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conditions for optimized Si film growth on various A^Os orientations is nearly 
complete.   The importance of the reactor configuration in determining film growth 
and properties has been demonstrated.   The extent of All autodoping from the Ai?203 
substrate has been established, and appropriate annealing procedures for minimizing 
these effects have been determined.   M203 substrate orientations not previously used 
have resulted in Si films at least as good as any previously grown.   Si deposition by 
SiH4 pyrolysis at reduced pressures (1 to 10 torr) indicates single-crystal growth can 
be obtained over a wide temperature range on both AügCL and MgAi^CK when deposi- 
tion conditions are optimized. 

An improved technique for polishing (1014) A^Oa has been developed; excellent 
surfaces in this orientation have been obtained.   Gas-phase etching/polishing techniques 
have been further developed and used in several different experimental procedures. 
Ion-beam sputter-etching techniques are being developed for preparation of very thin 
(-200 A) A^203 substrates for the in situ CVD experiments in the electron microscope. 
A series of in situ PVD experiments has been carried out in the electron microscope 
with All deposited onto heated carbon substrates; various facets of film nucleation and 
island coalescence mechanisms have been observed.   Microscope modification for the 
CVD experiments is nearly complete, including design of the CVD microchamber. 

Work functions of several metals have been determined by measurement of 
photoemission of electrons from heteroepitaxial semiconductor films on A^Oßi and 
the mechanism of electron transport through the insulator is being investigated. 
Measurement of high-field transport properties of Si and GaAs heteroepitaxial films 
has been initiated.   Design of a Schottky-barrier FET has been completed for experi- 
mental fabrication of 1 GHz devices in GaAs/insulator films.   Preliminary results on 
carrier lifetime in Si/A^O^ films by the measurement of C-V characteristics of MOS 
structures have been obtained. 

A summary of the work planned for the next six months is included. 
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ABSTRACT 

The objective of this program is to carry out a fundamental study of nucleation 
and film growth mechanisms in heteroepitaxial semiconductor thin films, and to apply 
the r suits to the preparation of improved films and thin-film devices on insulating 
substrates.   Both theoretical and experimental invtatigations are involved, with 
emphasis on chemical vapor deposition (CVD) techniques applied to the Sl-on-A^Oa 
and GaAs-on-A£203 systems.   The accomplishments of the third six-month period 
are described in terms of seven program subtasks. 

Two theoretical approaches to modeling the heteroepitaxial interface are being 
investigated.   The first involves the use of interatomic potentials which fulfill certain 
stability conditions and are stable against transformation to other crystal structures. 
The stability conditions for the AfyO^ lattice have been determined to the extent 
required.   The ultimate goal of this approach is the computer simulation of the growth 
of Si films on Ai203 substrates.   The second approach involves application of the 
electron-on-network theory to the problem of determining surface configurations and 
interfacial binding energies in heteroepitaxial systems.   Normalized eigenvectors 
have been developed as a basis for a secular equation whose solution is fundamental 
to the total solution desired. 

Mass spectrometic analysis of samples of SIH4 and trimethylgallium used for 
Si and GaAs CVD experiments has identified several impurities, some of potential 
Importance In determining film properties.   Analysis of extensive data demonstrating 
the effects of changes In deposition parameters on SI/A/2O3 film properties reveals 
strong interrelationships among the various parameters Important to the optimization 
of film properties.   Identification of conditions for optimized SI film growth on various 
AfjjOß orientations Is nearly complete.   The Importance of the reactor configuration In 
determining film growth and properties has been demonstrated.   The extent of At 
autodoplng from the Ai203 substrate has been established, and appropriate annealing 
procedures for minimizing these effects have been determined.   Af^s substrate 
orientations not previously used have resulted in Si films at least as good as any 
previously grown.   SI deposition by SIH4 pyrolysls at reduced pressures (1 to 10 tort) 
Indicates single-crystal growth can be obtained over a wide temperature range on both 
AfjpS and MgAfoO. when deposition conditions are optimized. 

An Improved technique for polishing (1014) A^C^ has been developed; excellent 
surfaces In this orientation have been obtained.   Gas-phase etching/polishing tech- 
niques have been further developed and used In several different experimental 
procedures.   Ion-beam sputter-etching techniques are being developed for pieparation 
of very thin (~200Ä) Ai^Os substrates for the In situ CVD experiments In the electron 
microscope.   A series of hi situ PVD experiments has been carried out In the 
electron microscope with At deposited onto heated carbon substrates; various facets of 
film nucleation and Island coalescence mechanisms have been observed.   Microscope 
modification for the CVD experiments Is nearly complete, Including design of the CVD 
mlcrochamber. 
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Work functions of several metals have been determined by measurement of 
photoemission of electrons from heteroepitaxial semiconductor films on A£203. and 
the mechanism of electron transport through the insulator is being investigated. 
Measurement of high-field transport properties of Si and GaAs heteroepitaxial films 
has been initiated.   Design of a Schottky-barrier FET has been completed for experi- 
mental fabrication of 1 GHz devices in GaAs/insulator films.   Preliminary results on 
carrier lifetime in Si/A£203 films by the measurement of C-V characteristics of MOS 
structures have been obtained. 

A summary of the work planned for the next six months is included. 
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SECTION I 

INTRODUCTION 

This is the third Semiannual Technical Report for this contract.   It describes 
work carried out during the period 1 July - 31 December 1971.   Earlier semiannual 
reports (Refs 1,2) described work done in the first year of the program. 

1.    PROGRAM OBJECTIVES 

The overall objective of the program, unchanged from that originally proposed, 
is to carry out a fundamental study of the nucleation and film growth mechanisms in 
heteroepitaxial 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 three-year program are the 
following: 

1.   Investigation of the many aspects of the 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 real 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 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 general plan for accomplishing these objectives involves as the primary 
effort the study of the fundamentals of heteroepitaxial semiconductor film growth on 
insulating substrates, with specialized device fabrication used both as a means of 
evaluating certain properties of the films (and thus as a measure of film quality as 
the program progresses) and as a means of exploiting certain unique properties of 
heteroepitaxial semiconductor-insulator systems.   The insight into the question of 
which fundamental mechanisms, properties, and processes to investigate in these 
studies comes from extensive background knowledge of epitaxy and its variety of 
problems of long standing and from the thin-film device difficulties repeatedly demon- 
strated over a period of several years in our own laboratories and those of others. 
The problems subjected to study are in no way restricted to those identified a priori; 
experimental (and theoretical) attention is shifted as needed as the program progresses, 
•n order to achieve the goal of a better understanding of heteroepitaxial process and 
t-iö resultant improvement in thin-film active semiconductor devices. 



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 theoretical studies consist of two types of activity.   First, there is direct 
interaction with the experimental program involving data analyses, suggestion of 
definitive experiments, and postulation of specific models to explain experimental 
observations.   Second, there is development of original contributions to the theory 
of heteroepitaxial growth, the goal of which is the generation of significant advances 
in fundamental epitaxy theory. 

The experimental investigations are also of two types.   First, fundamental 
explorations are carried out to delineate mechanisms and general empirical principles 
of the heteroepitaxial growth process.   Second, practical studies accompany the 
fundamental investigations so that useful developments can be immediately applied to 
the improvement of semiconductor films and thin-film devices on insulating substrates. 

The work has emphasized the CVD method of growing semiconductor thin films 
because of its importance in the semiconductor industry.   One of the unique aspects 
of the program is this emphasis on the study ol fundamental mechanisms of CVD 
growth; most previous fundamental studies of apitaxy have concentrated upon physical 
vapor deposition (PVD) methods, partly because such studies are easier with PVD 
techniques. 

The program emphasis is on films of Si and GaAs and substrates of sapphire 
(A^OJJ) and spinel (MgA^O^; nonstoichiometric spinel and beiyllia (BeO) may also 
be included as substrate materials as the program progresses.   The initial emphasis 
has been on the Si-on-Ai203 system, with increasing attention being given to the 
Si-on-MgA^204 and GaAs-on-A^Og systems.   Si and GaAs have been chosen because 
of the preeminence of the former in the semiconductory 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.   If 
further modifications in the semiconductor-insulator systems under study appear 
advisable as the work develops other materials will be introduced. 

The program as described is carried on primarily at facilities of the 
Electronics Group of North American Rockwell Corporation (NR) by NR personnel. 
Parts of several of the subtasks (see below) are performed by personnel of the 
University of California at Los Angeles (UCLA), in the Department of Electrical 
Sciences and Engineering and in the Chemistry Department.   The UCLA work is 
supported by a subcontract from NR. 



3,   PROGRAM DESCRIPTION BY SUBTASK 

The three-year program was originally divided into nine subtasks - two 
theoretical and seven experimental (Refs 1, 2).   However, at the start of the second 
year it was decided that, on the basis of the way in which the work of the first twelve 
months had developed, the contract work would be more accurately described in terms 
of seven main subtasks - one theoretical and six experimental. 

The seven subtasks are as follows: 

Subtask 1;  Theory of Epitaxy and Heteroepitaxial Interfaces.   Theoretical 
examination of CVD kinetics and the processes of nucleation, surface migration, and 
film growth with emphasis on crystallographic relationships between overgrowth and 
substrate to attempt to identify mechanisms and establish general principles of 
heteroepitaxial growth; theoretical modeling of the heteroepitaxial interface using 
appropriate potentials to determine surface configurations and interfacial binding 
energies in real and/or simplified systems, 

Subtask 2:  Deposition Studies and Film Preparation.   Investigation of the effects 
of various experimental parameters upon the properties of deposited semiconductor 
films; 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; preparation of films for use in other 
parts of the program. 

Subtask 3:  Analysis and Purification of CVD React ants.   Analysis of impurity 
content of reactant materials used in metalorganic-hydride and other CVD processes; 
preparation of research-sample quantities of improved-purity reactants for use in 
film growth experiments. 

Subtask 4: Preparation and Characterization of Substrates.   Preparation of 
substrate wafers and characterization of surfaces and impurity content of substrates 
used for semiconductor heteroepitaxy; development of reproducible new and/or 
improved substrate polishing, cleaning, and handling methods. 

Subtask 5:  Studies of in situ Film Growth in the Electron Microscope.   In situ 
observation and study of the early stages of growth in CVD films in the electron 
microscope, to develop additional fundamental knowledge of the epitaxy process. 
Results of these experimental observations will be incorporated into the theoretical 
studies wherever possible. 

Subtask 6:  Evaluation of Film Properties.   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. 



Subtask 7:  Design and Fabrication of Devices.   Design and experimental 
fabrication of certain types of devices, using 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 heteroepitaxial systems. 

These subtasks will be modified as needed as the program progresses. 

The results obtained during the third six-month period of the contract are 
discussed, by subtask, in Section II.   An outline of the work planned for the next 
six months is contained in Section III.   A program summary is given in Section IV. 

An appendix (Appendix A) is included at the end of this report summarizing the 
work done at UCLA on analysis and purification of CVD reactants (Subtask 3) through 
July 1971.   In addition, Appendix B provides additional entries for the bibliography on 
in situ studies of film nucleation and growth in the electron microscope, first 
presented in the Second Semiannual Report (Ref 2). 



SECTION II 

RESULTS AND DISCUSSION 

The work of the third six-month period of the contract is discussed in this 
section.   The effort of each of the seven subtasks is described separately.   However, 
because of the interrelationships among some of the subtauks the discussion in several 
instances necessarily involves activities and results which technically are part of 
another subtask. 

1.   SUBTASK 1:  THEORY OF EPITAXY AND HE TE ROE PIT AXIAL INTERFACES 

Several possible approaches to the theoretical modeling of heteroepitaxial 
systems have been investigated over the course of the contract.   The general 
criteria adopted for determining suitability of a given technique are that the theoretical 
treatment and calculation should    (1) relate explicitly to heteroepitaxy; (2) be as nearly 
as possible a "first-principles" approach; (3) relate as closely as possible to an actual 
system such as Si/A^Os; and (4) represent an original contribution to the theory of 
heteroepitaxy. 

Attempting to meet these criteria is both difficult and ambitious.   The criteria 
are, nonetheless, useful in that any results obtained in striving to fulfill them should 
be significant.   Based on these criteria, the primary fault of theories and calculations 
available in the literature is simply that they do not relate sufficiently to actual 
systems.   The emphasis has instead been on simple and unrealistic one- or two- 
dimensional cubic crystal lattices which cannot be meaningfully applied to practical 
film-substrate systems such as Si/A^Oß or GaAs/A^Oa-   Applicability to real 
systems is of paramount importance and is basic to the theoretical approaches which 
have now evolved from these studies. 

Theoretical studies are in progress both at NR and at UCLA (Chemistry 
Department).   Although the two approaches now being used are quite different, the 
goal is essentially the same in both attempts to model the heteroepitaxial interface. 
The two studies will be discussed in sequence, beginning with the work at NR. 

a.   Computer Simulation of Si Film Growth on A^Oß 

Before the theoretical efforts of the third six-months of the program at NR are 
discussed in detail, the previous studies will be briefly summarized in order to give 
perspective and allow a coherent presentation of the current work.   The theoretical 
investigations at NR began with a critical examination of existing theories of hetero- 
epitaxy for possible application to actual systems such as SI/A^OQ-   The classic 
Frank-Van der Merwe model (Ref 3) was examined first.   This model is of consider- 
able significance in that it qualitatively predicts misfit or interfacial dislocations. 
However, it was concluded that this model could not be generalized to three dimensions 
and to the Si/AigOs system.   Similar but less severe criticism was also found 
applicable to the early models of Reiss (Ref 4) and Bettman (Ref 5) and these models 
were not pursued further. 

The formal theoretical approach of Fletcher and Adamson (Ref 6) was investigated 
in some detail.   In this technique the interfacial energy between film and substrate is 



calculated. The theory is variational and in principle allows for general deformations 
and elastic strain energy. However, it appears that this theory could not, in practice, 
be implemented for anything other than very simple and unrealistic cases. 

The feasibility of performing a Green's function/Wannier-basis calculation of 
the interfacial one-electron redistribution energy was also investigated, but this led to 
the conclusion that such a quasi-first-principles approach was not feasible for this 
work.   A less quantum-mechanical and more phenomenological approach—the modeling 
of the film and substrate by atoms interacting via pairwise two-body potentials—was 
investigated next.   In this approach the total energy of a given static atomic configura- 
tion can be obtained by computer summation over all atoms.   By allowing some atoms 
to relax near the surface or interface, a minimum energy configuration can be 
determined.   The major questions in such an approach concern the physical basis and 
the theoretical foundations for such potentials.   Granting these points, the next major 
hurdle is the actual determination of appropriate potentials for complicated systems 
such as Si/A^Os- 

Considerable effort was devoted to these questions, and it was determined that 
such interatomic potentials are open to criticism on a number of theoretical grounds. 
In addition, for the heteroepitaxial case there is a compounding of practical problems 
associated with determination of Si/A^,03 adatom potentials not derivable from bulk 
crystal properties.   In view of these various aspects of potential modeling, work with 
this approach was temporarily set aside. 

The possible application of the LCAO-MO (linear combination of atomic orbital- 
molecular orbital) technique for interfacial binding energy calculations was investiga- 
ted next.   Since a large number of atoms are involved in the heteroepitaxial case, the 
simplest such technique - the Extended HUckel Theory (EHT), which is a semiempirical 
molecular-orbital approach (Ref 7) - was employed.   In this approach, the interface, 
including nearby film and substrate atoms, is treated as an extended molecule and 
calculations performed for the total energy of the cluster of atoms. 

The defect molecule consisting of a cluster of atoms in the solid near the 
interface is not in free space but is instead in a crvstalline environment.   Thus, the 
molecular orbital calculationeicompasses conceptual problems not present in ordinary 
molecular orbital calculations.   The major features are clear, however.   The boundary 
between atoms in the defect molecule and in the rest of the crystal is merely a 
consequence of the model chosen.   Thus, it would appear that external constraints 
imposed on the molecule at its surface must be consistent with the crystalline environ- 
ment.   Some of these questions are rather subtle and had not been either investigated 
or resolved satisfactorily by the end of the first year of the program. 

During the current reporting period theoretical efforts began with a more detailed 
investigation of the Extended Hiickel Theory for the Si/A^Og application.   Because of 
the crystalline environment questions of molecular charge distribution and fluctuations, 
overall charge neutrality, and boundary conditions at the surface of the molecule arise. 
Treating the interface as an extended molecule has introduced an artifact, the surface 
of the molecule.   The associated dangling bonds or surface states must be saturated or 
otherwise constrained by boundary conditions. 

This study has shown that the Extended Hiickel Theory for such a defect 
crystalline molecule apparently yields spurious charge gradients and fluctuations. 
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It was originally hoped that these charge fluctuations were due to the boundary 
conditions at the surface of the molecule and thus subject to useful modification. 
However, it now appears that the charge fluctuations are fundamental results of the 
theoretical approach itself. 

The charge fluctuations can be substantially reduced or eliminated by a more 
involved molecular orbital technique, the so-called CNDO (complete neglect of 
differential overlap) approach.   Unfortunately, the attendant increase in labor required 
is quite large.   This circumstance cast some doubt on the feasibility of the molecular 
orbital technique for the heteroepitaxial interface.   The CNDO approach is, however, 
feasible and proper for a chemisorption calculation (Ref 8).   Such a calculation for Si 
atoms adsorbed on A ^03 would be of general interest but falls short in terms of the 
criterion for direct relevance to heteroepitaxy.. 

In view of these conclusions concerning the feasibility of molecular orbital 
methods for the heteroepitaxial problem, the interatomic potential approach to hetero- 
epitaxy appeared to be the technique most closely meeting the criteria stated earlier. 
These efforts have been reinstigated and now constitute the major theoretical effort on 
this problem at NR.   This return to an interatomic potential approach was partially 
suggested by two major points on heteroepitaxy emerging from the 1971 Thin Films 
Gordon Research Conference (Ref 9):  (1)   Computer modeling (Refs 10,  11) with inter- 
atomic potentials for simple metals appeared to be regarded as worthwhile and signifi- 
cant for structural types of problems by most scientists in attendance, (2)  There is at 
present no theory of epitaxy which makes it possible to predict the orientation of the 
overgrowth on the substrate for systen.s such as Si/A^Os-   The orientational aspects 
of heteroepitaxy can be treated fairly directly In terms of interatomic potentials. 

Thus, the main theoretical effort is now the computer simulation of the growth of 
a Si film on an AfgOs substrate using pairwise two-body potentials to model the inter- 
action between atoms.   The ultimate goal is to predict the Si overgrowth orientation 
with respect to the substrate.   Such an effort has never before been attempted for actual 
systems such as Si/A ^03 and will represent a fundamental contribution to the field 
when completed. 

The modeling of heteroepitaxy with two-body interatomic potentials involves 
several distinct aspects.   The first task is the determination of a set of Morse potentials 
which will model and simulate the AlgOo structure.   This has not been attempted before 
and is a formidable task because of the nature of the A^03 structure with 10 atoms per 
unit cell and two species of atoms. 

A major requirement, and one which has required considerable effort, is the 
determination of stability conditions for such a collection of Morse potentials which 
yield a structure approximating that of A/2O3 and which is stable against transforma- 
tion to other crystal structures.   This is an important requirement If ehe computed 
surface and interfacial atomic relaxations are to be at all realistic.   This determina- 
tion turns out to be substantially more complicated for Ai203 than for the (cubic) 
simple metals treated in the past by others. 

A rigorous determination of stability for a given lattice or chemical phase would 
involve the calculation of the free energy and comparison of this free energy with that 
calculated for other crystal structures.   This calculation would require solution of the 
lattice dynamics problem (for A/2O3 this would involve a 30 x 30 dynamical matrix) at 



a sufficient number of points on the Brillouin zone to obtain the lattice energy.   This is 
an exceedingly difficult task, with the required labor far exceeding either the value or 
the inherent accuracy of the result with present-day techniques. 

The stability conditions determined for A/2O3 are macroscopic conditions based 
on the requirement that the strain energy be positive-definite.   This places require- 
ments on the elastic constants which in turn place constraints on the Morse interatomic 
potentials.   For simple lattices, this macroscopic stability implies microscopic stability 
which relates to stability under an inhomogeneous deformation.   The NR investigations 
of stability conditions have related to macroscopic (mechanical) stability, as have all 
other known lattice modeling efforts which are even remotely applicable. 

The Alffiß lattice, viewed as trigonal, contains 10 atoms per unit cell and can 
involve internal (unequal) displacements or strains of the various atoms in the unit 
cell.   This internal strain complicates, by about an order of magnitude, the calculation 
of elastic constants and the strain energy.   Therefore, the approximation in which the 
internal strain is neglected has been adopted as reasonable, in lieu of evidence to the 
contrary.   Macroscopic conditions have been determined under this approximation, 
with a similar theoretical description being employed for the elastic constants. 

This approach is believed adequate for the application, and at the very least is 
a reasonable first approximation.   These stability conditions will later be augmented 
with numerical calculations of lattice energy and energy derivatives with respect to 
the various parameters of the lattice (lattice constant, angle and atomic positions) as 
a check on self consistency. 

Computer programming of the lattice energy and elastic constants for the 
A fgOß lattice has begun.   The energy will be calculated as a function of the various 
lattice parameters for trial values of Morse potential parameters.   Because of the 
large number of parameters, a straightforward determination is difficult and it is 
important to incorporate as much physical and empirical data as is possible. 

The cohesive energy (the energy of formation) and the elastic constants for 
A/2O3 are known experimentally.   Perhaps the most accurate recent data for the 
elastic constants is that given by Gieske and Barsch (Ref 12).   These authors have 
noted that A^O^ is somewhat unusual, compared wth other oxides such as MgO, in 
that the Cauchy relations C^ = Cg6 and C23  = C44 are approximately fulfilled; 
although A^Og is trigonal (rhombohedral), the second-order elastic constant data 
indicate that deviation from pure hexagonal symmetry (Cj^  =  0) is small.   (Cj4  = 
-2.3 x lO^dyne/cm^ and is aboutan order of magnitude smaller than the other elastic 
constants.)   This suggests that the elastic properties of A^JJOS are primarily deter- 
mined by the hep oxygen framework.   Anderson (Ref 13) had earlier expressed this 
same point of view - that the oxygen framework is dominant in determining the elastic 
properties of this oxide. 

A number of trial Morse potentials are being tested, starting with first neighbors 
and working outward.   The above discussion suggests that the second-neighbor oxygen- 
O-O interaction should be cont.dered as equal to or more important than the first 
neighbor A^-0 interaction, and trial potentials incorporating this concept are being 
tested.   After tentative candidate lattice structures have been determined on the basis 
of cohesive energy and geometry, the elastic constants and stability conditions will be 
calculated and tested. 
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The second major task of modeling heteroepitaxy with two-body interatomic 
potentials is that of modeling Si with a Morse potential.   This work has not yet begun. 
Swalin (Ref 14) has determined a Morse potential and employed it in Si vacancy calcu- 
lations some years ago.   The present work will start with this empirical potential and 
modify it as may be required for macroscopic stability 

The next task required for the computer simulation of Si growth on A/2O3 '8 the 
determination of adatom potentials and will involve treating these interactions essentially 
as parameters; however, attempts will be made to incorporate the appropriate bond 
energies, where known approximately from other materials or from chemical reactions. 

Following the completion of the above tasks, involving modeling of the Si and 
A^Os lattices, surface atom relaxation and surface reconstruction of A/2O3 will be 
investigated.   The various components of the heteroepitaxial problem will then be 
combined and the computer simulation of Si growth on A/2O3 will be initiated.   These 
computer growth studies represent the goal of this part of the theoretical subtask; 
their completion will bring the theoretical work at NR to fruition. 

b.   Application of Electron-on-Network Technique to Heteroepitaxy 

The theoretical studies being carried on simultaneously at UCLA have now evolved 
into the application of the electron-on-network technique to develop a parameterized 
theory for the electronic properties of crystal surface states and eventually for the bind- 
ing of one crystal to another as in heteroepitaxial systems. 

The work of the past six months has been directed toward development of a relative 
theory.  The latter term implies that the theory is quasi-empirical in the following sense: 
If the properties of some standard exposed surface on a crystal are measured, the theory 
should make it possible to predict the properties of any other surface (interface).   In 
other words, a theory is sought which allows the approximate calculation of surface 
properties on any surface and which contains, at the most, a few parameters which can 
be determined through the measurement of properties on a standard surface. 

Such theories are well known in the quantum mechanics of molecules.   An example 
is the Hiickel theory in which molecular wave functions (molecular orbitals) are approxi- 
mated by linear combinations of atomic wave functions (orbitals), each centered at a 
known position of an atom in a molecule.   In the Hiickel theory, which has achieved 
considerable practical success in the treatment of conjugated aromatic molecules con- 
taining TT electrons, there are two parameters which correspond to so-called overlap 
integrals.   These are treated as empirical quantities which are determined, for example, 
by measuring the properties of one molecule.   Thereafter, they are used to predict the 
properties of other molecules. 

An alternative to the Hiickel theory is the so-called "free- electron molecular 
orbital" (FEMO) theory.   This method, which was pioneered by Kuhn and Rudenberg 
(Ref 15), assumes that the n electrons in a molecule are constrained to travel along 
the bonds (one-dimensional lines) connecting atoms.   On these lines, however, the TT 
electrons behave like free electrons in a box.   The molecular problem is than reduced 
to a series of one-dimensional problems which, with proper consideration of boundary 
conditions and symmetry, allow the development of another parameterized theory (this 
time the only parameter is the bond length) which agrees very well with experiment. 
It appears that the FEMO method may also be used for metallic crystals like Na in 
which there is one valence electron per atom, sufficiently delocalized. 
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In related studies at UCLA in the past several months the theory has been applied 
to Na-like crystals of finite dimensions so that the Bloch theorem does not apply.   The 
theory, however, must be modified so that the depth of the potential box within which 
the electrons move is not infinite, as in the IT electron case, but finite and determined 
by the cohesive energy of the crystal (which becomes another parameter).   In this way, 
the natural development of localized surface states has already been observed, and 
simple application of point group theory isolates those wave functions which iransform 
under irreducible representations which correspond to various kinds of surface states, 
e.g., corners and edges. 

Recently, Montroll and his coworkers (Ref 16) have extended the FEMO theory so 
that it is possible to locate potential wells at the site of every atom in the crystal (or in 
a molecule, for that matter).   For infinite crystals in which translational symmetry 
exists, the Bloch theorem is applicable, and Montroll and coworkers have combined the 
Bloch theorem with the FEMO theory to develop analytical solutions for the electronic 
theory of metals.   This becomes possible in view of the fact that again the entire pro- 
blem reduces to a collection of one-dimensional problems.   Montroll has also treated 
defects and surface states in this manner by using a Green's function technique (the 
Green's functions are involved in the solution of difference equations), which he devel- 
oped in connection with certain lattice dynamics problems.   The Montroll technique by 
itself is not immediately applicable to the problem of heteroepitaxial interfaces because 
it assigns to atoms on and near surfaces the same potential well as is assigned to bulk 
atoms.   This technique is being modified (with what amounts to the introduction of still 
another parameter) so that it will be applicable to the insulating crystals of interest in 
this program. 

There appears to be no reason why the technique cannot be formally extended to a 
complicated real crystal such as Ai^O^ without increased difficulty.   The question re- 
mains, however, as to how precise a relative theory this method will lead to in the case 
of Af203.  It is intended that this question will be answered during the next six months. 

When sufficient familiarity with the free surface problem has been acquired, 
attention will be directed to the ultimate goal of studying heteroepitaxial interfaces. 
Again, there is no obvious reason why the technique cannot be extended in this manner. 
The only question that will remain will concern its validity in the sense that a good 
relative theory will result. 

It now appears that a truly first-principles theory of electronic surface and 
interface pi iperties is far in the future and, in fact, may never be possible.   Research 
aimed at developing a first-principles theory is therefore inappropriate to the practical 
mission of the contract program.   On the other hand, an empirical, parameterized, 
relative theory seems possible, and it is in this direction that present efforts are aimed. 

In recent work based on this rationale, normalized eigenvectors have been 
developed which can serve as a basis for a secular equation whose solution is funda- 
mental to the total solution.   Matrix elements corresponding to surface states can be 
block diagonalized into local regions of the determinant.   Thus far, only free surfaces 
have been considered.   Based on the network model, it is planned to express the 
properties of surface states on any exposed surface in terms of those conceivably 
measurable on a standard surface.   After this stage of the work is completed the 
attack on interfaces will be started. 
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2.   SUBTASK 2:   DEPOSITION STUDIES AND FILM PREPARATION 

During the first year of the program the emphasis in this subtask was placed on 
determining the effect of experimental growth parameters on the quality of Si epitaxial 
films grown by the CVD method of pyrolysis of S1H4 on substrates of various orienta- 
tions of AI2O3 and MgA^oO.}.   It was established for the growth system used that 
autodoping occurs in Si on AI0O3 at temperatures greater than about 1050 C. so a 
concerted study was made which considered the effects of such factors a« growth 
temperature, growth rate, and nucleation phenomena at or below this temperature 
(Ref 2). 

Much of this work was rendered invalid by a very important effect which had 
not previously been reported in the technical literature dealing with the properUea of 
heteroepitaxial semiconductor films.   It was found that the electrical properties of SI 
films on insulators with carrier concentrations   lo^'cm"-''aro dominated by surface- 
state conduction.   Consequently, further studies were made on n-type films doped to 
>1016cm~^.   Simultaneous growth studies on substrates which produced (100) SI and 
(111) Si below the autodoping temperature revealed the electrical properties of the films 
to be very dependent on substrate orientation.   Although (111) Si growth on < In] 1, 
A^Oß was found to be essentially equivalent electrically to (100) Si growth on (0lT2i 
Ak^o*) below the autodoping temperature, changing the substrate otientatlon to near 
the (1120) ALgOg plane (not previously used In epitaxy studies) increased the mobllli> 
of (111) Si films by about 20 percent for 2Mm-thick films and even more (-50 percent) 
for Sfim-thick films, for the 10l6-1017cm'3 carrier concentration range (Ref 2).   It 
is possible that the better match of the thermal expansion coefficients for this AtoOg 
orientation and for Si is responsible for the improvement but this haa not been 
established. 

Continuing studies during this reporting period have been directed toward the 
effect of temperature, gaseous atmosphere, growth rate, and annealing stepa on Si 
film properties and are permitting development of optimum cond.'Uon8 for both (100) 
and (111) Si growth on A»V);,.   These studies are also providing comparative data 
for Si films grown on MgA^O^ an effort which »ill be expanded during the eecond 
six months of the second year of this program.   The current effort is alao being 
directed toward evaluating the effect of subetrate miaorientatlon on electrical propertiea 
of films; a study of nucleation phenomena as a function of temperature. gro«1h rale. 
and film and substrate orientation; and a determination of the effect of aubetrate work 
damage on film properties.   Deposition parameter studies in the GaAs/insulator 
system, begun toward the end of the first year, have been temporarily poetponed to 
the third year of the program. 

The results of the above deposition studies are discussed In the section on 
Subtask G. 

a.   Effects of Iteactor Configuration on Film Properties 

As part of the study of the effects of various reactor geometries and gas flo« 
patterns on the properties of Si films on '\<2n:\ substrates, experiments «ere under- 
taken late in the report period with a horizontal reactor system of the type commonly 
used in pilot-line or production facilities and by some other laboratories for the 
growth of epitaxial Si films.   Although the growth rates employed «era the same as 
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those often used In the vertical reactor (~\^m/n\in). the 11,, carrier-gas flows (-40 
Ipm) were Increased substantially over those used in the vertical system.   (The 
vertical system prevents use of such high flow rates due to the turbulence generated 
In the gas stream.)  The higher flows are used in the horizontal system to minimize 
the transfer of A^ Impurity from one htmOm substrate to those further downstream. 
The growth temperature wfs varied from 9(50 to 1100 C.   However, the visual 
appearance of those films grown at the highest temperatures indicated a deterioration 
of film quality at temperatures over 1073 C.   only those grown in the range 900 to 
1075 C were evaluated electrically.   Two different orientations of substrates, the 
(0ll2) and near the (1120). were compared at most temperatures. 

The electrical data on thr resulting films, shown in Figure 1, Indicate th:it the 
electron mobility increases uniformly with decreasing growth temperature ('!"„) for the 
(0112» A?2t>| orientation, to a maximum of approximately 000 cm'/V-MC Bf 900 C. 
(Carrier concentrations were kept approximately constant at -2-Gxl016cin"*, and film 
thicknesses were maintained at -I. 0 - 1.4 fim.)   For T^ values from 105« to 1075 C 

>biiltles were about .'150 cm-ZV-sec.   The mobilities of films grown on (1120) A^O;}. 
on the other hantl, showed a maximum of over 000 cm^/V-sec at TK -1050 C with a 
decrease at both higher and lower growth temperatures.   These results are in contrast 
to the data obUiiniHl on films grown in the vertical reactor system and emphasize the 
hazards of comparing data from different laboratories.   It is apparent that the deter- 
mination of optimum film growth parameters must relate only to the growth apparatus 
being employed.   Ideally, any study designed to produce an optimum heteroepitaxial 
film must therefore treat the apjiaratus as an additional growth parameter. 
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b.   Si Films Grown at Reduced Pressures 

In preparation for the in situ CVD experiments in the electron microscope 
(Subtask 5) a series of experiments was carried out to demonstrate the formation 
of Si films by the pyrolysis of SiH4 in H2 at reduced total pressures in the range of 
1 to 10 torr.   Initial results at -1 torr were encouraging, since Si deposits did form, 
but the first films were polycrystalline.   These experiments indicated that further 
studies should be performed to examine the effect of growth rate, temperature, and 
other parameters on single-crystal Si growth at reduced pressures. 

The full-scale reactor used for Si deposition work at atmospheric pressure 
was used for these experiments, except that a vacuum system connected directly 
to the outlet of the reactor chamber was used to evacuate the chamber prior to and 
during the introduction of the H2 and/or Silfy into the apparatus for film growth. 
The amount of gas flow was controlled by adjustment of the flowmeter settings obtained 
by bleeding the gas into a low pressure environment until the flowmeter stabilized.  The 
total pressures were read on a thermocouple gauge, adequate for the scope of the 
qualitative experiments performed.   Except for two cases, the substrates were treated 
in H2 for 15 mln at 1300 r (or at 1100 C if MgA^C^ was present) at atmospheric 
pressure prior to evacuation of the reactor.   The H2 flow was stabilized prior to the 
start of the Sil^ flow.   AsH3-ln-H2 was added in some cases to produce n-type films 
for electrical measurements.   In some instances it was added to the SiH^j; in others it 
was mixed with the H2 flowing into the reactor.   The experiments performed are 
summarized in Tables 1 and 2. 

The evaluation of film crystal structures by reflection electron diffraction 
(RED) was made at the end of tha series of preliminary experiments.   The designation 
"fibrous" is used for patterns which displayed a nonrotating spot pattern when the 
sample was rotated in the electron beam; single-crystal structure is indicated by 
"SX," and includes those cases where spot-pattern and Kikucki-line rotation occurred 
with sample rotation.   The term "poly" indicates that continuous rings were observed 
in the RED pattern, characteristic of polycrystalline structure. 

These preliminary experiments revealed a number of interesting facts. 
They suggested strongly that single-crystal growth of Si could be obtained over a wide 
range of temperatuied when growth conditions are optimized.   The growth of a single- 
crystal film at low pressures and atjthe lowest temperature arbitrarily chosen for 
growth (885 C), particularly on -(1120) A^jOß which in previous CVD growth experi- 
ments at atmospheric pressure had not supported epitaxy at low temperatures, is quite 
encouraging.   In no previous experiment had such a very thin film grown as a single 
crystal.   Since at 1100 C polycrystalline films were obtained in these experiments it 
suggests that the differences observed in crystalline structure are caused by the 
increased growth rate and/or tempoi iture. 

At medium pressures (see Table 2), single-crystal films were more readily 
obtained, particularly when an excess of H2 was present when the SiH4 was decomposed. 
The growth rate of Si was influenced by the H2 concentration; it was decreased con- 
siderably when the H2 pressure in the reactor was low or pure SiH4 was decomposed. 
For a given set of SiH^ and H2 flowmeter settings (e.g., SiH4 = 3.0 and H2 = 7,0 
(see Table 2)), the Si growth rate was essentially constant (-0.03-0.05 fim/min) over 
the temperature range studied (1000 to 1100 C), but when a relatively high concentration 
of AsII^-in-I^ (No. 607 flowmeter) was added, the Si growth rate decreased, a 
phenomenon previously reported by Farrow and Filby (Ref 17) for As-doped Si growth 
on Si.   A low flow of AsH3-in-H2 did not seem to affect the Si growth rate on A^O,. 
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Table 2.    Properties of Si Films Grown on Ai-Og by Pyrolysis of SiH4 

at Medium Pressuresa 

Substrate 
Cirowth 

Temp ( C) 

l-'lowmeter Settings Dcposilion 
Time 

Film 
Thickness1' 

(Jrowth 
Hale l'i 1 in 

1 2 S< AaH3-ln-H2 (mln) (Mill) (l.m/min) Crystal Structure^ Hemarks 

A 1000 3.0 7.0 _ GO 2.14 0.030 ITbrou« on SXS Gray film 
B 1000 3.0 - 00 n.d. n.d. Mbrous and 

twinned 
Gray film 

A 1025 3.0 7.0 _ 00 2,02 0.034 Fibrous Gray film 
B 1025 3.0 7.0 _ 00 2.03 0.034 Fibrous Gray film 
c 1025 3.0 7.0 - 60 n.d. n.d. Twinned SX Gray film 
1) 1085 3.0 7.0 - 00 n.d. n.d. Fibrous Gray film 

A 1030 3.0 7.0 1.0C 

(Added to H») 
105 3.98 0.037 Fibrous on SX Mirrored; 

p = 0,04.:-cm 
11 1030 3.0 7.0 " 105 3.02 0.035 SX Gray: 
C 1030 3.0 7.0 105 4.07 0.037 Fibrous on SX Mirrored: 

P = 0.05;.-cm 
1) 1031) 3.0 7.0 105 3.72 0.030 Fibrous on SX Gray: 

A 1(115 3.0 CO 1.0d 

(Added lo HJ 
00 1.2 0.020 Fibrous on SX Gray; 

P = 0.02 :.-cm 
11 11145 3.0 8.0 00 0.91 0.015 Fibrous Mirrored: 

P = 0.04 i.-cm 

A 1050 3.0 7.0 _ 00 2.20 0.036 Fibrous on SX P-type; gray sheen 
11 1050 3.0 7.0 00 1.94 0.032 Fibrous on SX / P= 1 ft-cm; 

»n    = 2. 1 x lOl'i cm"3, 
))?• 290 em2/V-sec; 
'gray refloclive 

A 10 55 3.0 7.0 1.0° 
(Added lo II2) 

00 2.86 0.048 Oriented spols P = 0.17 n-om, as 
deposited 

B 1055 3.0 7.0 60 2.44 0.040 SX • Kikuchi 
lines 

p = 0,13 s.-cm, as 
deposited 

C 1055 3.0 7.0 60 2,47 0.041 SX t Kikuchi 
lines * spots 

P ■ 0.09 ^-cm, as 
deposited 

D 1055 3.0 7.0 00 2.83 0.048 Oriented spots P = 0.10 ii-cm as 
deposited 

A 1000 3.0 3.0 3,0d 

(Added to SIH4) 
120 0.5 0.004 Fibrous on SX p = 0,04 ^-cm, as 

deposited 
n 1000 3.0 3.0 120 0.5 0.004 Poly P = 0.04 s"i-cm, aa 

deposited 

A 1070 3.0 7.0 - 00 3,2 0.053 I'oly .SIH4 1 H2 Into evacuated 
reactor 

B 1070 3.0 7.0 - 00 n.d. n.d. Poly 

A 1075 3.0 7.0 1.0° 
(Added (081114 

00 2,2 0.037 SX »Kikuchi 
lines 

IP = 0.13.;-cm; 
n. = 1.5x lol'cm-3: 

(p = 320cni2/V-8ec 
C 1075 3,0 7.0 60 2,2 0.037 SX • Kikuchi IP • 0.12 Q-cm; 

na = 9.9x 1016 cm"3; lines 
(»I " 510 cm2/V-Bec 

A 1100 3.0 7.0 - 60 2.3 0.038 SX • Kikuchi 
lines; twins 

Gray 

1! 1100 3.0 7.0 00 2.1 0.035 Fibrous on SX p-type; reflective 
P = 0,U .i-cm: 
np = 2.2x 10l7cm-3 
li = 2» cmZ/V-aec 

aSQmp]es groupori togetht r were grown In same run 
bA   "   (0112) A<2031   n = - (1120) AJ2O3;  c  •  (111) Czochralskl MgA 2O4 (polished by Union C arblde); 

D  ■   (100) Czochralskl MgA»204 (polished by Union Carbide). 

^Heading üf pyrex liall m No. 000 (low-flow) flowmeter (Matheson) 
"lU'adlnß of pyrex ball in No. 007 (high-flow) llowmeter (Matheson) 
en.d.   ■   Not determined 

Determined by reflectio electron diffraction 
SSX  =   Single crystal 
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It was encouraging to obtain reflective single-crystal growth on (111) MgA^204 
as well as on (0112) A^Oa and -(1120) A£203.   In all cases the (111) Si growths 
appeared to possess better electrical properties than the (100) Si growths.   As indicated 
in Table 2, a Si film 2^m thick grown on (lll)-oriented Czochralski-grown MgA^C^ 
at 1075 C exhibited a mobility of -510 cmVV-sec compared with a mobility of 320 cm2/ 
V-sec measured for (100) Si growth on (0ll2) A22O3, for carrier concentrations 
-1 x 1017 cm"^.   The reproducible growth of good quality Si on MgAi204 has been 
elusive at atmospheric pressure, and the results obtained in these preliminary 
studies suggest that additional experiments using low-pressure growth conditions 
should be performed.   These would probably take place during the third-year of the 
program, since they represent a relatively new approach to obtaining Si growth on 
insulators and would require some additions and changes in equipment in order to 
perform the most significant experimental studies. 

c.   Si Heteroepitaxy on AljOg and MgAi201j in He Atmosphere 

A preliminary investigation of the growth of Si films on AI2O3 and MgAi204 
substrates using He as the growth atmosphere and as the carrier gas for both the SiH^ 
and the ASH3 dopant was carried out during this report period.   The results obtained 
in this limited study are summarized in Tables 3 and 4. 

Copious quantities of yellow-brown residue deposited on the reactor walls, and 
the growth rates of Si on the substrates were found to he considarably reduced from 
those found in H2 and were strongly dependent upon temperature and total flow rate. 
Dopant gas flows also had to be increased considerably to obtain equivalent carrier 
concentrations.    For example, Si growth rates in H2 were-4-8 times larger than those 
obtained in a He atmosphere, and n-type films with carrier concentrations ~10^cm~3 
required ~35 ccpm of nominally 200 ppm AsHß-in-He flow but only ~0.1 ccpm of 
200 ppm AsH3-in-H2 flow in a H2 growth atmosphere. 

The most highly reflective films were measured electrically; little difference 
in properties was found before and after a l-hr02 anneal, presumably due to the mini- 
mized outodoping at low growth temperatures.   Since many films had carrier concentra- 
tions <16l6cm~^, and hence may exhibit electrical properties strongly influenced by 
surface-state conduction, it was difficult to draw conclusions from the data.   The 
(lll)Si films did appear to posses fewer active donors than (100)Si films.   Relatively 
high mobilities (-500 cm2/V-sec) were measured in (100)Si films grown over a wide 
temperature range. 

The addition of a small amount of H2 to the reactor chamber, accomplished by 
switching from AsH3-in-He to AsH3-ln-H2 as the dopant, caused a noticeable change 
in both the amount of wall deposit and the dopant flow rate required to obtain a given 
donor concentration (see Table 4).   The first effect suggests that Si growth studies of 
the effect on film properties of controlled additions of H2 to a He atmosphere are 
warranted.   The second effect could be caused by a lack of stability of ASH3 In He 
carrier gas after storage for extended periods of time, thus leading to dopant concen- 
trations far different from the nominal value of 200 ppm.   This latter point can be 
determined experimentally or by chemical analysis.   Again because of ( roblems 
associated with surface conduction, only part of the data In Table 4 lends Itself to 
Interpretation.   In addition, since It was found after film growth and removal that the 
MgAi204 substrates had very deep surface and subsurface damage, conclusions 
relative to Si growth on MgAi204 based on these experiments would be unjustified. 
Additional experiments are In progress. 
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3.   SUBTASK 3.   ANALYSIS AND PURIFICATION OF CVD REACTANTS 

The work of this subtask has been carried out at a much-reduced level of effort 
during this report period because the UCLA personnel who were Involved in the work 
are no longer available.   An interim summary of the work carried out to date in the 
UCLA Chemistry Department is included in this report in Appendix A. 

In addition to the analytical studies performed at UCLA, mass spectrometric 
techniques have been employed to analyze for trace impurities two samples of SiH^ 
and the remaining portion of a trimethylgallium (TMG) sample previously used for 
GaAs deposition experiments with A£20„ substrates.   The first tank of 100 percent 
SiH4 examined was found to contain only a few impurities in the concentration range 
greater than 2 ppm; disilane was found in a concentration of 9 ppm and trim ethyl silane 
at 23 ppm.   The latter impurity is of concern, since the pyrolysis of trimethylsilane 
could produce silicon carbide.   A second tank, which is presently in use for Si growth, 
was found to be free of trimethylsilane.   The impurity analysis revealed 115 ppm of 
Ho,  195 ppm disilane, 26 ppm AÜ, and 1 ppm each of H2O and hydrocarbons (as butane). 
The first tank was returned to the vendor (Scientific Gas Products) for replacement, 
but the new material has not yet been received. 

The analysis of the residual gases in the TMG bubbler indicated 25 ppm 
dimethylchlorogallium, 0.14 mole percent of a material with a mass spectrum peak 
suggesting it to be hexamethyldigallium, and -2 ppm of unidentified boron-containing 
compounds.   Further analyses are to be performed to determine the quality of the 
materials in use during various stages of the continuing experimental studies. 

A new 136 gm batch of trimethylgallium (TMG) received from Texas Alkyls was 
used for epitaxial GaAs growth on A^Oß with and without H2S as a dopant.   The use 
test revealed the TMG to be as high in quality as any that had been previously received. 
A 36.2 fim-thick film on (0001) AÜ2O3 showed the following properties:   resistivity, 
8.5 (±20 percent) ohm-cm; carrier concentration, 3.9 x 1014cm"^; mobility,  1900 
(±20 percent) cm2/V-sec. An 8. 6fj.m-thick high-resistivity interface layer was found, 
consistent with the above properties.   With this TMG, a 34. l|j.m-thick S-doped GaAs 
film was grown with a mobility of 6000 cm2/V-sec at a measured carrier concentra- 
tion of 7.4 x lOiScm-3. I 

As has been indicated in the monthly technical and the quarterly management 
reports for this contract, several alternative arrangements are under consideration 
for the conduct of the work of this subtask for the balance of the second year of the 
program.    In any event, analyses of the reactants used in the CVD experiments will be 
continued, primarily (but not exclusively) by mass spectrometric techniques with the 
aspistance of external analytical service laboratories. 
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4.   SUBTASK 4.   PREPARATION AND CHARACTERIZATION OF SUBSTRATES 

During this six-month period additional effort has been expended on developing 
reproducible techniques for polishing A^Oß and MgA^O^ substrate wafers to provide 
surfaces for Si and for GaAs heteroepitaxy.   Gas-phase etching/polishing techniques 
first examined during the second six months of the program (Ref 2), have been further 
developed and exploited as a means of evaluating substrate surface quality.   Only a 
small amount of additional work has been done with liquid-phase etching methods, 
however. 

Routine characterization of substrate surfaces at various stages of preparation 
for use in heteroepitaxial growth experiments has continued, using techniques of X-ray 
and electron diffraction analyses,optical and electron microcopy, and (at the end of the 
report period) charged-particle buckscattering measurements. 

The planned study of film nucleation behavior and its relationship to resulting 
film quality and to the type and density of defects in the substrate surface has been 
delayed to the second half of the year.   In addition, it was determined that the absorption 
and diffusion of surface monolayers of stearic acid, as monitored by total internal 
reflectance techniques (Ref 2), as an indicator of the surface texture (i.e., microscopic 
roughness) of A^On and MgAßgC^ does not appear to be a practical technique at this 
time.* 

a.   Mechanical Polishing of A£„0   and MgAi* O. 

The polishing techniques used for preparing AlLOo substrates of various 
orientations for heteroepitaxy of Si and GaAs have remained largely as described in 
previous reports (Ref 2).   Exceptions are for (1014) A^O, ano MgA^O^.   In the 
former instance considerable difficulty has been experienced in the past in developing 
reproducible polishing procedures which result in sufficiently little subsurface damage, 
for the substrates to be acceptable for heteroepitaxy use.   For the case of MgAioC^ 
a previously developed technique has been used in this program with fairly consistent 
success, although reproducibility and surface quality are not as good as is desired 
and attempts to improve the procedure are continuing. 

During the past six months a much improved technique for polishing (10l4) A^O^ 
has gradually evolved; excellent surfaces in this orientation are now being obtained. 
Two groups of such substrates have recently been polished to provide surfaces of 
epitaxy quality.   With both of these groups it was found that each wafer required that 

* This decision was reached after consultation with Prof. Gary Haller (Yale University), 
who has developed and utilized the technique on A^O, surfaces for other measurements 
(Ref 18). 
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the edge be beveled at its point of intersection with each face of the wafer so that no 
sharp edges remained after mounting to serve as starting points for chipping or more 
extensive breakage.   Earlier observations had indicated repeatedly that this type of 
edge breakage during lapping and polishing operations was probably responsible for 
much of the damage produced on the wafer surface.   The edge beveling has greatly 
reduced this problem. 

The Af 2O3 surfaces of this orientation are typically mounted, after beveling, 
in groups of four or five on a single holder.   The samples are then lapping using 
three specially designed cast-iron laps in sequence.   The laps are charged with slurries 
of synthetic diamond abrasive of particle sizes 5, 3, and In-m, respectively.   A typical 
surface of (1014) A^Os after the l^m lapping step is shown in Figure 2.   Numerous 
scratches are readily visible.   Following the IfJ-m step, another specially designed lap 
(in this case brass) is charged with 0. 5|jjn synthetic diamond abrasive and is used in a 
last polishing process on the optical polisher, prior to transferring the mounted 
samples (on the holder) to a vibratory polisher for the final polishing.    The surface of 
a (10l4) A^Oß wafer after the brass-lap polishing step with 0. 5|j.m diamond is shown 
in Figure 3a. 

One of the above groups of (10l4) wafers we s polished on the vibratory polisher 
with a nylon cloth providing the polishing surface and the carrier for a slurry of 
synthetic diamond aurasive of 0.25|j.m particle size.   The second group of samples was 
also polished on the vibratory polisher with 0.25fim synthetic diamond, but the polish- 
ing surface in this instance was a Pellon cloth.    The latter cloth appears to give morn 
i-apid polishing action than nylon, although the finish obtained appears to be equally 
good in the two cases.   Figure 3b shows the same region of the A^Oß wafer shown in 
Figure 3a, but after 66 h^ of polishing time on the vibratory polisher with nylon cloth 
and 0.25fj.m diamond. 

This technique for preparing the (1014) surface of A&jOß substrates now appears to 
provide a finish which is acceptable for heteroepitaxial experiments.   It has been 
adopted as the standard mechanical polishing procedure for this orientation. 

The procedure used for preparing (111) and (110) MgA^O^ substrate wafers for 
Si and GaAs growth is as follows.   As-cut MgA^O^ slices are mounted on appropriate 
polishing jigs with wax, using standard techniques.   The wafers are lapped on a vibra- 
tory polisher, first with 12|j.m and then with 5|im SiC abrasive, to remove surface 
damage caused by the sawing operation and to provide a smooth flat surface for sub- 
sequent processing.   The lapped wafers are then pre-polished with a slurry of Linde 
"A" (0.3|im-particle-size A^Oo) on nylon cloth in the vibratory polisher.   Typical 
time for this step is -26 hr, with at least two changes of the abrasive slurry required. 
Observation of the substrate surface following this step, using the Nomarski 
interference-contrast objective on the microscope, shows that very shallow scratches 
remain in the surface. 

To remove the Linde "A" scratches an additional polishing step using a slurry of 
Linde "B" (0. 05iJLm-pf?rticle-size AÜ2O3) on nylon cloth is employed, resulting in 
moderate overall improvement of the surface finish, with much finer scratches still 
present.   Although other polishing cloths have been used in the Linde "B" step, the 
best results so far have been obtained with nylon. 
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There is still some indication of possible filling-in of remaining polishing 
scratches with polishing debris, as has been observed previously with Ai^C^ (Ref 2). 
Further processing of such MgAi^C^ wafers by polishing with Cab-o-Sil (0. 05|j.m Si02) 
abrasive on the vibratory polisher still leaves evidence of fine scratches in the surface. 
It is not yet certain whether these scratches were previously formed and then filled in 
with polishing debris or are newly created by the Cab-o-Sil itself.   Attempts to clarify 
this remaining uncertainty are still being made. 

Recently, a group of several Mg'A^O^ slices was processed as indicated above 
and then final-polished with a small amount of H3PO4 mixed in with the Linde "B" 
slurry.   Preliminary experiments with Si films grown on these substrates appear 
encouraging, although electrical measurements on the films have not been completed. 
This chemical-mecli nical polishing technique is being further evaluated. 

b.   Gas-Phase Etching of A^20„ 

Gas-phase etching with Freon has been used during this report period for several 
purposes:   (1) as 9 means for thinning Aj^Og substrates to thicknesses the order of 
1 mil; (2) to evaluate the effect of slow but prolonged etching on -(1120), (0112) and 
(0001) A^Oo; and (3) to assess the subsurface damage,_ if any, caused by new and 
improved polishing procedures,specifically thai for (I0T4) AL?0^.   These will be 
described in turn. 

Figure 2.   Typical Surface Finish Obtained on (1014) A^O« Substrate with Special 

Cast Iron Laps with Slurry of 1 pm Synthetic Diamond on Optical Polisher. (94X) 
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figure Si a. Surface Finish on (1014) \'.,< );t Substrate after Ising S|)ecial Hr.iss hap 
with Slurr>' of 0.5 i^m Synthetic DlamonS on Optical Polisher, b.   Same Area after 
(JO Hr Polishing on Vibratory Polisher Using 0.25 um Synthetic Diamond on Nv'on Cloth. 
(94X) 
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Figure 4.   Surface Structure of (1014) A^O* after Removal ~7M.m of 
A^Oy by Freon Etch at 1550 C (Etch Rate -0.1 |am/min) 
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(1) A2203 Thinning Studies 

A (1014)-oriented mechanically polished substrate, initially treated with Freon 
at 1550C for 60 min at a low etch rate (-0. lfj.m/min) to remove -T^m of material, 
displayed the etch-pit density and scratch structure shown in Figure 4.   At 110X 
magnification, the surface defect density as shown in Figure 4a is quite high, but at 
450X magnification (Figure 4b) it can be observed that the space between etch-pits is 
quite smooth; it can be assumed that these surfaces of low dislocation AL^O^ after 
Freon etching would be usable for epitaxy.   However, in order to use this method as 
a practical thinning technique, greater etch rates are necessary; etching at a nominal 
rate of 0. 6|j,m/mln for ~3 hr resulted In extreme deepening of the dislocation etch pits 
and a general severe faceting of the entire surface, as shown in Figure 5.   Thus,  Freon 
etching at high rates does not appear satisfactory for thinning and producing smooth 
surfaces on (1014)-oriented A^O... 

(2)   Effects of Prolonged Etching 

A^Oy substrates oriented in the-(1120),  (0112), and (0001) planes were treated 
with Freon for 25 min periods using those etch-polishing conditions which seem to be 
less orientation dependent (see data reported in last semiannual report (Ref 2)).    The 
results are depicted in the accompanying photomicrographs, which were obtained witn 
a Nomarski interference contrast attachment on a metallurgic1! microscope. 

Figure 5.   The Surface of Verneuil-Grown (1014) A^Oß after Etching with Freon 
at 1500 C for~3 Hr at Nominal Rate of 0. 6 lam/min.   Several Deep Large 

Etch Pits (as in Center) were Randomly Distributed on Surface. 

25 



Figure G shows that gas-phase etching of Czochralski-grown (0112) AigOg can 
produce considerable etching of the crystal planes, but the structure changes in 
character with etching time with the surface apparently becoming smoother as a stable 
surface is found by the etching action.   Etching of jood quality A^OQ oriented to 
-(1120) (Figure 7) seems to reveal only the work damage due to polisning the substrate; 
however, some areas of the Verneuil-grown substrates did possess a relatively high 
density of diamond-shaped etch pits (not shown in the figure). 

The same set of etch-polish conditions proved to be helpful in preparing smooth 
surfaces on (0001) AioO^, shown in Figure 8.   After 25 min of etching, scratches were 
still visible.   After 50 min the scratches were essentially gone, and the surface remained 
smooth after 75 and 100 min of etching.   However, a number of hexogonal etch pits are 
evident; these may be characteristic of the substrate or caused by "eaction of impurities 
in the etchant and etching atmosphere with the substrate.   Figure 8c is incuuded to show 
the sensitivity of the gas-phase etching process to certain types of defect structure 
present in these substrates cut from Verneuil-grown A^CL. 

(3)  Evaluation of Mechanical Polishing Procedures 

As indicated in the last semiannual report (Ref 2), the (1014) A^Oo orientation 
has been found to be particularly difficult to polish properly for semiconductor epitaxy; 
subsequent mechanical polishing at NR of vendor-polished material has always brought 
out greater surface and subsurface damage than had been expected.   Light polishing of 
vendor-polished substrates at NR apparently removes polishing debris which, when 
packed into the scratches, gives the impression that the surface is of high quality 
when this is simply not the case. 

Such surfaces after a light gas-phase ©tcli show even more indication of the damage 
introduced during the mechinical polishing, and the technique of using gas-phase etching 
forsuch evaluation is being used extensively.   Figure 9 represents the surface of a 
(1014) AfnOg substrate wafer after being polished in NR laboratories by the method 
describedin the preceding sections.   The major defect shown was mechanically intro- 
duced to act as a point of reference for examination during the polishing and etching 
process.   Before gas-phase etching but after mechanical polishing the surface was 
very smooth and displayed essentially no character (Figure 9a), but after 10 min 
(~0.2|jim material removed) and 30 min of etching (-0.6 fim  removed) some 
subsurface damage was revealed (Figures 9b and c).   However, the amount of damage 
was only a small fraction ofthat found in vendor-polished material, and the data offer 
evidence that considerable progress has been made in polishing (1014) A^20„, a 
significant achievement. 

Application of the technique of ion-beam sputter-etching to the polishing of 
(1014) A^jOg surfaces is described under Section 5, in the next section. 



Figure 6 shows that gas-phase etching of Czochralski-grown (0112) AlnO^ can 
produce considerable etching of the crystal planes, but the structure changes in 
character with etching time with the surface apparently becoming smoother as a stable 
surface is found by the etching action.   Etching of good quality A^Oo oriented to 
-(1120) (Figure 7) seems to reveal only the work damage due to polishing the substrate; 
however, some areas of the Verneuil-grown substrates did possess a relatively high 
density of diamond-shaped etch pits (not shown in the figure). 

The same set of etch-polish conditions proved to be helpful in preparing smooth 
surfaces on (0001) A^oOg, shown in Figure 8.   After 25 min of etching, scratches were 
still visible.   After 50 min the scratches were essentially gone, and the surface remained 
smooth after 75 and 100 min of etching.   However, a number of hexogonal etch pits are 
evident; these may be characteristic of the substrate or caused by reaction of impurities 
in the etchant and etching atmosphere with the substrate.   Figure 8c is included to show 
the sensitivity of the gas-phase etching process to certain types of defect structure 
present in these substrates cut from Verneuil-grown A220„. 

(3)  Evaluation of Mechanical Polishing Procedures 

As indicated in the last semiannual report (Ref 2), the (10l4) A^Oo orientation 
has been found to be particularly difficult to polish properly for semiconductor epitaxy; 
subsequen!; mechanical polishing at NR of vendor-polished material has always brought 
out greater surface and subsurface damage than had been expected.   Light polishing of 
vendor-polished substrates at NR apparently removes polishing debris which, when 
packed into the scratches, gives the impression that the surface is of high quality 
when this is simply not the case. 

Such surfaces after a light gas-phase etcu show even more indication of the damage 
introduced duringthe mechanical polishing, and the technique of using gas-phase etching 
forsuch evaluation is being used extensively.   Figure 9 represents the surface of a 
(1014) A^oOg substrate wafer after being polished in NR laboratories by the method 
describetf in the preceding sections.   The major defect shown was mechanically intro- 
duced to act as a point of reference for examination during the polishing and etching 
process.   Before gas-phase etching but after mechanical polishing the surface was 
very smooth and displayed essentially no character (Figure 9a), but after 10 min 
(~0.2|im material removed) and 30 min of etching (-0.6 \.m  removed) some 
subsurface damage was revealed (Figures 9b and c).   However, the amount cf damage 
was only a small fraction ofthat found in vendor-polished material, and the data offer 
evidence that considerable progress has been made In polishing (1014) A^20„, a 
significant achievement. 

Application of the technique of ion-beam sputter-etching to the polishing of 
(1014) AigOß surfaces is described under Section 5, in the next section. 
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5.   SUBTASK 5:  STUDIES OF IN SITU FILM GROWTH IN THE ELECTRON 
MICROSCOPE 

Work has continued on the electron microscope modifications required for the 
in situ film growth studies.   The auxiliary pumping system has been fabricated, 
installed, and tested.   The CVD microcharr.ber design has been completed, and fabri- 
cation is proceeding.   The electron microscope itself has been improved, particularly 
with respect to the contamination rate and the operating pressure.   Several physical 
vapor deposition (PVD) experiments have been comple nd, demonstrating the feasibility 
of performing in situ nucleation and growth studies in tais equipment.   The objective 
of performing the first in situ Si CVD experiment remains scheduled for the end of 
the second year, with preliminary experiments with simpler chemical processes to be 
initiated soon.   Finally, in preparation for the CVD in situ experiments, which will 
require very thin (5200A) At^O^ substrates to permit transmission of the electron 
beam, work has begun on evaluation of several alternative methods for thinning 
A^Os wafers. 

A number of technical articles peripherally related to the present work are 
listed in Appendix B as addenda to the bibliography presented in the Second Semi- 
annual Report (Ref 2).   In common with those previously reported, few are of direct 
value to these studies but they are collectively valuable for their experimental ideas 
and techniques. 

a.   Auxiliary Pumping System 

The auxiliary pumping system for the specimen chamber* has heen fabricated, 
installed, and tested.   A general view of the EM6 electron microscope, showing the 
location at the auxiliary pumping system, is shown in Figure 10.   The pumping system 
itself consists of a diffusion pump, liquid nitrogen trap, and isolation valve, and is 
shown in greater detail in the photograph of Figure 11.   The system is connected to 
the specimen chamber through a vacuum tee and a special flexible metal bellows and 
adapter, visible near the center of Figure 11.   An ionization gauge is mounted on the 
other side of the tee to record the pressure near the sample chamber.   The present 
design has maintained the specimen airlock-exchange mechanism, so the microscope 
can also be used for routine electron microscopy with no time loss. 

A second ionization gauge has been installed on a specially machined flange 
which temporarily replaces the right hand side of the specimen-exchange air lock. 
The base pressure of the system is <1 x 10"^ torr, but the best pressure to date has 
been 2 x 10"6 torr, limited by the poor quality of the O-ring sealing surfaces and the 
organic vapors present as contamination in the microscope.   Installation (in the 
coming six months) of the pumping apertures+^nd associated shields in the beam 
deflector stage and objective lens (respectively above and below the specimen 
chamber) will permit true differential pumping of this portion of the microscope. 

*The term specimen chamber refers to that portion of the electron microscope column 
containing the specimen holder (or CVD microchamber when installed), the specimen 
holder exchange and airlock mechanism, and the specimen holder stage with its 
associated control mechanisms for specimen rotation, tilt and translation. 

**These pumping apertures should not be confused with the gas limiting apertures in 
in the CVD microchamber shown in Figure 13. 
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Figure 10.   Overall View of EM() Electron Microscope as Modified for 
in situ Film Growth 

Figure 11.   Close-Up View of Auxiliary Pumping System Attachment for 
EM6 Electron Microscope 
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b.   CVD Microchamber 

The design for the first CVD microchamber for the electron microscope has 
been completed.   The present PVD specimen heater, although suitable for the PVD 
experiments, cannot be modified for use as a CVD microchamber.   Instead, a 
standard specimen holder (Figure 12) will be modified as shown in the diagram of 
Figure 13, 

The substrate will be heated by passing a current through a high-resistance 
tungsten grid (wavy line).   The sides of the grid are insulated from the body of the 
specimen holder and bottom plate (' and - electrodes, respectively) by two A^Oy 
half rings, shown finely cross-hatched.   Two apertures, provided to permit passage 
of the electron beam but reduce the gas outflow, are welded to the specimen holder 
body and bottom plate.   A gas-tight seal is made possible at S by precision lapping of 
the At20[i insulator, shown cross-hatched.   A gas inlet and outlet are installed as 
shown. 

The design shown has the advantage of heating only a small area near the 
substrate specimen, but it will require close machining tolerances to allow minimum 
gas leakage and simultaneously to maintain the proper distance between the focusing 
and reference planes.   The construction of the specimen microchamber is the most 
difficult project anticipated in this subtask so sufficient allowance has been made in 
the program plans for construction of a second design, if required. 

■ 

i 
METRIC' 11 

Mil Hll 

Figure 12.   Electron Microscope Sample Holder 
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Figure 13.   CVD Microchamber 
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c. Microscope Contamination Kate 

Considerable effort has been expended in improving the vacuum performance of 
the basic electron microscope.   Improvements have been made primarily by improving 
the polished finish on the O-ring sealing surfaces and by cleaning well the interior of 
the microscope.   Approximately half of the 150 O-ring grooves in the microscope 
have been carefully inspected; the vast majority of these were adequate only for the 
normal operating vacuum of~5 x 10-5 torr.   Accordingly, the O-ring grooves in the 
high-vacuum valve, pumping manifold, and electron-gun  region were polished to 
better than a 10-/^in. finish.   These portions of the microscope were thoroughly 
cleaned to remove traces of vacuum pump oil which had been condensed prior to 
installation of the thermoelectrically-cooled baffle. 

The contamination rate measured after this cleaning and polishing, and using 
only the standard microscope pumping system, was less than 100 A/min, which may 
be compared with the 240Ä/min reported in the Second Semiannual Report (Kef 2). 
Further improvement is anticipated as the O-ring grooves in the electron lenses and 
specimen chamber are polished and these regions similarly cleaned.   This is planned 
for the time of CVD microchamber installation or at the yearly colum disassembly, 
whichever occurs first. 

d. In situ 13VD Experiments 

Several in situ physical vapor deposition (PVD) nucleation and growth 
experiments have now been performed in the microscope.   Vacuum-evaporated Af 
has been deposited onto a carbon substrate heated to~300 C in these investigations. 
The experiments were sufficient to demonstrate the feasibility of in-situ film growth 
observations, but minor operational difficulties have repeatedly prevented recording 
the growth process on motion picture film. 

The series of PVD experiments has twice been interrupted when the high-voltage cable 
on the electron microscope failed.   Considerable microscope down-time has resulted 
from these incidents.   The first demonstration motion pictures of film nucleation and 
growth, scheduled for completion in January, will now be completed in March.   How- 
ever, there has been very little net loss to the overall subtask timeline because effort 
was transferred to other required projects of the subtask. 

A sequence of electron micrographs taken in one of the preliminary PVD 
experiments is shown in Figure 14.   Each micrograph is at the same magnification, 
with the bar representing a Iptm length.   Despite the poor photographic definition, the 
micrographs were made during in situ deposition of Af at times of 30, GO, and 210 sec 
after deposition had begun.   Nucleation proceeded in a manner similar to that for 
other metal films:  Af atoms arriving singly from the vapor phase strike the C-film 
substrate and then diffuse about the surface unt'l a number   agglomerate to form 
small nuclei.   Each three-dimensional nucleus grows by the atom-by-atom arrival of 
Af, eventually coalescing with other nuclei to form larger nuclei.   The coalescence 
process continues until a continuous thin film is formed (not shown). 

Comparison of the same areas in Figures 14 a and b show the increased size of 
nuclei after growth has continued an additional 30 sec.   In several locations, marked 
with arrows, two nuclei seen in Figure 14a have coalesced into a single nucleus in 
Figure 14b.    The mechanism presumably involves surface diffusion of individual 
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Figure 14.   Nuclei of Ai during In-Situ PVD Growth after 
(a) 30 sec,  (b) 60 sec, and (c) 210 sec of Deposition 
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atoms of the two nuclei, with the driving force being the reduction in total surface 
energy.   As discussed by Pashley (lief 19), movement of the two nuclei as a whole is 
unlikely. 

Figure 14c, although not of the identical area,is representative of the growth 
after 210 sec of deposition, at which time deposition was terminated.   The nuclei are 
larger, and the internal defect structure resulting from coalescence of several nuclei 
into one is now apparent.   In addition, the phenomenon of secondary nucleation is 
visible.   Areas of substrate left bare by the coalescence of two nuclei have served 
as nucleation points for secondary nuclei formed from the continually arriving stream 
of Al atoms from the vapor. 

Additional experiments of this type are in progress as an important preliminary step 
to undertaking the first simplified in situ CVÜ experiments. 

c.    Preparation of Thinned Ai^O.. Substrates 

Efforts have begun to prepare the thin (<200A) Ai^;} wafers required as 
substrates for the in situ film growth studies.   Various mechanical lapping techniques 
using a vibratory polisher and 400 to 1000-grit boron carbide were unsuccessful in 
reducitig (1014)-oriented samples to less than 0.008 in. before cracking.   An alter- 
nate technique using a standard optical polishing machine has yielded crack-free 
samples -0.003 in. thick.   These samples were then cut into small discs, and will be 
thinned by the ion-beam method to the required 200 A. 

Special apparatus fcr controlled ion-beam sputter-etching has been acquired 
late in the present reporting period and is now fully operational.   With this apparatus, 
AtzO'j wafers originally 0.002 to 0.003 in. thick can be thinned to a few hundred A in 
thickness by sputtering effects from two beams of 5 to 10 KV argon ions directed at a 
5 to 15 deg angle to the substrate surface.   The sample is normally rotated about an 
axis perpendicular to its surface during the sputtering process.   The thinning is 
uniform over an area of   0.2 in. ^ and proceeds at a slow but controllable rate, 
typically 0.1 to 1.0^m/hr. 

As an initial instrument performance test, the equipment was used to ion-etch 
the surface of a mechanically polished (lol4)-oriented Ai^O^ wafer.   Evidence of 
scratches originally present on the polished surface remained after removing more 
than 9 ^m of material.   The results after successive removal of a total of-0.1, 2,7, 
7, and 9.C|j.m of AI2O3 are shown in Figure 15.   In all of the photomicrographs the 
irregular line at the extreme top right is the edge of the sample; the area immediately 
next to it was untouched by the ion beam during the etching process and represents 
the original condition of the Ai203 surface.   Only the area in the lower left portion 
of each photomicrograph represents the region of the crystal which had been fully 
etched by the ion beam; the remaining intermediate areas were only partially etched. 

Comparison of the etched and unetched regions of the sample as shown in 
Figure 15a reveals that the light ion-etching (<0.1p.m) enhanced the visibility of the 
original scratches.   This effect, previously noted with Freon etching (see Sublask 2), 
is attributed to the removal of polishing debris which had filled-in the scratches. 
Further ion-etching, sufficient to remove 2.7 and 7Mm as shown in Figures 15b and c, 
respectively, beban to produce a smoother surface, although the original scratches 
remain clearly visible. 
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Mgure 15.   (loi4) Al/)., Wafer Ion-Beam Etched at Low Angle 
to Remove (a) <(). 1 urn. (b) 2.7 p-m 
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Figure 15.   (1014) AigOg Wafer Ion-Beam Etched at Low Angle 
to Remove (c) 7 nmi; (d) 9.6 (Itn 
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After removal of 9.6/im of A^C^ (Figure 15d) the surface appears significantly 
improved, yet traces of the original scratches are still present.   Although the 
scratches themselves were not Ü.G/im deep prior to the start of the ion-etching process, 
it does appear that the damaged regions below the scratches may have extended at 
least this deep into the original polished crystal surface, causing a preferential 
etching effect until the damaged regions are completely removed. 

This in'tial experiment suggests the possibility of producing smooth substrate 
surfaces by ion-etching large crystals, then subsequently depositing Si by CVD in the 
normal manner.   Since the ion-etching is both a polishing and a cleaning process, it 
is anticipated that it may be possible to grow a higher quality Si film on such a 
treated substrate.   Experiments to evaluate this prospect are presently in progress. 
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6.    SUBTASK 6:   EVALUATION OF FILM PROPERTIES 

Evaluation of the structural and electrical properties of thin heteroepitaxial 
films on AÜ2O3 and MgA^O^ substrates continued during the past six months; results 
of these studies are described in this section as well as in Section II-2. 

The measurements of photoemission of electrons from heteroepitaxial semi- 
conductor films and transport of electrons in A^^s have been carried further and 
are discussed below.   Further use of channeling and Rutherford backscattering of 
charged-particle beams in the heteroepitaxial films, which was previously demon- 
strated to be a feasible and useful method for establishing the density and location of 
defects in the films (Ref 2), was postponed temporarily but has now been resumed 
midway into the second-year program.   The planned investigations of film micro- 
structure in the interface region by means of X-ray techniques have not yet been 
initiated; it is expected that this work will be under way early in the forthcoming 
report period. 

In the studies of the effects of changes in deposition parameters on Si/A^Os 
film properties the emphasis has been placed on comparison of the growth of (100) 
Si with (111) Si, over a wide range of growth temperatures and growth rates. 
Changes in reactor geometry have also been shown to be a significant factor in the 
determination of film properties, as was discussed in Section II-2.   The effects of At 
autodoping on film characteristics have been examined in more detail, and additional 
studies of the effects of annealing to stabilize film properties have been completed. 
The variation in film properties with film thickness ha3 been further explored in 
stabilized (i.e., annealed) Si films on A^Oß- 

a.   Precision of Measurements of Electrical Properties 

Various experimentally measured quantities are required for the determination 
of the electrical characteristics of thin semiconductor films.   These include, for 
example, voltages, currents, magnetic field strengths, and geometrical properties 
(i.e. , dimensions) of the semiconductor samples.   The accuracy of the values quoted 
for resistivity (p), carrier concentration (n) and mobility (fj.) can therefore be esti- 
mated, based on estimates of the error in the measured quantitites. 

Typically, for Si/AiLOg films, the largest source of error in the determination 
of p and n is the film thickness, leading to relative errors of approximately ±5 percent, 
with an absolute error estimated to be about ±10 percent.   Since the other important 
parameters (width of "Hall bridge," voltage, current) are each known to be approxi- 
mately ±0. 5 percent or bet'  r, the overall relative error in p and n is estimated to 
be  ~±7 percent.   The mobility (fj.) is independent of thickness as a measured param- 
eter and is therefore measured to an accuracy of approximately ±2-3 percent. 

However, there are other factors which may influence the accuracy of the 
quoted values of electrical properties of the heteroepitaxial films.   The Influence of 
surface conduction is minimized by Intentional doping of films to carrier concentra- 
tions of ~1016 cm -3 or higher, but even In this range the surface effects may lead 
to errors In all electrical parameters of approximately ±10 percent.   This error Is, 
of course, much smaller for higher carrier concentrations and Is probably insignifi- 
cant compared with measurement errors for values of n >10l7 cm"3. 
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Considering all of the above sources of error, the values of p and n typically 
reported in these studies are estimated to be accurate to approximately ^15 percent 
(lor samples with n in the low and middle 10l6 cm~3 range), and the corresponding 
mobilities have approximately 110 percent accuracy. 

The van der Pauw (Ref 20) method, which has occasionally been used for 
measuring the electrical properties of semiconductor films, has been examined to 
determine the accuracy of the technique when applied to the evaluation of Si/A^Og 
films.   Several samples were measured by this technique by applying contacts at the 
periphery of films approximately 1/2 in. in diameter.   The electrical data obtained 
were compared with those found with the standard Hall bridge-type samples sub- 
sequently etched into each of the films.   In most cases the resistivity found by the 
two methods differed at most by less than (5 percent, with the bridge method always 
yielding the smaller value.   The carrier concentrations had a wider range of variation, 
with the bridge value being an average of 12 percent smaller.   The largest variation 
occurred in the Hall mobility; the bridge values were an average of 16 percent larger 
than those found by the van der Pauw technique.   These differences between the two 
methods are similar to those previously established in the GaAs/At^O^ system (Ref 21). 
As a consequence of these differences, the van der Pauw technique is not ordinarily 
used for data included in reports; if the method has been used out of some necessity 
the results so obtained are clearly identified. 

b.   Variation of Si Film Properties with Growth Parameters 

A summary of the electrical properties of n-type Si/A^03 films 0. 5 to 2.0 |j.m 
thick grown during the present report period is shown in Tables 5 through 9, in which 
the films have been tabulated according to growth temperature.   Most of the data were 
obtained on fi!ms grown at a rate of ~2 ^m/min, since lower growth rates tend to 
yield poorer quality films over most of the temperature range examined. 

It is found that for a growth rate of ~ 2 ^m/min the electron mobility in (100) Si/ 
(0112) A^O;} is nearly independent of growth temperature for 1040 C < Tg < 1100 C. 
At both higher and lower growth temperatures the limited data available suggest that 
the mobility decreases.   This is shown in Figure 16, where the mobilities of films 
grown on (0112) and   ~(1120) AtJO.^ substrates are plotted as a function of growth 
temperature.   At each temperature data for a number of films with net donor concen- 
trations between 1 and 5 x 10'   cm"^ are averaged; the error bars indicate the range 
of mobilities over which the points are averaged (not the error in the data point itself), 
and the number next to the point indicates how many samples contributed to the average 
value plotted.   All films were annealed at least one hour in O2 at 1100 C to stabilize 
film properties. 

Contrary to the case for the (100)Si growth on (0112) A^Og, the data for (111) Si 
growth on the A^Oo orientation near the (1120) plane show that a 2|im/min growth 
rate yields films*'which appear to improve with Increasing growth temperature and 
show a mobility maximum around 1075 - 1100 C. 

The variation of carrier concentration with growth temperature for a constant 
dopant gas flow rate (0.22 ecpm ASII3-II2 mixture) and constant growth rate (~2 jj.m/ 
min) was examined with the group of films listed In Table 10.   The data are plotted in 
Figure 17 and Indicate no definitive trend except for the slight decrease in carrier 
concentration at the highest growth temperatures. 
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Table o. Electrical Properties of N-Type CVD Si on (0112) and -(1120) A^>3 
Substrates Grown at 1040 C at Rate -2 pm/min. 

(Film Thickness ~2 fim)3 

Substrate 
Orientationb 

AsH3-in-H2 
Flow (ccpm) 

Resistivity 
(ohm-cm) 

Carrier Concentration 
(cm-3) 

Mobility 
(cm2/V-sec) 

A 
B 

0.056 
it 

1.7 
4.0 

5.5 x 1015 

2.8 x lO15 
660* 
550* 

A 
B 

0.11 
ii 

0.36 
0.67 

3.0 x 1016 

2.0 x 1016 
580 
470 

A 
B 

0.22 
ii 

0.19 
1.7 

6.0 x 1016 

2.8 x 1016 
540 
130 

A 
B 

0.45 
II 

0.095 
0.59 

1.4 x 1017 

5.6 x 1016 
480 
190 

A 
B 

0.90 
II 

0.056 
0.081 

2.8 x 1017 

1.8 x 1017 
400 
440 

A 
B 

1.2 
II 

0.059 
0.091 

2.8 x 10|7 

1.9 y 1017 
380 
360 

a  Samples grouped together were grov /n in the same run 

b   A = (0112) A^Ofr B = -(1120) A^O 3 
*   Samples with n < -1016 cm-3 appea r to be dominated by surface conduction 

Data for films grown at a lower growth rate of ~0.8 firn/min (Table 7) show that 
the mobilities of films on (0112) A^Os remain fairly high at temperatures up to 
1060 C and are nearly equivalent to those grown at 2 |im/min at 1060 C (Table 6), 

Higher growth rates can improve mobilities for Si films grown on the (0lT2) 
orientation at higher temperatures.   The effects of growth rate on the mobility of 
films on (0112) and also on ~(1120) AfgOs are shown in Table 8 and in the corre- 
sponding data plotted in Figure 18 (for growth at 1075 C).   The mobility data 
'ndicate that high growth rates are necessary to produce optimized film properties 
at this (and presumably higher) temperature on (0112) A^O^; for 1075 C the mobility 
maximum occurs at a growth rate of about 4 ^m/min for the (0112) orientation and 
about 2 p.m/min for the orientation near the (1120).   These films were grown under 
conditions of constant dopant gas flow.   However, the measured carrier concentra- 
tion is found to vary with growth rate as shown in Figure 19.   The nearly linear 
behavior shown in Figure 19 suggests an exponential relationship between growth 
rate and carrier concentration.   These data point out the Importance of growth rate 
as well as growth temperature in determining the quality of Si films grown on 
A^03 substrates. 
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Table Ü.    Electrical Properties of N-Type CVD Si on (0112) and -(1120) A^Og 
Substrates Grown at 1060 C at Rat(; ~2 |j.m/min. 

(Film Thickness ~2 f.'n)a 

Substrate AsIl3-in-H2 Resistivity Carrier Concentration Mobility 
Orientation" Flow (cepm) (ohm-cm) (cm-3) (cm'Vv-sec) 

B 0.006 6.6 1.8 x 1015 530* 

A 0.014 1.9 5.7 x 1015 590* 

B it -7 x 103 — — 

A 0.021 3.0 8.0 x 1015 260* 

B ii 1.9 9.0 x 1015 360* 

A 0.028 I. 1 
15 9.2 x 10 600 

B II 2.3 5.3 x 1015 510* 

A 0.056 0.80 1.5 xlO16 520 

B II 2.4 6.3 x 1015 410* 

A 0.11 0.67 1.8 xlO16 530 

B II 0. 96 1.1 xlO16 620 

A 0.45 0. 10 
17 1.4 x 10 440 

B II 0. 13 8.0 x 1016 600 

A 1.2 0.070 
17 

2.5 x 10 370 

B II 0.062 
17 

2.1 x 10 490 

a Samples grouped toget ler were grow n in the same run 

,) A = (0lT2) A^ü3; B = -(1120) A^2U3 

* Samples with n < -lO1 6 cm-3 appeal • to be dominated by surfac e conduction 
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Table 7.   Electrical Properties of N-Type CVD Si on (0ll2) and -(1120) A£2Ü3 
Substrates Grown at 1060 C at Rate of -0.8 \j.m/min. 

(Film Thickness -2 ^m)3 

Substrate 
Orientation 

AsH3-in-H2 
Flow (ccpm) 

Resistivity 
(ohm-cm) 

Carrier Concentration 
(cm"3) 

Mobility 
(cm2/V-sec) 

A 0, 0056 0.26 4.4 x 1016 550 

B ti 0.49 2.1xl016 600 

A 0.014 0.65 1.7 xlO16 570 

B ft 2.7 5.7 x 1015 400 

A 0.028 0.72 1.9 x 1016 460 

B tt 5.1 5.3 x 1015 230* 

A 0.056 1.2 1.06 x 1016 480 

B ti 16.0 3.0 X 1015 130* 

A 0.22 0.16 9.9 x 1016 400 

B ii 0.18 6.0 xlO16 570 

Samples grouped togetl ler were grow n in the same run 

bA = (0112) A£203; B = -(1120) A^20. J 

♦Samples with n < ~1016 cm ^ appear to be dominated by surface conduction 
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Table 8.   Electrical Properties of ~2 Mm-Thick N-Type CVU Si Kilms (Jrown on 
Ai2Ü3 at 1075 C with Addition of Constant Dopant Concentration 

(0.22 cepm AsIl3-in-H2) as Influenced by Growth Rate8 

Substrate 
Orientation1 

Growth Rate 
(Mm/min) 

Resistivity 
(ohm-cm) 

Carrier Concentration 
(em"3) 

Mobility 
(omvV-ieo) 

A 
B 

A 
13 

A 
B 

A 
B 

A 
B 

A 
B 
C 

A 
B 
C 

A 
B 
C 

A 
B 

0.2 
0.2 

0.46 
0.4" 

0.66 
0.70 

0,95 
0.90 

1.7 
1.7 

3.1 
3.0 
3.0 

4.4 
3.9 
4.2 

S.O 

5. ? 

0.085 
0.084 

0.08 
0.10 

0.08 
0.13 

0. 12 
0.16 

0. 18 
0. 19 

0.29 
0.47 
0.38 

0.30 
0. 58 
0.47 

0.79 
1.5 
1.2 

0.66 
3.1 

1.9 x 1017 

1.4 x 1017 

2.2 x 1017 

1.4 x lO17 

2. 2 x 1017 

1.2 x 1017 

1.3 x 1017 

7.4 x 10lß 

7.2 x 1016 

5.2 x 1016 

3.6 x 101G 

2.5 x 1016 

3.6 x lOlß 

3.2 x 1016 

1.9 x 10 
3.2 x 10 

16 
16 

1.4 x 10 
9.0 x 10 
1.1 x 10 

18 
15 
16 

1.6 x 10 16 

,6 x 1015 

380 
520 

370 
450 

360 
410 

420 

620 

600 
520 
470 

660 
560 
420 

630 
495 
480 

580 
360* 

a _ Samples grouped together were grown in the same run 

D A = (0ll2) A/2O3; B =    (1120)Ai2Ü3; C - (1122) A^Og 

* Samples with n •    10     cm     appear to be dominated by surface conduction 
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Table 9.   Electrical ProptTtlcs uf   2um-Thlck   N-Typo CVOfi FUmi 
Urown on A/..u;i ui I loo C at Hute    2 nm/mln.11 

Subatrate 
U^U•lUuUon,, 

Aslls-ln-Ho 
Flow (cepm) 

Realitlvlly 
(ohm-cm) 

Currier Conceal ration 
(cm-3) 

Mobility 
(cm2/V-aec) 

A 0.11 l.l 9.Ö x lO15 590 

A 0.11 0.70 l.8xl0,tt 460 

B 0.17 0.57 1.7 xlO10 660 

B 0.22 0.24 3.8 x lO10 700 

B 0.22 0.4t 2.3 x 1010 570 

B 0.22 0.28 3.3XU,,J 670 

A 0.22 0.34 3.7 x I016 490 

B 0.22 0.36 2.6 xlO16 680 

B 0.22 0.28 3.1X1016 730 

A 0.22 0.28 4.6 xlO10 480 

B 0.22 0.22 3.6 xlO16 780 

A 0.22 0.29 5.8 x 1016 370 

B 0.22 0.35 2.9 xlO16 G10 

D 0.22 0.32 3.3 x 1016 590 

D 0.22 0.73 2.0 x lO16 425 

c 0.22 0.52 1.8 xlO16 680 

E 0.22 1.0 1.3 xlO16 470 

San.pU's grouped togclh •r weri' grow i In the same run 

b A -(0112) AI2Ü3; B- (1120) AI2Ü3 ; C-(1122) AI2Ü3; 

D-(10l4) A£2ü3: E ■ 1123) A£2Ü3 
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FlKurt« 1«.   Variation of Hall Mobility with Growth Temperature for SI/A/20a 
Films Having Net Donor Carrier Concentration of 1-5 x 1016 cm"3. 

At constant Krowth rate the carrier concentration is related to the dopant gas 
flow (Table 5) as shown In Figure 20.   (Included In Figure 20 are some data taken 
;)rlor to the present report period.)   The data are roen to agree with the dashed 
curve. represcntWtg a linear relationship between the two parameters, as would be 
expected.   It Is Interesting to note that the carrier concentrations found In films on 
-(1120) At<fim are consistently lower than those grown tiimultaneously on (0112) 
AAJO-J.   This'fact suggests that the dopant Is Incorporated less easily Into the (111)- 
oriented Si lattice. 

Crowth of Si on various other A/JJO.) orientations at high growth temperatures 
was also examined recently.   This study was stimulftted by the observation that the 
quality of (111) Si appears to be quite high at 1100 C. and that^some other orientations 
produce very reflective films at high temperatures.   The (10T4). (1122). and (1123) 
Al.,0., orientations wert used as substrates for SI growth at temperatures from 1075 
loll!>0 C (Tables 8, 9. and 11).   For film thicknesses of 1.5 to U9yM and carrier 
concentrations of 1-2 x 10l(' »rm-3, the (1014) and (1123) orientations yielded films 
with mobilities of ~400 - 500 cmVv-sec over the whole temperature range.   The 
(1122) orientation gave (221)~oriented Si films with surprisingly high mobillties-up 
to 770 cm2/V-8ec in a 1.5 |am thick film-suggesting that this orientation may be 
superior to those so far examined.   Further studies over a wider range of tempera- 
ture and growth rate are clearly indicated. 
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Table 10.   Kffect of Growth Temperature on Properiie» of-2Mm- Thick N-'Iypc 
(100) and (111) SI Films Grown at Rate of   2,.IU/IU\I\ with Conutant 

A8ll3-ln-Il2 Dop;nt Flow (0.22 ccpm)a 

Nominal Growth 
Temper«ture(0C) 

Substrate 
Orient •tionb 

Resistivity 
(ohm-cm) 

Carrier Concentration 
(em-3) 

Mobility 
(cm2/V-aec) 

1040 A 
B 

0.19 
1.7 

0.0 x io!" 
2.8 x 1010 

540 
130 

1045° A 
B 

0.21 
0.28 

8.7 x 10*" 
3.7 x 10*" 

520 
610 

lu00d A 
B 

0.15 
0.22 

7.0 x 10*" 
4.9 x 10*" 

A4(i 
SH0 

1075 A 
B 

0.18 
0.19 

7.2 x 10*" 
5.2 x 10*" 

500 
020 

1100 A 
B 
B 

0.34 
0.36 
0.28 

3.7 x 10*" 
2.5x 10*" 
3.1 x 10*" 

490 
680 
730 

A 
B 

0.28 
0.22 

4.6xl0lfi 

3.6x 10*" 
480 
780 

B 
B 
B 

0.24 
0.49 
0.28 

3.8 x 10*" 
2.3 x 10*" 
3.3 x 10*" 

700 
570 
670 

A 
B 
D 

0.29 
0.35 
0.32 

5.8 x 10*" 
2.9 x 10*" 
3.3 x 10*" 

370 
610 
590 

1125 A 
B 

0.97 
0.64 

2.5 x lO™ 
1.8 x 10*" 

260 
530 

C 
D 

0.80 
1.4 

1.0 x lo|« 
9.4 x 1015 

770 
470 

1150 C 
D 
E 

0.51 
1.7x 103 

0.93 

1.8 x 10*" 

1.5 x 10*" 

690 
mm 

460 

aSamples grouped together wer e grown in same run 
UA = (0li2) A£203; B = -(1120) A^03; C = (1122) A^203; D = (1014) A^ 2CV 
E = (1123) A^2U3 

A  results in (100) Si growth; ] 
-(221) SI growth 

B, D, and E result In -(111) SI growth ; C results in 

cFrom Table IV, Ref 2. AsH, j-in-Hg flow 0.15 ccpm 
From Table IV, Ref 2 
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^wi.srrr^T^ÄW.rss'c-i- 
Temp. 
(0C) 

Sulmtroto 
()ri^'ntaflon,, 

Aülla-in-ilo 
Flow (ccpmr 

Meslstlvlty 
(ohm-em) 

Carrier Concen. 
(em-1) 

Mobility 
(em2/V-8ee) 

1125 A 
II 

0.22 
0.22 

0.07 
0.04 

2.6 x 10IB 

1.8 x 10,,{ 
MO 
530 

1125 
1) 

0.22 
0.22 

0.80 
1.4 

1.0 x 10,n 

9.4 x 10*5 
770 
470 

1125 A 
n 
i) 

0.45 
0.45 
0.45 

0.20 
0.41 
0..14 

8.1 x 10*ß 

3.4 x 10«« 
4.1 x 10l« 

390 
l.u 
460 

1125» A 
II 

0.45 
0.45 

0.27 
0.19 

O.flx 10*ß 

6.0 x 10*° 
360 
540 

1125 A 
1« 
1) 

0.00 
0.90 
0.00 

0.12 
0.12 
0.14 

1.4 x 1017 

1.0 x 10*7 
«J.Ox 10*fl 

360 
330 
460 

1125 A 
II 

l.H 
1.« 

0.07 
0.10 

2.6 x 10*7 

-l.S x 10*7 
360 

-4M 

1150 C 
D 
K 

0.22 
0.22 
0.22 

0.51 
1.7 x Uß 
0.93 

1.8 x 10lß 

1.6 x 10*° 

690 

460 

a   Sani pies grouped tof {ctlier were RTO wn in same run 

b  A (0lT2) A?2O3; n HllSO) A^O ,; C «(lilt) Al] (>;,; D = (10l4) A^2 D3; 
K (ll2;i) ALO^ 

* üro 
L 

wth nit«' ~n. s ^ m/min. 
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0.   Study of Auioduplng in Sl/A^a Films 

A» diHruHHiil in u pnviituH report (lU'f 2) Ai uutoduplng frum thi* AlsOg 
«uhtitrutcH IIUH ii- «11 HhuMD tu I-UUMC npprccitiblf dopiiiK ul an i-pltuxiul Si lllm at 
icinpcruturtti gn-aur than -1050 C.   In order to diUrminr mort* preciitdy thi- 
.M. ut of this doping, u number u( (ilms not intentionally doped were grown as u 
funetlon of lemperslure from 1050 to 1150 C.   The average aeeeplor eoneentrations 
measured In these films sre shown plotted versus growth temperature In Figure 21 
for -2 Mm-thiek films grown at a rai* of approximately 2 »m/mln.   Kaeh data point 
represents «n average value for data obtained from I to 3 samples.   It Is elenr 
that slight ehunges In growth temperature eon appreeiably alter the extent of Al 
doping, slnee the atn |<i>r • oiu iiur.iUi»n \iiri« i« l»\ ovi r iwo onlers of magnitude lor 
grtmth tempt rature ehanges of Just 100 C 

These experiments ralae tht* question of the intent to whi h autodoping alleets 
the quality of the Si films and the deviees iormed In sueh lilms.   As will be dlseusstd 
In the next seetlon. annealing s%quenees eon apparently deaeilvate. I.e., eleetrleallv 
neutraliüe, the Si films In sueh a way is to mlnlml/e the effeets of autodoping on 
eleetrienl properties.   Krtitn the data preaented earlier, it Is appiirent that some ul 
the IMSI film», in terms ol eltH-lmn mobility, torn« been grown at temperatures 
where autodoping Is most severe.   The extent tu whiih auioduplng afleris dc«\m 
performantv will be the subjeet of subsf-quenl studies In this program. 

i 

10 

10 

r 
: 

o 
0 

." = 

+ 
• 

+ 
0 

tl 3 

- + 
0 

o 

• (011*2) 

O~(1120) 

+ (1014) 

GROWTH RATF ■ 
JuM'MIN 

FILM THICKNESS«2|xM 

IS 1 •                    ' 

io   : 

1C50 1100 HOC 

GROWTH TEMPERATURE ( C) 

Figure 21.   Variation of Net Acceptor Carrier Concentration Due to Ai 
Autodoping as Function of Growth Temperature for Intentionally 

Undoped Si/A^Oa Films.   (Data points are averaged values ) 
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(I.   Kiltris of Annotllng Bequmooi on Film Propertlea 

Detailed Htu<tleM of Hi.  elfeelH of annealing Sl/A^2^3 Hlms have Ix'en continued 
IIUI'IIIK (he preHent »Is-month period.   (See Sceond Semiannual Heport (Hef 2) for 
l>relimlnarv reitultH.) 

The effeelH of an anneal In an Inert K'-> after prtn'louii fxlvnded < '.• »nnenl» are 
sl.own In Table 12.   Thlit tnble Indlcnle« Ihe i.lollve «ittblllly of 81 /Ai^Ug film 
iiroiiertieM to Uith itj and N-j anmalK after Initial annealing totaling 2 houra In Qj. 

InMe 12.   Kffeeta of Extended O2 and N2 Anneal« on Klectrleal Properties 
of Three A»-IJoped.  -2 nm-Thlek 81/A^>3 Wm» 

iGrtMlhTemperature 1100 C) 

Al^ HulNitrnle 
nrientution 

Annealing 
Treiiiment 

SI Film 
He«l«tivlty 
(ohm-em) 

Carrier 
t'o. • enlralion 

(cm"') 
Mobility 

(cm2/V-«ec) 

(I0f4l IIOOAyi hr 

•IIOO/iJ2/| hr 

0.45 

0.3S 

2.7 x 10,,, 

3.2 x IG10 

520 

•iioo/tyi hr 
•ll00/U2/30min* 

ll00/N2/4 hour« 

G.32 

t.J3 

3.3 x IG18 

3.1 x 1016 

500 

610 

-(tik) MOO/tyi hr 

•ii00/o2/l hr 

0.61 

G.44 

1.9 x IG16 

2.6 x IG16 

550 

560 

•II00/o2/l hr 

•ll00/O2/30mln' 

IIOO/N2/4 hour« 

0.35 

0.37 

2.9 x 10,B 

2.« x IG16 

610 

620 

(0112) 1100/O2/I hr 

•1100/O2/l hr 

0.46 

0.30 

3.5 x IG10 

5.1 x I018 

390 

410 

•IIOO/O^/I hr 

•Il00/ü2/30mln' 

1100/N2/4 hour« 

0.29 

0.31 

5.8 x IG18 

4.9 x I016 

370 

410 
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In order to determino whether a  No mni'^ iK "« »'W't'llvt' UH im i.^ '•'»'"'"' ^>v 

thv denctivution of t'lrctrknlly-actlvi' AC .'st-viTid As-dopt'd Si film» were lUbJtOtMl 
to a  N2 anm-al followtd by an 02 aiuu'al.   Identical eontrol aiunple« were annealed 
only In O2.    I he realailvlty wu» measured after ei»eh Htep with a 4-polnt (»rolx«, and 
the conductivity type was determined with a thermoelectiie probe.    The reaulta are 
■w..« 11 in Table 13, and strongly augKext that the meehanlsm of A» deaetlvatlon Is 
not primarily oxide Kette ring. 

Table 13.   KffeelB on Film Properllea of Order of Sequential Annealing Steps 
In o2 and N2 (or -2 ,.m "Ihiek   Aa-Doped Si Films Urown at Varioua 

Temperaturea on -(llJO) At^z at Hate uf 2 Min/min. 

Urtmlh Su bat rate Annealing Realatlvlty Condu.mnv 
Temp (C) Dealgnation 1 reatment (ohm-em) Type 

1150 I.M-27A Aa groMn 0.005 P 
IIOO/N2/2 hours 9.1 1» 

• 1IOO/N2/2 hours 3.4 N 

MSO 

•ll00/O3/l hour 3.2 N 

I.M-2VB Aa grown 0.095 1» 
•Control) 1 IOO/üj/1 hour 1.0 w 

II2S UI-93A Aa grown 0.26 1» 

1100/N2/2 houra 0.0 N 

•IIOO/N^ hours •10 (eat.) N 

1125 

•I100/o2/l hour -10 (oat.) N 

LM-33B Aa grown 0.41 1» 
(Control) 1100/O2/l hour 0.74 N 

1100 LII-3iA Aa grown 0.52 1» 

1100 'N2/2 houra 2.1 N 

•ll00/N2/2 houra 1.7 N 

1100 

♦1100/0^1 hour 1.3 N 

LM-32B Aa grown 0.73 I» 
(Control) 1100/Ü2/I hour 0.53 N 
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A ilKnlfloonl fractlon of Ai' la found lo ix'i'onu* oloclrlcully imifUvf after cxlt'ndcd 
N . tiniUMilH.    I ION HtiKKCHtH that moHl of ih<  A■ rtmultM in thf film and probably t-um- 
IIIT.M-H will) dHci'tH tuid/or otlur ImiuirltloM to form neutral centers.   Subsequent 02 
annealH have little additional effeet on film pro|M*rlle8.   If the film is initially treated 
with ()■« prior to the N2 anneal u lower resistivity n-type film remills, indleutintt 
that DjT IM slltthlly more effeellve in redueinu the effwt of A^.    These datu imply 
that oxidi Bettering plavs a slKnilii-iutt but U-SMT role In redueinK tht* aellve A>' 
ftinlenl. 

The eile« ts uf Nj anneals on the eleitrlesl profM-rties ul intentionally undoptti 
p-Upe Ulms were also examined.   In most eases, n reduetion In net atvefHor eon- 
eentraUun In approximately a laelor of two was found idler a twu-hour anneal st 
I luu 1*.   An additional tMo-httur anneal UMMIU prudiurd IniU- .idditiond t bunit«- in 
.11 npior t-umentrallist, with bui slltthl dtvrensea In Hall mobility.   A subsequent 
u^ anneal prutluet*fi llllle additional change, just as in the caar of the Aa-duped films. 

A teehnlque has been sumttsird in thf liu-ratun- d<el23)tu Improve the lifetime 
and eorrler mtsdlltlea u( lU/At'#*3 fllma.   TSe teehnlque Involvea annealing the 
lilma in a   liCV-tK» mixture, whleh aupfioscdly reaulia In removal of many of those 
impurities whl h eon dt*leierl««uslv alfivt the enrrler lifetime.   I^rthminary experi- 
menlalnthlapri^tram to dtiirmtm- thi- rlUets upon lilm mobility haw proved 
negative: I.e., no impnivi mi-nt in Ulm quailt> was aehleved.   These experiments 
will be repented in lh«- mmlng months to ikUermlne the effeets upon liletime and 
deviee performance. 

A number of experiments have alao been performed to determine the efleets of 
annealing 00 the properties of relatively thin Si films alter and/or during atep» ise 
Ulm growth.   The data are summartüed in I able N for the various annealing 
etsMlitiuns shown. 

The ri'sulta indieate that OO-mln anneals in ll   at 1100 C deteriorate the quality 
of Si filma >0.2S-0.S (.m thiek. preaumoMy by Introducin . additional defects and/or 
At as an impurity.   A 20-min anneal doea not improve the electrical properties ul 
a -0.5 nm-thiek film INII may alleet a film 0.3 ..m thiek.   However, n 30- minute 
anneal at 1100 C of a film -0. IS   m thick stvmed to improve the quality o| aubae- 
quent growth on it; an eleetron mobility of 460 cmVv-aec waa measured in the final 
0. .VI ».m-thiek growth.   In all esses refleeilan eleetron dilfrnction (HKIl) showed 
the Ulms to be single enatal, even though the lung atstealu resulted in partially 
gray-looking overgrowths lor the (111) Si films.   These studies are to be coatinued 
and the results an* to be related to growth and annealing temperaturea for fllma leaa 
than I   in thick. 

e.   Uniformity of Si Film l*ropertiea 

The electrical properties of As-doped n-lypr (100) Si/(0ll2) Af 2O3 fllma grown 
at 1100 C have been examined in detail as a function of (Um thickness.   Messurements 
i*l as-grown lilms with Ihiekmsses from 0.2 to 1.2 urn   indicate that a conaidrrably 
higher acceptor concentration exiata near th«« interface than farther awgy, aa evi- 
dinet*d b> a m 1 donor eoneentraUon which increases with lilm thickness. 
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After a one-hour anneal in 02 considerably less variation of film properties 
\\ ith thickness is apparent, as illustrated in Table 15 and in Figure 22.    (Included in 
Figure 22 are data for several films grown on -(1120) A^^G. also.)   The carrier 
concentrations remained relatively constant, decreasing only slightly for thinner 
films, but the mobilities showed a steady decrease with decreasing film thickness, 
for both orientations. 

When the films on (0lT2) A^C^ were reduced stepwise in thickness by polishing 
lind then remeatured electrically, the average mobility showed the same general 
thickness dependence as that exhibited in Figure 22.   The carrier concentrations, 
however, appeared to vary even less with thickness than the slight change indicated 
in the plot in Figure 22. 

Table 15.    Properties of Thin Si Films Grown on A^^s at 1100 C as Function 
of Thickness (Nominal Growth Rate 2 fjm/min)a 

Substrate'5 
Film Thickness 

(^m) 
Resistivity 
(ohm-cm) 

Carrier Concentration 
(cm-3) 

Mobility 
(cm2/V-sec) 

A 0. 19 1.6 2.6X1016 160 

A 0.24 1.7 2.0 x 1016 180 

A 0.35 0.75 3.2 xlO16 260 

A 0.49 0.47 4.4 x 1016 300 

A 0.56 0.56 3.6 x 1016 310 

A 0.90 0.32 4.8 xlO16 400 

B 0.18 5.1 1.3 xlO16 95 

B 0.37 1.1 1.5 xlO16 370 

B 0.83 0.84 1.7 xlO16 430 

3 AsH3-in-H2 flow = 0. 22 cepm 

bA - (0112) A£2Ü3; B = -(1120) A^Og 
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Although these results indicated that All autodoping appears to be much heavier 
near the Si-AiSC);] interface, particularly in the first 1 \j.m of growth, profiling studies 
of intentionally undoped p-type films ~5 ^m thick indicate a nearly uniform concentra- 
tion of A^ at jhicknesses greater than 1 ^m.    For these measurements, films were 
grown on (0112),  -(1120), and (10T4) AII2O3 substrates at 1100 C, and then reduced 
stepwise in thickness. 

The results of electrical measurements made after each step are shown in 
Figures 23 and 24.   Although the AH concentration appears to be relatively constant 
over the range of thicknesses investigated, it is interesting to note that the hole 
mobility appears to be steadily increasing with film thickness.   The mobilities 
found in the films on (1014) and -(1120) substrates are nearly equivalent to that of 
bulk Si. 

The uniformity in properties of Si films was also recently investigated by 
examining the variation in electrical properties over the surface of a typical n-type 
Si/A^Ojj film.    Three Hall bridges were etched at various positions on each of 
several films, and results of measurements on these bridges were compared after 
annealing at 1100 C in Ü2 for one hour.   Differences in electrical properties between 
bridges of -20 percent or less were not considered to be significant, since the error 
in determination of bridge width and fi'm thickness can easily lead to errors of 
tlO percent.   Out of 10 samples examined (with three bridges on each), two samples 
showed differences in resistivity among bridges of nearly a factor of two, while one 
showed a difference of 50 percent and another a difference of 25 percent.   The 
remaining films all showed a resistivity spread of 20 percent or less 

The degree of uniformity of film properties does not appear to be completely 
or exclusively related to film growth conditions and is probably strongly dependent 
upon details of substrate surface preparation. This study does clearly indicate that 
conclusions regarding such things as optimum growth conditions and optimum sub- 
strate species or orientation based on electrical data for only a few samples may be 
erroneous, and that a sufficiently large group of samples must be used in order to 
draw meaningful conclusions. 

f.     Measurements of Photoelectric Effects in Heteroepita.xial Films 

The measurements of photoemission of electrons from films of Si and GaAs on 
.^•Ah substrates and of electron transport through single-crystal A^^S have been 
continued during this reporting period. *  The results of the first measurements 
were given in the Second Semiannual Report (Ref 2), and some additional results 
have since been reported (Ref 23). 

*  This work has been carried out at UCLA in the Department of Electrical Sciences 
and Engineering. 
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In the initially-reported work values of the interface barrier height were obtained 
for several metals deposited onto the A^^s substrates.   Similar measurements have 
now been made for other metals — viz, , Ta, Hf and In — and the results are given 
in Table 16. 

Table 16.   Interface Barrier Height and Work Function for Several Metals 

Interface 
Barrier Electron Affinity 
Height (X) Work Function 

Metal (hw0) of A£203 m         o 
(eV) (eV) (eV) 

Ta 4.65 0.42 5.07 

Hf 4.6 0.42 5.02 

In 4.52 0.42 4.94 

In order to understand the mechanism of current flow in single-crystal A^Os 
substrates, the photocurrent has been studied as a function of time by chopping the 
light beam.   As soon as the light beam is switched on, the photocurrent quickly rises 
to a maximum and then slowly decays to a steady-state value.   The rapid initial rise 
can be understood by the following argument:   As soon as an electron is injected 
into the AÜ2O3 substrate the current due to the electron moving with a velocity v is 
ev -rrr, where W is the thickness of the insulator, 

light is switched on is 

The total current at time t after the 

i (t)   = A 

vt 

/ 

nevdx 
W 

Anev t 
W (1) 

The current will continue to rise until the electrons injected initially at t = 0 
reach the far surface of the insulator.   The peak of the current will be reached at 
time t ■ T, where W = VT; the magnitude of the peak current is Anev.   It will retain 
this value as long as the light is incident on the surface, except for the effects of 
trapping of electrons.   The trapped electrons produce a retarding field and the 
current decays to a steady-state value.   By measuring the linear portion of the 
initial rise of the photocurrent, it is possible to determine the velocity with which 
the injected electrons move in the insulator.  These measurements are in progress. 
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The photocurrent was also measured as a function of the applied voltage across 
the insulator. Both the peak current and the steady-state values were measured as a 
function of the applied voltage^d are plotted in Figure 25 as a function of V and in 
Figure 26 as a function of 

;age, ai 
VV2. 

In addition to the gross increase in current with applied voltage, it is found 
that a definite structure exists in the current characteristic.   The applied voltage 
influences the photocurrent in two ways.    First, it reduces the interface barrier 
height due to the Schottky effect, and therefore the photoinjection is increased. 
Second, it gives rise to a field in the insulator which will influence the transport of 
these electrons through the insulator. 

In the next few months, it is expected that an understanding of the mechanism 
for transporting electrons through the insulator can be acquired by carrying out 
similar experiments at several temperatures and several thicknesses of the 
insulator. 

g.   Measurement of High-Field Transport Properties 

As a part of the film evaluation procedures attempts have been made to 
determine the high-field transport properties of Si on AII2O2 substrates. * 

Mobility measurements have been made on heteroepitaxial films as a function 
of electric field using the simple relationship between measured current and applied 
field, i. e., I = neji«.   However, since the sample is heated by the current flow 
and the temperature is no longer constant, a pulse technique has been used in which 
the voltage is applied in the form of a narrow pulse at a low repetition frequency 
and the current pulses are measured on an oscilloscope.   A simple calculation 
indicated that a pulse width of 0.1 |j.sec at a repetition rate of less than 100/sec was 
sufficient to keep the temperature rise negligibly small.   The block-schematic of 
the experimental arrangement is shown in Figure 27. 

Using this apparatus, mobility measurements have been made on both n-type 
and p-type Si/A^Os samples.   A typical (lll)-oriented n-type sample had a resis- 
tivity of approximately 0. 3 ohm-cm and was of dimensions 11.1 ^m x 0. 03 cm 
x 0. 25 cm.   A typical p-type sample had a resistivity of approximately 0. 25 ohm-cm 
and was of dimensions 10.5 fj.m x 0.06 cm x 0. 5 cm. 

Figures 28 and 29 are plots of the measured values of current density as a 
function of field strength for these two samples.   High-field effects were not 
noticeable because of limitations in the sample geometry.   It is expected that 
smaller sample dimensions to be used in the future will make the attainment of 
higher fields possible. 

♦ The measurements have been carried out at UCLA in the Department of Electrical 
Sciences and Engineering. 
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7.    SUBTASK 7:   DESIGN AND FABRICATION OF DEVICES 

The measurement of carrier lifetimes in heteroepitaxial films has been 
initiated utilizing an MOS device structure, as suggested in the Second Semiannual 
Report (Ref 2).   A Schottky-barrier FET has been designed for operation at 1 GHz 
in heteroepitaxial GaAs on AfyOfr the masks are being prepared and fabrication 
of experimental devices will commence early in the forthcoming report period. 

a.   Measurement of Bulk Generation Lifetime in Heteroepitaxial Films* 

In earlier examination of several alternative methods of measuring carrier 
lifetime in Si and GaAs heteroepitaxial films it was determined that the most useful 
technique for the purpose is that involving pulsed capacitance-voltage measurements 
in an MOS structure (Ref 2).   This method has now been put into use and results in 
Si/A,02O3 films have been obtained at the end of the present report period. 

The object of the study has been to determine the dominant carrier recombina- 
tion mechanisms in Si and GaAs films heteroepitaxially grown on A^O^ substrates 
and to correlate measurements of bulk generation lifetime (rg) with film growth 
conditions and other film properties.   The properties of interest are film resistivity, 
thickness and orientation.   The very low lifetime (-10'^ sec) anticipated in thin hetero- 
epitaxial samples has led to the choice of the pulsed MOS capacitance technique.   This 
technique allows separation of bulk and surface components of lifetime. 

MOS devices have been fabricated from bulk Si wafers and from Si/A^O^ 
samples, and test equipment has been constructed to measure and automatically 
record capacitance-voltage (C-V), capacitance-time (C-t) and dC/dt-versus-t 
characteristics.   The existing theory for the transient response of an MOS structure 
has been improved to include effects due to impurity redistribution during thermal 
oxidation of the Si and to variations in the surface recombination velocity across the 
depletion layer at the Si-Sl02 interface. 

(1)   MOS Capacitor Used for Measurement of Bulk Generation Lifetime 

In the MOS structure an insulating layer of Si02 is thermally grown onto a 
film (or wafer) of Si and a metal contact (gate electrode) is evaporated onto the top 
of the Si02.   A metal ohmic contact is then made to the Si film (or bulk wafer). 
Figure 30 shows the MOS geometry used in thi' 3tudy for bulk Si wafers and for 
Sl/A^Og films. 

Wh^n a negative voltage pulse is applied to the gate electrode of a SI MOS 
structure majority carriers (electrons) will flow away from the Si02-Si interface 
and into the bulk Si, uncovering immobile ionized donor atoms.   A space-charge 
region will be formed in a time interval the order of the dielectric relaxation time 
TJ (~10~^2 sec for 1 ohm-cm Si),   Throughout the semiconductor, electron-hole 
pairs will be thermally generated at a constant rate g, dependent only on tempera- 
ture and crystal parameters.   Within the strong field of the space-charge region 

* The lifetime investigations and the FET devide fabrication are being carried out at 
UCLA in the Department of Electrical Sciences and Engineering. 
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Figure 30.   MOS Geometry for Carrier Lifetime Measuroment.s 

thermally generated holes will move toward the SiÜ2-Si interface arid electrons will 
move toward the bulk Si.   Within a depletion layer of area A and width x(r) there will 
be Ag x dt electrons thermally generated between the times t and (t i dt).   These 
electrons will drift to the edge of the depletion layer, neutralizing the space charge 
in a region dx containing ANj dx immobile ionized donor atoms, where Nc| is the 
donor doping concentration. 

In a space-charge region the lifetime Tg of the thermally generated carriers 
is related to the generation rate g by 

g  = 2T   ' 
g 

(2) 

where n. is the intrinsic carrier concentration 
i 

Then, 

AN   dx   = a -Ag x dt  ■  -A——x dt. 

(3) 
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Solving for x gives 

x(t)  =  x(0)e -t/T 
(4) 

where 

T   =  2T 

fe) 

At room temperature in Si nj = 10 0 cm-3 and Nj is typically 1015 to 1018 cm-3. 
The MOS capaeitor characteristic relaxation time T will be 5 to 8 orders of magni- 
tude larger than the lifetime Tg,   In GaAs, nj ~ 107 cm"3 so that T is 8 to 11 orders 
of magnitude larger than Tg.   if the capacitance C(t) is monitored as a function of 
time, from the characteristic shown in Figure 31 the anticipated lifetime values of 
10" 1° sec for heteroepitaxial films of Si and GaAs can be measured. 

In a more rigorous analysis of the problem, Zerbst (Ref 24) has shown that a 
d  fco\V /Cf      \ plot of --77 l-£ I    versus (TT- 1) yields a straight-line portion whose slope is 

related to the bulk generation lifetime Tg and whose intercept on the -d/dt (C0/C)2 
axis is related to the surface recumbination velocity S.   This analysis has been 
improved by a variety of workers to include surface effects more realistically but 
always for the case of an ideal MÜ.S device, uniformly doped. 
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Figure 31.   Characteristics of MOS Capacitor in SI/A^Os. (a) Gate Voltage 
Pulse VQU), (b) Resulting MOS Capacitance Transient Response, 

(c) Zerbst Plot for Capacitor. 
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When a Si film or wafer is subjected to a thermal oxidation cycle to create an 
Si02 layer it has been shown by Grove £t al (Ref 25) that in a region the order of 1 fim 
into the Si adjoining the Si02-Si interface the doping concentration is redistributed. 
The surface impurity concentration may differ from that in the interior by a factor 
of from 2 to 7, depending upon the impurity and the SiÜ2 growth conditions (tempera- 
ture and ambient).   Such doping variations have been explicitly incorporated in a 
calculation of the transient response; it is found that the measurement of both rg and S 
is markedly influenced — up to a factor of 5. 

A further refinement in the theory of the MOS capacitor transient response is 
to consider the variation of S with energy-band bending.   This is less important, 
however, since the effect of the surface can be minimized by using large, circular 
gate eletrodes. 

(2) Fabrication of MOS Structures 

Si02 films typically 1000 to 2000 A thick were grown on Si wafers and Sl/AffO« 
samples using a standard thermal oxidation system.   This system is capable of 
producing dry, wet or steam-grown oxides at temperatures up to 1200 C.   Since the 
surface recombination velocity for very small geometries can dominate the C-t 
response of an MOS device;, particular attention was given to avoiding contamination 
of the samples during thermal oxidation.   The Si02 layers grown on Si/A^Oß 
samples were grown at temperatures below the Si film growth temperatures. 
Electrical contacts were formed by vacuum-deposited metallic films.   A(! was used 
for the gate electrode on both p- and n-type devices.   A^ deposited onto the back 
face of Si wafers served as an ohmic contact for p-type samples and Au/Sb deposited 
contacts served as ohmic contacts to n or n+ regions.    In some cases the Au/Sb 
contacts were sintered at 500 C in a nitrogen furnace for 20 minutes to improve 
their ohmic behavior. 

(3) Electrical Measurements 

After the fabrication of an MOS device the DC electrical conductivity (between 
gate and ohmic contacts) was checked to ensure that a highly insulating oxide had 
been grown.   The capacitance-voltage (C-V) characteristic was then automatically 
recorded on an x-y recorder (Figure 32).   The capacitance-time (C-t) characteristic 
was then recorded, using either an x-y recorder for transients of the order of 5 sec 
or longer (typically bulk wafers) or a storage oscilloscope and camera for shorter 
capacitance transients.    The test equipment is capable of measuring C-V charac- 
teristics from 1 to 10 pf (±0.2 pf) or ±2 percent from 10 to 3000 pf, and C-t 
transients of from 10~4 to 103 sec.   The capacitance monitoring equipment is also 
capable of displaying dC/dt versus t.   This feature decreases the task of data reduction 
in an exact C-t analysis. 

70 



OSCILLATOR 
(100 kHz) 

4 
FUNCTION 
GENERATOR 

•s/s OR rtn 

MOS 

C-I 
o- 

—^ 
C-VO 

II* 1 
O/P  TO TUNED AMPLIFIER 

I    AND X-Y RECORDER 
OR TO OSCILLOSCOPE 

-O TO X-AXIS ON X-Y RECORDER 

Figure 32.   Schematic of C-V, C-t Measurement Instrumentation 

Impurity redistribution studies are now being performed on bulk Si wafers. 
MOS structures have been fabricated from p-type (B-doped) and n-type (P-doped) 
wafers.   Oxides have been grown in steam and dry oxygen at 1Ü00 and 1100 C.   This 
study suffered from erratic contamination in the oxide, which was finally discovered 
to be due to the gate electrode being excessively overheated during its formation 
in the evaporation process.   This has been overcome simply by increasing the 
distance between the evaporator heating element and the Si wafers.   Further MOS 
devices must be fabricated with oxides grown at 900 and 1200 C in steam and dry 
oxygen before comparative data is available. 

e 
Si02 films 1500 A thick have been grown on Si/A^Oa samples at 1000 C in 

steam, and successful MOS devices have been fabricated.   In the study of the effect 
of film thickness on Tg, measurements of C-V and C-t have been performed on 
several n-type samples which have consisted of about 3 \im of n-type Si on 10 to 
15 tarn of n+ Si).   The C-t responses were essentially exponential in character; 
using the simple theory outlined above yields T„ values of 1.0 to 1.6 x 10"^ sec, 
respectively. 

These lifetime values must be considered only as approximate, since the 
values of the doping concentrations were inferred from the Si film growth conditions. 
(No carrier concentration measurements were made after the film growth.)   Future 
MOS devices on Si film samples will not require the n+ layer beneath the n-type Si 
film, and as such should provide more relevant data on film growth conditions. 
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SECTION III 

WORK PLANNED FOR NEXT SIX MONTHS 

Work on all seven subtasks will be in progress during the next si . months.   The 
specifie activities planned for this period will include the following. 

1. SUBTASK 1:   THEORY OF EPITAXY AND HETEROEPITAXIAL INTERFACES 

The determination of a best-fit Af 2O3 lattice modeled with Morse potentials 
taking account of equilibrium and stability conditions will be completed.   Surface 
relaxation and reconstruction of Af 2^)3, using the previously determined potentials, 
will then be investigated.   In addition, a Si lattice modeled with Morse potentials 
will be determined, and the computer simulation of Si growth on Af 2O3 using pre- 
viously determined lattices, surface reconstruction, and adatom potentials will be 
initiated.   The major effort on and the completion of the last undertaking — the 
computer simulation of Si growth — will take place in the first half of the third 
contract year, at which time this theoretical investigation will come to fruition. 
The application of the electron-on-network technique to the case of heteroepitaxial 
systems will be further developed, with a preliminary theoretical model planned 
for completion midway through the report period. 

2. SUBTASK 2:   DEPOSITION STUDIES AND FILM PREPARATION 

Initially, these studies will emphasize the investigation of effects of the cold- 
wall reactor on Si film growth processes and film properties.   Examination of other 
reactor geometries and gas flow patterns and their effects on the properties of 
Si/A/2Ü^ films will be continued.   Experiments with Si growth on MgA^Oj will be 
extended to include a determination of the effect on film growth characteristics of 
H2 additions to a   He atmosphere, as a function of growth temperature and rate. 
This study will be directed toward identification of optimized CVD process parameters 
for Si growth on MgA^Ü«!, so that either At20^ or MgAi2t-)4 can be selected as the 
preferred substrate for obtaining the best electrical properties in heteroepitaxial 
Si films.   Studies of film nucleation phenomena will also be resumed in the Si/A/203 
system.   Some additional Si CVD experiments at low pressures (~1 torr) will be 
carried out in preparation for the in situ CVD experiments in the electron micro- 
scope (Subtask 5).   Deposition parameter studies in the GaAs/insulator system have 
been temporarily postponed into the third contract year. 

3. SUBTASK 3:   ANALYSIS AND PURIFICATION OF CVD REACT ANTS 

Mass spectrometric analyses of the impurity content of CVD reactants, 
including SiH4, trimethylgallium,  and  ASH3, will be continued.   Attempts to 
persuade vendors to prepare and supply reactants of improved purity will also 
continue.   As a means of impurity analysis for the reactants a series of Si and 
GaAs films will be analyzed for impurity content as a function of thickness (i.e., 
distance from the film-substrate interface) by means of localized mass spectro- 
metric analysis and/or Rutherford backscattering analysis using charged particle 
beams.   The possibility of initiating studies of the chemistry of the CVD reactions 
used for Si and GaAs film growth will also be investigated. 
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4. SUBTASK 4:   PREPARATION AND CHARACTERIZATION OF SUBSTRATES 

Further improvements in techniques for preparing the surfaces of A/2Ü3 and 
MgA^tXl substrates for heteroepitaxy will be sought.   Mechanical polishing methods 
involving combined vibratory and standard optical polishing techniques will be inves- 
tigated further.   An attachment for the vibratory polishers will be designed and 
fabricated for the purpose of producing improved sample rotation.   Chemical- 
mechanical procedures will be examined, and liquid-phase etching procedures, boi;h 
alone and in conjunction with various annealing cycles, will be investigated.    Particu- 
lar attention will be given to an examination of the effects of gas-phase etching on 
MgAf2t)4 surfaces and to characterizing the surfaces so treated.   The ion-beam 
sputtering technique will be developed further for producing very thin (~ 200 A) A^O^ 
substrates for the in situ CVD experiments of Subtask 5.   This method will also be 
investigated tor removing damaged substrate surface layers and for removing con- 
taminants from substrate surfaces prior to heteroepitaxy experiments.   The series of 
Si deposition experiments designed to establish correlations between Si film properties 
and the characteristics of A/2^)3 substrate surfaces will be continued; replica electron 
microscopy, reflection electron diffraction, Rutherford backscattering of charged 
particle beams. X-ray diffraction techniques, and possibly gas adsorption measure- 
mem techniques will be used.   Observations of film nucleation behavior (Subtask 2) 
will be correlated with the type and density of substrate surface defects.    Finally, 
Auger electron spectroscopy will be evaluated as a means for characterizing the 
impurity content of surface regions of A/2O3 and MgA^^ substrates In special cases. 

5. SUBTASK S:   STUDIES OF IN SITU FILM GROWTH IN THE ELECTRON 
MICROSCOPE 

The planned se 
motion picture films 
CVD experiment (the 
chamber. When the 
repeated inside the c 
associated apparatus 
substrates thinned to 
electron microscopy 
Af 2^3 interface will 
the Af2<-,3 substrate 

ries of PVD experiments will Ix? completed and demonstration 
made by the middle of the reporting period.   The first simplified 
oxidation of Cu) will be carried out without use of the CVD micro- 

latter is completed and installed, the CVD experiment will be 
hamber.    Following installation of the SiH4 and H2 gas lines and 
, the first Si CVD experiment will be undertaken.    Using A/2O3 
-200A by the ion-beam sputtering technique, transmission 
of the thinned substrate will be undertaken, after which the Si- 
be examined by transmission microscopy on samples in which 
has been ion-etched. 

6.    SUBTASK 6:   EVALUATION OF FILM PROPERTIES 

Emphasis will continue on routine evaluation of structural and electrical 
properties of Si and GaAs heteroepitaxial films using established methods jf X-ray 
and electron diffraction analysis, metallographic analysis, and measurement of 
carrier transport properties.   The study of the temperature variation of the elec- 
trical characteristics of n- and p-type Si films on A^üß and MgA/2Ü4 substrates 
will continue.   Experiments with Rutherford backscattering of charged particle beams 
will be resumed as a means of establishing the density distribution of defects in 
heteroepitaxial films, particularly in the interface region.   The results of these 
measurements will be correlated with substrate species, orientation, cleaning tech- 
niques, and annealing treatments.   Additional experiments will be continued on the 
electron transport in Mo^S' particularly as a function of electric field; attempts 
will be made to establish fully the mechanisms of the transport processes involved. 
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Measurement of escape length in Si and in GaAs lilms will be completed.   High field 
transport properties of both GaAs and Si films of various resistivities and orienta- 
tions will be measured.   An investigation of film microstructure will be undertaken 
to identify stress conditions as well as the type and concentration of defects, using 
various X-ray techniques.   The comparative evaluation of Si films on A^^S and 
MgAl204 substrates will be extended to the point that selection of the preferred sub- 
strate species for obtaining optimized Si film properties can be accomplished. 

7.    SUBTASK 7:   DESIGN AND FABRICATION OF DEVICES 

Increasing emphasis will be placed on the use of device structures to charac- 
terize heteroepitaxial Si and GaAs films.    The dependence of the characteristics of 
devices such as junction diodes, MOS structures, and FET's on film growth condi- 
tions for both Si and GaAs will be investigated.   The measurement of carrier lifetime 
in Si and GaAs wlms on insulating substrates by the C-V technique in MOS structures 
will be continued, using samples having a range of resistivity and crystallographic 
orientat'on.   A specially designed MOS structure will be used to determine channel 
conductance, high- and low-field transport properties, and other interface charac- 
teristics in Si and GaAs films.   The Schottky-barrier FET, recently designed, will 
be fabricated in GaAs films on both A/2O3 and other insulating substrates.   Attempts 
will be made to extend operation of the FET from its design frequency (1 GHz) into 
the microwave region (~30 GHz).   Continued use will be made of arrays of MOS 
devices in Si films on various A/2G3 orientations as a means of characterizing film 
quality.   Other special device structures, such as the photo-injected floating-gate 
MIS memory, will be designed for later fabrication in Si and GaAs films.   Comparison 
device structures will be fabricated in Si films on A/2O3 and MgAf204 substrates 
for evaluation to assist in the selection of the preferred substrate for optimized film 
properties. 

In addition to the activities described above, specific experiments and investi- 
gations prompted by various program developments will be carried out as required 
during the next six months. 
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SECTION IV 

PROGRAM SUMMARY TO DATE 

The overall objective of the program, for which this is the Third Semiannual 
Report, is unchanged from that originally proposed — to carry out a fundamental 
study of the nucleation and film growth mechanisms in heteroepitaxial 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 three-year program are the following: 

1. Investigation of the many aspects of the mechanisms of heteroepitaxial film 
growth, to establish (through accumulation of basic knowledge) sets of tech- 
nical guidelines for the preparation of better films which can then be applied 
to real 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 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 general plan for accomplishing these objectives involves as the primary 
effort the study of the fundamentals of heteroepitaxial semiconductor film growth on 
insulating substrates, with specialized device fabrication used both as a means of 
evaluating certain properties of the films (and thus as a measure of film quality as the 
program progresses) and as a means of exploiting certain unique properties of hetero- 
epitaxial semiconductor-insulator systems.   The insight into the question of which 
fundamental mechanisms, properties, and processes to investigate in these studies 
comes from extensive background knowledge of epitaxy and its variety of problems 
of long standing and from the thin-film device difficulties demonstrated over a period 
of several years in many laboratories.   The problems subjected to study are in no 
way restricted to those identified a priori; experimental (and theoretical) attention 
is shifted as needed as the program progresses, in order to achieve the goal of a 
better understanding of heteroepitaxial process and the resultant improvement in 
thin-film active semiconductor devices. 

The program Involves both theoretical and experimental Investigation of the 
nucleation and growth mechanisms of heteroepitaxial films In semiconductor-Insulator 
systems.   The theoretical studies consist of two types of activity.   First, there is 
direct Interaction with the experimental program Involving data analyses, suggestion 
of definitive experiments, and postulatlon of specific models to explain experimental 
observations.   Second, there Is development of original contributions to the theory 
of heteroepitaxial growth, the goal of which Is the generation of significant advances 
In fundamental epitaxy theory. 
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The experimental investigations are also of two types.    First, fundamental 
explorations are carried out to delineate mechanisms and general empirical principles 
of the heteroepitaxial growth process.   Second, practical studies accompany the fun- 
damental investigations so that useful developments can be immediately applied to 
the improvement of semiconductor films and thin-film devices on insulating substrates. 

The work has emphasized the CVD method of growing semiconductor thin films 
because of its importance in the semiconductor industry.   One of the unique aspects 
of the program is this emphasis on the study of fundamental mechanisms of CVD 
growth; most previous fundamental studies of epitaxy have concentrated upon physical 
vapor deposition (PVD) methods, partly because such studies are easier with PVD 
techniques. 

The program emphasis is on films of Si and GaAs and substrates of sapphire 
(A/2O3) and spinel (MgA^^M); nonstoichiometric spinel and beryllia (BeO) may also 
be included as substrate materials as the program progresses.   The initial emphasis 
has been on the Si-on-Af 2Ü3 system, with increasing attention being given to the 
Si-on-MgAf 2O4 and GaAs-on-A^Os systems.   Si and GaAs have been chosen 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.   If fur- 
ther modüications in the semiconductor-insulator systems unaer study appear advisable 
as the work develops other materials will be introduced. 

The program as described is carried on primarily at facilities of the Electronics 
Group of North American Rockwell Corporation (N?^ by NR personnel.   Parts of 
several of the subtasks are performed by personnel of the University of California at 
Los Angeles (UCLA), in the Department of Electrical Sciences and Engineering and 
in the Chemistry Department, by means of a subcontract from NR. 

The accomplishments of the contract program to date are summarized by the 
present subtask structure as follows: 

1.    SUBTASK I.   THEORY OF EPITAXY AND HETEROEPITAXIAL INTERFACES 

During the first year a formal theoretical method of replacing overgrowth atoms 
on a substrate with Gaussian mass distributions was further developed for those cases 
where the effective interatomic potential Is known.   The technique, applicable to 
Irregular-shaped Islands or films of finite extent, was applied to a simplified model 
to determine preferred orientation relationships from calculated film-substrate Inter- 
action energies.   The method was not pursued further, however, because It was not 
sufficiently adaptable to real systems.   Several other possible approaches to the 
theoretical modeling of heteroepitaxial systems were critically reviewed. Including 
the Frank-Van der Merwe model, a Green's functlon/Wannier-functlon approach, a 
contrived potential-energy model, and the two-body Interatomic potential method.   !t 
was concluded that most existing theories are Inadequate for application to real 
systems. 
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The feasibility of a molecular orbital development of the heteroepltaxlal Interface 
was then Investigated.   However, during the past six months It was determined 
Infeaslble to apply this technique In a manner directly relevant to heteroepltaxy, so 
this effort has been terminated.   The Interatomic potential approach to heteroepltaxy has 
has been relnstlgated, with the goal being the computer simulation of growth of SI on 
AÄ.2O3.   Mechanical stability conditions for an Atf^s lattice modeled with two-body 
potentials were Investigated and determined to the depth required for these applications. 
Computer programming of the Al^ps lattice energy and elastic constants was begun for 
use In determining appropriate empirical potentials reqi  red for modeling this Mtf)s 
lattice.   Successful modeling of the AAjps lattice Is a major requirement for modeling 
SI growth on Al^^. 

In addition, during the past six months the app'ication of the electron-on-network 
theory to the problem of determining surface configurations and interfacial binding 
energies in heteroepltaxlal systems where the surface structure is allowed to relax 
has been Investigated and appears promising for the real systems of interest.   Nor- 
malized eigenvectors have been developed as a basis for a secular equation whose 
solution is fundamental to the solution of the total problem. 

2.   SUBTASK 2.    DEPOSITION STUDIES AND FILM PREPARATION 

In the first year it was determined that the electrical properties of undoped 
n-type heteroepltaxlal SI films grown on various orientations of AI2O3 (and also 
MgAt'204) by the CVD method of pyrolysis of SiH4 are dominated by surface-state 
conduction for carrier concentrations of *<10«I cm~3 or below.   Essentially equiva- 
lent (100)- and (lll)-oriented Si films were grown on (0112) and (1014) AI2O3 
substrates at deposition temperatures below the autodoplng range (~1050 C).   AI2O3 
orientations near the (1120) plane, not previously used in heteroepltaxy studies, have 
been utilized as substrates for (111) Si heteroepltaxy; this has resulted in electron 
mobilities of 600-700 cm^/V-sec for carrier concentrations of 10l5 - iol7 cm"3, 
which exceeds mobilities obtained on either (0112) or (1014) AI2O3 substrates. 

Analysis of the data obtained during the past six months reveals the strong 
Interrelationships that exist among the various parameters that have been selected as 
being most meaningful for optimizing SI growth on Insulators.   Evaluation of the 
electrical properties of SI films on AH^O^ orientations recognized years ago as pro- 
viding reflective SI overgrowths Is demonstrating that growth conditions    (1) must be 
maximized for the substrate orientation chosen; (2) differ for those AÜ2O3 orientations 
which lead to the same SI orientation; (3) are dependent upon reactor geometry and 
gaseous atmosphere; and (4) should be optimized for the particular film thickness 
desired.   It Is still too early to determine If annealing during film growth or the use 
of water-cooled reactors Is beneficial, but these factors are being evaluated.   Prelim- 
inary studies of SI growth by SIH4 pyrolysis at reduced pressures (1 to 10 torr) have 
been very encouraging. Indicating single-crystal growth can be obtained over fairly 
wide temperature range, when conditions are optimized, on both AII2P2 and MgA^204 
substrates.   Brief Investigation of the growth of SI films on A^O^ and MgA^4 using 
He as the growth atmosphere and the carrier gas showed that epitaxial growth could 
be achieved, but the conditions for good quality growth remain to be established. 
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3. SUBTASK 3.   ANALYSIS AND PURIFICATION OF CVD REACTANTS 

During the first year, techniques of gas chromatography were developed for 
analysis of the reactants used for semiconductor heteroepitaxy by CVD.   A general- 
purpose gas-handling system was constructed for the highly volatile and reactive 
gases studied, with silicone oil and polymer columns used for the chromatography. 
Several extraneous impurity peaks were observed in the chromatograms of SiH4 
samples; diborane (B2H0) was tentatively identified as a significant impurity (~10 ppm), 
although not confirmed by mass spectrometer techniques.   Small quantities of purified 
SiH4, free of diborane, were prepared by successive injections in the Chromatograph; 
quantities were too small, however, for use in laboratory CVD experiments.   During 
the past six months, samples of SiH4 and of trimethylgallium (TMG) used for Si and 
GaAs CVD experiments have been analyzed for impurity content by sensitive mass 
spectrometric techniques,   Disilane and trimethylsilane, together with several other 
impurities of less concern, were found in the SiH4 samples.   Analyses are still in 
progress on other TMG samples because of uncertainties in the analyses to date. 

4. SUBTASK 4.    PREPARATION AND CHARACTERIZATION OF SUBSTRATES 

In the first year of the program it was demonstrated that Af203 surfaces 
prepared by mechanical polishing techniques and used routinely for semiconductor 
heteroepitaxy typically have severe surface and subsurface damage, with many 
scratches often several microns deep, often rendered invisible to close inspection 
by amorphous or fine-grained debris embedded in the scratches in the final polishing 
stages.   Some improvement in mechanical polishing procedures was achieved in terms 
of the density and depth of such damage.   Gas-phase etching/polishing procedures 
using SFg and various fluorinated halocarbons in the 1350-1500 C temperature range 
produced essentially scratch-free surfaces on (0112) and near-(ll20) A/2O3 substrates. 
Extensive gas-phase etch-rate data were obtained as a function of crystallographic 
orientation in this temperature range. 

During the past six months a much improved technique for polishing (1014) 
At202 has been developed, and excellent surfaces in this orientation are now being 
obtained.   Gas-phase etching/polishing techniques have been further developed and 
exploited for    (1) thinning Af 2O3 substrates to thicknesses the order of I mil; 
(2) evaluating the effects of prolonged etching on (0ll2), (0001), and ~(1120) Af2t>3; 
and (3) assessing the subsurface damage caused by various mechanical_polishing 
procedures.   Four sets of AII2O3 substrate wafers — in the (0001), (0112), (1014) and 
~ (1120) orientations — are being prepared for a series of experiments designed to 
establish correlations between SI film properties and Ai?203 substrate conditions. 
Routine characterization of substrate surfaces at various stages of preparation 
had continued with techniques of X-ray and electron diffraction analysis, optical 
and electron microscopy, and charged-particle back-scattering measurements. 
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5. SUBTASK 5.   STUDIES OF IN SITU FILM GROWTH IN THE ELECTRON 
MICROSCOPE 

In the first year of the program many of the modifications required in the 
electron microscope for in situ observation of the nucleation and early-stage growth 
of CVD semiconductor films on insulating substrates were completed.    Provision for 
motion-picture recording of film growth was assembled and tested, and the heated 
specimen stage was installed and tested.    The first in situ PVD experiments were 
carried out.   In the past six months a series of electron microscope modifications 
and tests has been completed, culminating in a series of successful PVD experiments 
inside the electron microscope.   Aluminum has been deposited onto a heated carbon 
substrate and a sequence of micrographs taken during the growth process, demon- 
strating the feasibility of performing in situ nucleation and growth studies in this 
equipmeut. 

A transmission phosphor screen (for the motion picture camera) has been 
installed, permitting motion picture photography which does not interfere with the 
normal still photography.   The auxiliary vacuum pumping system for the specimen 
chamber has been fabricated, installed and tested.   The basic vacuum system of the 
microscope itself has been improved by addition of a cooled baffle, by polishing 
numerous O-ring grooves, and by thoroughly cleaning the microscope interior.   A 
PVD source assembly has been fabricated, installed and used in conjunction with the 
specimen heater to perform the above PVD experiments.   Calculations and design 
for the CVD microchamber have been completed; it and the differential pumping aper- 
tures are being fabricated.   Work has begun on the production of the thin (200 Ä) 
Af203 crystals required as substrates for the in situ CVD studies. 

6. SUBTASK 6.   EVALUATION OF FILM PROPERTIES 

During the first year, the routine evaluation of film prjperties was carried out 
by established methods of X-ray and electron diffraction analysis, metallographic 
analysis, and electrical measurements of transport properties.    In addition, a new 
technique for evaluating the characteristics of the interfacial region of heteroepitaxial 
films was developed, involving measurement of the photoelectron emission from 
monochromatically-illuminated films in the MIS conHgur *'ion on insulating (viz. , 
A/2O3) substrates.   Relatively large photocurrents duo to electron transport through 
thick (~10 mils) single-crystal A/2O3 substrates were measured as a function of 
photon energy.    Photoelectric threshold energies, escape length (mean free path) of 
excited electrons, and band bending in the semiconductor film adjoining the interface 
were determined in the Si/At2O3 and GaAs/A^Cß systems.   Observation of the 
energy spectrum of back-sc altered proton or alpha-particle beams injected in chan- 
neling directions in heteroepitaxial semiconductor films was also investigated as a 
means of measuring the density and the location of structural defects in the films. 
Experiments indicated that Si/insulator films have less imperfect interfacial regions 
than do OaAs/insulator films.   The best structures of those examined to date were 
found in (100) Si films on (0112) A^Oß substrates and in (111) Si films grown on 
near-(ll20) AI9O3 substrates. 

During the past six months the thorough study of the effects of changes in 
deposition parameters on Si/A/203 film properties has continued.   These studies have 
led to considerable insight into the factors which most profoundly influence film 
quality, and identification of conditions for optimized aim growth on the various AI2O3 
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orientations is nearly complete.   The importance of reactor geometry has been 
recognized and demonstrated.   The extent of At autodoping from the substrate has 
been established, and appropriate annealing procedures for minimizing these effects 
have been determined.   The use of new Af 2^3 orientations for Si growth has led to 
substrates which appear to yield epitaxial films of as good or better quality than 
those previously obtained.   The measurements of photoemission of electrons from 
hetcroepitaxial semiconductor films and transport of electrons in Af 2^3 have been 
carried further.   Work functions of additional metals have been determined, and 
the mechanism of electron transport through the insulator is becoming bettor under- 
stood.   Measurements of high-field transport properties of Si and GaAs hetcroepitaxial 
films have been initiated. 

7.   SUBTASK7.    DESIGN AND FABRICATION OF DEVICES 

During the first year apparatus for determining carrier lifetime by C-V 
measurement in MOS structures was designed, constructed and tested.   A special 
MÜS structure was designed for measurement of channel conductance, high- and 
low-field transport properties, and various interface characteristics of hetcroepitaxial 
films.   Initial attempts to fabricate Schottky-barrier diodes in Si/A£203 films as a 
means of evaluating their electrical properties were not successful.   During the past 
six months preliminary design of a Schottky-barrier type of FET has been completed; 
experimental FET structures will be fabricated in GaAs/insulator films for operation 
at 1 GHz.   Preliminary results on carrier lifetime in Si/A^Oß films have been 
obtained, after initial development of the measurement technique on bulk single- 
crystal Si samples was completed and after impurity contamination problems 
encountered in the oxide growth process were solved.   The device content of the 
program is gradually increasing, according to the original contract plan. 
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APPENDIX A 

INTERIM REPORT ON ANALYSIS AND PURIFICATION OF 
CVD REACTANTS* 

Early in this contract program it was clear that the probable impurity content 
of the various reactants used for the chemical vapor deposition of Si and GaAs hetero- 
epitaxial films provided real limitations on the achievable impurity levels in the films 
themselves.   A study was undertaken to attempt to identify the impurities present in 
these reactants and to establish the concentrations of the principal impurities that 
would influence the properties of the grown films if they become incorporated into the 
films. 

During the first 12 months of the contract, studies were initiated at UCLA for 
this purpose.   At that time these studies constituted Subtask 4, but at the start of the 
second year of the program the designation was changed to Subtask 3.   (See Section I.) 

The plan was to analyze SiH4 and trimethylgallium (TMG) firstand thenAsHs, using 
techniques of gas chromatography and mass spectrometry.   Among the various 
techniques available in analytical chemistry, this combination was selected as the 
most convenient method to analyze volatile inorganic compounds, as such components 
are expected to be present at the sub-ppm concentration level in the reactants of 
interest here. 

Gas chromatography (GC) by itself is not an absolute method to identify the 
components of a sample.   The general procedure used in qualitative GC is to compare 
experimental retention data with those obtained with reference samples.   The results 
then have to be confirmed by an analytical method, preferably employing direct 
coupling from the detector of a gas Chromatograph to the inlet of a mass spectrometer. 
Special adapters are needed to eliminate large excesses of carrier gas from the main 
flow.   However, in these experiments the direct coupling was not available; the 
sample from the effluent of the gas Chromatograph was collected in a special tr^p and 
then injected into a mass spectrometer. 

Monosilane, SiH^ was studied primarily.   It was assumed that the contaminants 
originated in the SiCi4 used to prepare SiH4,   Boron compounds, which may be present 
in SiC£4, can be reduced to volatile hydrides such as diborane ^Hg).   The relatively 
close boiling points of the pair SiH4-B2H6 do not allow efficient elimination of the latter 
by typical industrial fractional condensation processes.   But the difference of 30C in 
their boiling points Is sufficient to separate these two compounds by analytical GC, if 
the right column packing Is selected. 

All of the reactant materials used in semiconductor heteroepltaxlal studies by 
CVD are highly volatile and reactive gases.   Special care was taken in this work to 
prevent hazardous contact of these gases with air and moisture. 

*Thls work was done by Dr. Marie Dixmier and Prof. R. L. Pecsok of the Chemistry 
Department, UCLA, In the first year of the contract.   The principal results were 
summarized In the Second Semiannual Report of this contract. 

The references for this Appendix are grouped together at the end of the Appendix. 
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The general function of the gas handling system used in the present study 
(Figure A-l) was to introduce the sample under vacuum through a three-way valve, 
and to dispose of the sample by purging with He (at a high flow rate) -o the burning 
port.   A 500-m^ stainless-steel trapping cylinder was used to temporarily condense 
the sample fraction before injection.   Connections Swagelok fittings were made of 
316 SS,   as were the shut-off and metering valves.   The injection valve was a three- 
way mini-volume Carle valve (No. 5521) with interchangeable loops of different 
volumes. 

After extensive testing and some modification this system was shown to be 
explosion-proof, but for routine use leaks greater than   ~1 torr must be avoided. 
The Carle valve was found to be less dependable than the other parts of the system. 
A bellows valve or a purge-model valve with a closed housing would be preferable for 
systems such as this. 

In first experiments, classical gas-liquid chromatography was used.   Nonpolar 
stationary phases such as silicone oil are known to separate silanes^i 2 or light 
boranes.^i 4, 5   xhe first packing used was Dow-Corning silicone DC-200, 20 percent 
by weight on Chromosorb P, acid-washed and silanized.   A Loenco gas Chromatograph, 
Model 160, equipped with a 4.2 m x 6 mm o.d. stainless-steel column and a thermal 
conductivity detector, was used for the iiivestigations.   Isothermal elation at 40C was 
obtained with a He flow rate of 50 m£/min.   The sample volume, measured in a 2.5 ml 
loop under 2.5 psi of SiH4, was calculated to be about 4 m£ at STP. 
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Figure A-l.   Schematic Gas Sample Handling System for GC 
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Samples of semiconductor-grade SiH4 from four different supply cylinders gave 
the same basic chromatogram (Figure A-2), with at least six impurities detected by 
the thermal conductivity detector.   Retention indices versus n-paraffin homologs and 
concentrations in ppm calculated by the area method are given in Table A-l. 
Identification of one of these impurities as B2H6 was attempted by comparison 
with a known B2H(5 reference sample. 

it should be po'nted out that in analytical GC, characterization of a given solute 
is given by a unique specific retention time.   But in semipreparative GC, when large 
amounts of solute are injected, large variations of retention times can be expected 
because of overloading effects.   Under these conditions, equilibrium distribution of 
the sample between the phases is not maintained, and the excess sample will travel at 
a higher speed through the column.6   For large samples of both B2H(j and SiH4 there 
is a decrease in retention times from the analytical data.   Betention times were 
evaluated from experimental data with a 3 percent range of variation.   With the 
DC-200 column, the B'^HQ noncorrected retention time is 12 percent greater than 
for SiH4.   This small difference in retention times is not sufficient to separate these 
two compounds on a preparative scale, or even to detect B2He that is completely 
hidden in the main peak of SiH4. 

The experimental results confirm the general behavior of a silicone column 
toward nonpolar solutes: i.e., retention times are in order of their boiling points. 
As the chemical reactivities of SiH4 and B'^HQ are similar, it cannot be expected that 
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Figure A-2.   SiHj Chromatogram on DC-200 Silicone Column Packing 



Table A-l.   Retention Index and Concentration of 
Impurities in Sill. Sample 

Impurity Concentration (ppm) Ketention index 

(1)   H9 i air 7ÜÜÜ •- 

(2) < 10 ppm 250 

(3) 260 305 

(4) 415 323 

(5) 10 - 

(6) <10 >400 

a polar stationary phase will enhance their separation by specific selectivity.   Thus, 
in order to increase the ratio of the retention times a solid packing having a large 
specific area was used.   A second column was prepared with Chromosorb 102 (Johns 
Manville) as packing for gas-solid chromatography.   This is a cross-linked copolymer 
of divinyl ben/ene-styrene which exhibits a surface area 100 times greater than the 
Chromosorb P used previously.    This column was 5.4 m x 6 mm o.d., packed with 
(JO to 80 mesh Chromosorb 102.    The column was first maintained at ambient 
temperature, with a He flow rate of 40 miL^min. 

show 
A typical chromatogram of a SiHj sample on the Chromosorb 102 colum is 

n in Figure A-3.    Four impurity peaks are evident before the main Sill4 pea peak. 
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Figure A-3.   Sill, and other Compounds on a Chromsorb 102 Column at 
Ambient Temperature 
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By comparison with reference samples these peaks appear to correspond to 
(1) H2, (2) N2 + 02 (air), (3) CH4, and (4) C02. 

No impurities were detected after the SiH4 peak.   Unfortunately, with this 
Chromatographie equipment, it was not possible to expect a large improvement in 
detection.   However, the difference of retention times of SiH4 and CH4 was about 
three times larger with Chromosorb 102 than with the DC-200 column. 

In order to reduce the retention times of solutes eluted after the SiH4 peak, an 
isothermal chromatogram at 60C was obtained with a reference mixture of SiH4 and 
B'zHß and is shown in Figure A-4.   Retention data are expressed here in corrected 
retention distance 

R -  d R M (A-l) 

where d^[ is related to hydrogen and dp - tp x (chart speed), with tp the retention 
time in minutes and the recorder chart speed  1 in,/min in this case. 

It is interesting to compare the experimental retention data with the boiling 
points of the different compounds which might be present in the SiH4 sample.   This 
was done by the use of a thermodynamic relation derived from the Clausius-Clapeyron 
equation.   This simplified relation is 

log d' R BP (A-2) 

©@   © SiH. 

RETENTION TIME (MIN) 

Figure A-4.   Chromatogram at 60C of a Mixture of SiH. and B H 
on a Chromsorb 102 Column ~    ' 
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A classical calculation related d^ to the vapor pressure of a given solute, and 
the vaporization enthalpy of the pure solute to its boiling point.   Although this relation 
applies strictly to compounds of an homologous series, it is interesting to verify the 
behavior of C, Si, and boron hydrides on Chromosorb 102.   Results are given in 
Table A-2. 

The experimental values verify the relation of Equation (A-2) and confirm that, 
as in gas-liquid chromatography on a silicone oil, these solutes are eluted in the 
order of their boiling points.   However, an important improvement is obtained with 
Chromosorb 102, specifically, the large increase of E^H^ retention versus that of 
SilLj — 80 percent compared with the 12 percent on the silicone DC-200 column. 
Even with large overloading of the Chromsorb 102 column with preparative injections 
of SiH4, a good separation of the couple SiH4 — I^H^j can be expected, sufficient to 
detect the latter at the sub-ppm level. 

In order to confirm and identify the nature of the solutes, several collected 
effluents were injected into the CEC 21-020 mass spectrometer.   In a 50 m? glass 
flask previously evacuated, the effluent stream of solute and carrier gas was trapped 
in totality.    The time of collection was roughly one minute, selected near the maximum 
of the detector signal.   As will be shown later, this technique gives good yields of 
recovery for preparative collection of purified samples, but for mass spectrometry 
the results were very poor.   The main reason appeared to be that the sample was too 
dilute for the injection system of this mass spectrometer; the sample was diluted by a 
factor of 10^ from the injection volume. 

Attempts to identify peak 3 in the sample represented in Figure A-2 and 
even B^Hß in the sample of Figure A-'3 failed.   Only one impurity present in both the 
81114 sample (Figure A-2) and the B2Hß reference mixture was identified and that was 
CH4.   Results from two collected samples compared with the theoretically expected 
relative intensities for the mass spectrometric analysis are given in Table A-3. 

Table A-2.   Comparison of Hetention Data and Boiling Points of 
Solutes Eluted According to Figure A-3 

CH4 SiH4 B2H6 

d'j^mm) 28 115 207 

logd'R 1.45 2.06 2.32 

BP(0C) -161.5 -112 -92.5 



Table A-3.   Mass Spectrometric Data for CH 

Relative Intensity (70 V) 

m/e 1st Sample 2nd Sample Theory 

16 100 100 100 

15 81.7 83.6 85.9 

14 (33.4) 11.2 16.1 

More informative results were obtained in coileotion experiments in some 
semi-preparative GC.   Three series of successive GC collections of purified SiH^ 
were obtained, with four, seven and 10 runs, respectively.   In each run, the amount 
of SiH4 collected was calculated to be 5 mg, corresponding to the injection volume of 
4 ml.   The recovered material was tested for purity by recycling the sample through 
the Chromosorb 102 column ior the first two series and through both th«. DC-200 and 
Chromosorb 102 columns for the last series.   Elimination of impurities 2 through 6 
(see Figure A-2 and Table A-l) was demonstrated by elution of successive equal volumes 
of purified and crude SiH. on the DC-200 column. 

In the Chromosorb 102 column, impurities 3 and 4 (see Figure A-3) were 
completely removed, but traces of air still remained.   B2H(j was not detected in the 
SiH4 sample with the Chromsorb 102 column becauae of the poor sensitivity of the 
thermal conductivity detector. 

It is thus not possible to certify the dependability either of the gas Chromatographie 
technique or the collection apparatus.   However, the retention time of I^Hg on 
Chromosorb 102, almost two times larger than that of SiH4, shows that GC can be a 
promising and efficient method to detect and even to separate B2H(j from SiH4.   There- 
fore, a compromise must be made between the reliability of preparative-scale GC and 
its limited production capability for industrial purposes. 
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APPENDIX B 

BIBLIOGRAPHY:   ELECTRON MICROSCOPE IN SITU NUCLEATION 
AND GROWTH STUDIES 

Addendum to Appendix A, Second Semiannual Report 
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Atmosphere Controlee." 
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"The Electronmicroscopic and Micro-diffraction Observation Ir^ Situ of 
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B18,     R.K, Hart and J. K. Maurin, Surface Science 20, 285(1970) 
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"Catalytic Oxidation of Graphite by Continuous Electron Microscopic 
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50, 8(1967),   'Thermal Decomposition of Brucite:   I, Electron and 
Optical Microscope Studies; II, Kinetics of Decomposition in Vacuum." 

B22.     J.  F. Goodman,  Proc, Roy,  Soc. A247, 346 (1958). 
"The Decomposition of Magnesium Hydroxide in an Electron Microscope. " 

B23.     P. L. Burnett, W. R.  Mitchess, and C.  L. Horick, p 446 in reference G12. 
"Observations of the Thermal Decomposition of Brucite, " 

D.    RESULTS:   PHYSICAL VAPOR DEPOSITION 

D16.     T. E. Hutchinson, p 376 in reference G12. 
"In situ Electron Microscope Investigations of the Growth and Structure 
oFTTutT Films." 
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1)17,      II,   Poppa, p 378 in reference G12, 
"Thin Film Nucleation and Growth Under Controlled Conditions." 

E. (1-19)   RELATED TOPICS:  GAS INLET DEVICES 
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Means of an Electron Microscope Operating at Very High Voltage) 

E16,     G, Dupouy,  F, Perrier, and L, Durrieu, Comptes Rendus 254, 3786 (1962). 
"L'Observation des objets en milieu gazeur.   Application ä Fetude de la 
contamination dans le microscope electronique. "   (The Observatio   of Objects 
in the Midst of Gas.   Application to the Study of Contamination in the 
Electron Microscope) 

E17.      P,  R, Ward and R.  F.  Mitchell, p 44 in reference G15. 
"An Electron Microscope Environmental Specimen Chamber," 

E,  (20-39)   RELATED TOPICS:   ION PUMPING AND RESIDUAL GAS ANALYSIS 

E27.     R. B. Marcus, C, J, Calbick, and T, T, Sheng, p 163 in referenced, 
"Improvements in an Electron Microscope for Clean, Quiet, Vibratlonless 
Operation, " 

E2S,     R.  E, Hartman and R. S, Hartman, Lab. Investigation 14, 409 (1965). 
"Elimination of Potential Sources of Contaminating Material." 

E29.     R.  E. Hartman and R. S. Hartman, p 74 in reference G14, 
"Residual Gas Reactions in the Electron Microscope:  IV. A Factor in 
Radiation Damage." 

E30.     R.  E. Hartman, R. S. Hartman and P.L. Ramos, p 292 in reference G12. 
"Residual Gas Reactions in the Electron Microscope:   I. Qualitative 
Observations on the Water Gas Reaction." 
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E31.     D, N. Braski, p 314 in reference G12.   "A High Vacuum Electron Microscope," 

E32,     E. A. Buvinger, p 348 in reference G12.   "Background Gas Reduction in the 
Electron Microscope." 
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E m-59)   RELATED TOPICS:   SPECIMEN HEATING STAGES 

E45.     K. Itoh, T. Itoh, and M. Watanabe, p 658 in reference G9. 
"The High Temperature Furance for the Electron Microscope." 

E52.     D. Jones, p 662 in reference G9. 
"A Specimen Furnace for the Reflection Electron Microscope." 

E53.     I. W. Sprys and P. C. J. Gallagher, p 312 in reference G12, 
"A New Hot Stage for the Philips EM200 and Its Calil ration." 

E (60-79)   RELATED TOPICS:   CINEMATOGRAPHY 

E63. E. Sugata, Y. Nishitam, S. Kaneda, M. Tateishi, and H. Yoloya, p 452 
in reference G9. "Fundamental Researches for Observing Specimens in 
Gas Layers." 

E64.      F. D. Lugton and C. E. Warble, Rev. Scl. Instr. 41, 1793 (1970). 
"High Resolution Cinematography at High Temperature in the Electron 
Microscope." 

E65.     M. J. Whelan, P. B. Hirsch, R. W. Home, and W. Bollmann, Proc. 
Royal Soc.  (London) A240 524 (1957). 
"Dislocations and Stacking Faults in Stainless Steel." 

E66.     K. Anderson, P. B. Kenway, p 244 in reference Ü12.   "External Photography 
of the Microscope Image. " 

E67.     J. W. S. Hearle, D. J. Clarke, B. Lomas, D. A. Reeves, and J. T. Sparrow, 
p 210 in reference G15n   "A Simple Method of Recording Dynamic Events in 
the SEM Using a 16 mm Camera." 

F. RELATED TOPICS:   COOLING STAGES 

FH.     C. A. English and J. A. Venables, p 48 in reference G15.   "The Design of 
Pressure Cells for Studying Condensed Gases." 

G. GENERAL REFERENCES:   ELECTRON MICROSCOPY CONFERENCES 

Gl.       Electron Microscopy 1970 (Seventh International Congress on Electron 
Microscopy, Grenoble, 1970), Ed. P. Favard (Societe Francaise de Microscopic 
Electronique, Paris 1970), Vol. 1, Methods and General Techniques, Vol. 2, 
Physics. 
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G2.       Electron Microscopy 1966 (Sixth International Congress for Electron 
Microscopy, Kyoto, 1966), Ed. R. Uyeda (Maruzen Co., Tok^o, 1966), 
Vol. 1,  Physics. 

03. Electron Microscopy (Fifth International Congress for Electron Microscopy, 
Philadelphia, 1962)f Ed. S. S. Breese, (Adademic Press, New York, 1962), 
Vol. 1, Physics and General Electron Microscopy. 

04. Fourth International Conference on Electron Microscopy (Berlin, 1958), 
Eds. W. Barqmann, O. Möllenstedt, H.  Niehrs, R.  Peters, E. Ruska, and 
C. Wolpers (Springer-Verlag, Berlin, 1960). 

05. Electron Microscopy (Proceedings of the Fourth European Regional Conference, 
Rome, 1968), Ed. D. A. Bocciarelli (Tipografia Poliglotta Vaticana, Rome, 
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06. Electron Microscopy 1964 (Proceedings of the Third European Regional 
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Conference, 1956), Eds.  F. S. Sjostrand and J. Rhodin (Almquist and Wiksell, 
Stockholm, 1956). 

09. Third International Conference on Electron Microscopy (London, 1954). 
Eds. V. E. Cosslett and R. Rose.   (Royal Microscopical Society, 
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010. Proceedings 28th Annual Meeting Electron Microscopy Society of America. 
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