interatomic potentials can be determined and are found to be of relatively short
range, the binding energy can be calcuiated with computers. The relative orientations
of the interfacial film-substrate planes can then be varied, and in this way the orienta-
tion dependence of the binding energy can be determined. The actual total energy will,
however, include elastic contributions due to the relaxation from the "ideai" bulk
configuration into an atomic configuration with greater (negative) binding energy at the
expense of elastic (positive) energy. In the interest of practicality, a pseudomorphic
distortion or strain will be empioyed which is maximum near the interface and dies
off toward the free surface of the fiim according to classicai eiasticity theory. The
studies are proceeding aiong these lines. (See Section II=1=hb,)

2, EXPERIMENTAL STUDIES

The emphasis in the experimental studies in the first six months has been on the
preparation of heteroepitaxiai films of Si on subtrates of Af203 and Mg Af304 by a
CVD process invoiving the pyroiysis of siiane under a variety of experimentai condi-
tions, on the evaiuation of the results of these parameter studies in terms of the
structural and eiectricai properties of the films, and on the modification of an eiectron
microscope for use in the in situ observation of the growth of CVD semiconductor films
on insulating substrates.

In the first year of the program it is intended that both the Si-on-insulator and
the GaAs-on-insulator systems be irvestigated, with attention directed toward iden-
tifying the following in both systems: (1) preferred substrate; (2) optimum growth
temperature; (3) preferred film orientation; (4) preferred growth atmosphere;

(5) preferred substrate orientation; and (6) optimized over-aii growth process.

During the first six months of the program, studies of the effects of various
growth parameters and other variables on the quality of Si films grown on A{303 and
Mg Af304 substrates were undertaken. Particular attention was paid to growth on
Aly03, although considerable interest has been generated in Mg Al504 as a possible
preferred substrate for Si growth, based primarily on a comparison of the electricai
properties of (100) Si growth on (0112) A¢203 with those of (111) Si growth on (111)

Mg Al904. It is important to note, however, that high quality (111) Si growth has also
been reported on (0001) Al»03; there are severai orientations of A£303 that promote
(111) Si growth. Since oné of the objectives of the program is the preparation of high-
quality Si films on insulating substrates, comparative Si growth data on A£203 and
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Mg Af204 have been accumulated and evaluated. These studies will permit a realistic
determination of the preferred substrate for heteroepitaxial Si, based on criteria of
growth temperature, film orientation, growth atmosphere, and substrate surface quality
and orientation.

Nominally undoped Si films werc used in the initial work in the expectation that
the electrical properties of such films would be more sensitive to changes in CVD
growth parameters, substrate conditions, and other contrcllable factors. However, it
was determined that the properties of thin undoped Si films grown at temperatures less
than 1050 C are dominated by surface conduction. Such films are n-type, with donor
carrier concentrations varying from ~1012 to ~7 x 1015 ¢m=3 and some electron mobil-
ities as high as 700 to 850 cm<4/V-sec, but the characteristics vary greatly with surface
treatment.

It thus appeared expedient to add an n-type dcpant, in this case As, to the growing
films and establish conditions for growth with donor carrier concentrations from
1016 to > 1018 ¢cm=-3, where the effects of the Si surface might be minimized. The
electrical results obtained ¢n such films to date verify the achievement of good quality
n-type (111) and (100) Si growih on A{90Og3 at growth temperatures as low as 950 C.

The experiments have also indicated that at temperatures >1050 C nominally
"undoped' Si films grown in Hg or He are invariably p-type (due io autodoping), but
n-type when grown at 1000 C. The preferred growth temperature range for Si
heteroepitxy on AlgOg is thus found to be ~ 950 - 1050 C to provide rearly equivalent
high-quality (100)- and (111)- oriented films essentially uncompensated by A¢. However,
the role of surface conduction in the properties of these films is not yet fully evaluated.
(The above temperature range is also found to be usable for Si growth on (111)-oriented
Czochralski-grewn Mg AZ 204°)

The results of some recent preliminary Si growth experiments on crystailographic
orientations of Af203 that have thermal expansion coefficients lower thar that of
Mg Al304 and closer to that of Si have been encouraging. The investigations are being
continued. (See Section II-2-a,)

The routine structural evaluation of the films has been achieved by X-ray and
electron diffraction and stundard metallographic techniques. Routine electrical
measurements of resistivity, carrier concentration, and mobility have been supple-
mented by infrared reflectivity and transmiseivity measurements. In addition, a con-
tactless microwave method of measuring carrier concentration is being adapted for
use with the films, a conventional high-voltage pulse technique has been used to study
current density-vs-fleld characteristics, and a novel method of measuring high~field
transport properties (employing a time-of-flight measurement in a specially desigred
transistor structure) is being developed for use on the heteroepitaxial films. (See
Section II-2-f.)

The necessary design modifications in the AEI Model EME electron microscope
to be uzed for the in situ observations of the nucleation and early-stage growth of C\D
semiconductor films on insulating substrates are in progress. The instrument has been
relc “ated into specially designed laboratories for this work. It is anticipated that tests
of sume of the auxiliazy components and preliminary physical vapor deposition as well
as simpiified chemical reaction experiments will be carried out in the microscope
during the second six months of the program. {See Section 1i-2-d.)
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The preparative gas chromatograph to be used for the detailed analysis cf the
chemical reactants employed in CVD processes for semiconductor film deposition has
been temporarily madified for higher sensitivity {or these investigations. A sample
hkandling system has been designed and is being assembled to facilitate transfer of the
reactant samples from supply tanks to the chromatograph and to 2 mass spectrometer
also to be used in the analyses. (See Section 11-2-h, )

The preparation of polished wafers of both Ay )4 and MgA 1504 te provide sab-
strates for the Si and GaAs deposition experi~eats has been under way from the bagin-
ning of the contract year. A major improvement has been: made in the procedure for
polishing A¢504 substrates for (111 Si growth, using synthetic diamoad dast (1:a
particle size) in the final polishing step. A set of Alzo:, substrate wafers kis been
selected for usc in a series of analyses of the surface structure ana impurity conteat
in various stages of preparation for heteroepitaxial growth of semicondsctor films.
Techniques of Lang X-rzy topography, scanning electron microscopy, low-energy
clectron diffraction, and Auger electron spectroccopy zre to be atilizied in these studies,
in addition to conventional electron microscopy ind electroa diffractica analysis,
X-ray diffraction analysis, anc classical metallographic examimation. (Sce
Section 11-2-¢.)

An outline of plans for the secoud six mionths of the program is iacloded. See
Section LiL.)
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| camrier concentrations from ~1012 to ~7 x 1015 cm=3 and mobilities as high as 700-850 cm2/V=sec are fonnd, but proper-

I3, ABSTRACY
The objective of this program is to carry out’a fundamental study of the nucleation andfilm growth mechanisms in heteros
' -~ =2 apply the results 1o the preparation of improved thin films and thine=film
devices on insulating substrates, ‘i'he prograt. {nvolves both theoretical and experimental investigations, The emphasis
is on chemical vapor deposition (CVD) technique. . The Si=on A2503 and GaAs-on AlgO3 systems are emphasized but
other semiconductors and other substrates, such as spinel and-beryllia, are to be included, A generalized theorctical
method for the study of crystallographic relationships between substrate and film has been developed, utilizing two-
dimensional gaussian distributions of mass as replacements for real atoms on the substrate, The method, which allows™
pseudomorphic deformation to occur and accounts for the assoclated elastic strain energy, is applicable either to an
cxtended film or to films of finite extent (1.e,, islands), Another theoretical approach usedwith particular attention to
the interfacial cohesive and binding energles between film and substrate, involves a relatively short=range pairwise inter-
atomic interaction potential between Si atoms and the Af and O atoms in and near the interface in the Si=Af90g system,
Experimental studies of the effects of varfous growth parameters and other variables on the quality of i film growth on
AQP;OS and spinel substrates have been undertaken utilizing the pyrolysis of SiH4. The properties of nominally undoped Si
fiims grown at remperatures legs than 1050C are found to be dominated by surface conduction, N-type conductivity, with
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ties vary greatly with surface conditions, Arsenic-doped n=type fllms with carrier concentrations from 1016 to»1018 cm=3
in both (111) and (100) crientations on AQQO;; have been prepared in both Ho and He at temperatures as low as 950C with
good electrical properties, Undoped Si films deposited at temperatures >1050C are invariably p-type, due to autodoping.
However, the exact role played by surface conduction s not yet fully evaluated, Chromatography studies-designed to
identify the impurities in reacrants used in the deposition of Sf and GaAs by CVD techniques, and preliminary studies and
deslgn of required modifications n an electron microscope to be used for in situ observation of semiconductor CVD are
also wnder way, A novel method of measuring high-field transport properties based on a time=-of-flight measurement has
heen cevelped, A detailed outline of the work planned for the second six months of the program is included.
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