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The results of a three-year research program are described. The oversll objective
of the program was to carry cut a fundamental study of nucleation and film growth
mechanisms in heteroepitaxial semiconductor thin films. The specific technical
objectives were 1) investigation of various aspects of the mechanisms of hetero-
epitaxial film growth, to establish technical guidelines for the preparation of
better films; 2) preparation of improved, high-quality, device-grade heteroepitaxia
films of Si and GaAs on insulating substrates by chemical vapor deposition (CVD)
methods; 3) development of new or improved methods of characterizing heterocepitaxi
semiconductor films; and i) design and fabrication of selected thin-film devices
teking advantage of the unique properties of heterocepitaxial films. The program
involved both theoreticel and experimental investigations of nucleation and growth
mechanisms and development of improved techniques for film and substrate preparatio
and characterization. The CVD method of growing semiconductor films was emphasized
because of its importance in the semiconductor device industry. Main emphasis was
on the Si-on-A1203 system, with attention also given to the Si-onuﬁgAlQOh and
GaAs-on-A1203 systems, The work was divided among seven subtasks: 1) theory of
epitaxy and heteroepitaxial interfaces; 2) deposition studies and film growth;

3) anelysis and purification of CVD reactants; 4) preparation end characterization
of subst-ates; 5) studies of in situ CVD film growth in the electron microscope;

6) evaluation of film properties; and 7) design and fabrication of special devices.
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Sezurity Classification

Epltaxy

GaAs
Si

A1,0; (sapphire)

Mgil 0), (spinel)

Chemfcal vapor deposition (CVD)
In situ film growth

Electron miarosropy

Epitaxy theory

Heteroepltaxy

Thin-film devices
Semiconductors

Film nucleation

Transport properties
Metalorganic compounds

Physical vapor deposition (PYD)
Substrate

Polishing

Gas-phas2e etching

Anisotropy

Thermally induced stress
Piercoresistance

Principal technical accomplishments finclude 1) experimental discovery and
‘empirical charact-rization of significant anisotropy in the electrical properties
of Si/A1,0., films of several crystallographic orfentaticns, and theoretical
explanation of the effects in terms of a model that combines thermally-induced
stresses due to expansion coefficient differences with the plezoresistance effect in
Si; 2) delireation of preferred substrate orientations, deposition temperatures,
film growth rates, and carrier gas atmosphere for optimized film properties
in the SI/A1203 and Si/MgAl20h systems; 3) identification of the influence of
surface-state conduction on6measured electrical properties in Si films with
carrier concentrations <10*"cm™”; U4) fdentification of the role of the A1203
surface as a catalyst for the pyrolytic decomposition of Siﬂh in the formation
of Si films by CVD; 5) development of gas-phase etching and improved mechanical
polishing techrniques for preparing surfaces of Al50, and MgAlzoh substrates for
the heteroepitexial growth of semiconductor films;,g) development of an ion-beam
sputtering tecnnique for preparing ultrathin (<SOOR) regions in Al_0, subsirates
for transmission electron microscopy; 7) observation of the in situ growth of
Si by physical vapor deposition (PVD) and CVD on A1503 and amosphous carbon
substrates in the electron microscope; 8) observation and characterization or
the transport of photoinjected electrons through single-crystal Al50q; 9) measure-
ment of carrier lifetimes in Si heteroepitaxial films on Al150, and correlation
of lifetimes with various experimental parameters; 10) determ?natlon of surface=-
state density distributions in Si heteroepitaxial films on A1,04; and 11) the
successful fabrication im Si/A1,0, of charge-coupled devices exhibiting good
charge-transfer efficiency at hfgg frequencies. letails of these and other
results and investigations are given by means of data tabulations, graphs, photo-
graphs, and narrative. An extensive biblicgraphy of electron microscovpe in situ

film nucleation e¢nd growth studies is elso included. The report is bound ir three
separate parts, . A
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ABSTRACT

The results of a three-year research program are described. The overall
objective of the program was to carry out a fundamental study of nucleation
and film growth mechanisms in heteroepitaxial semiconductor thin films.

The specific technical objectives were 1) investigation of various aspects
of the mechanisms of heteroepitaxial film growth, to establish technical
guidelines for the preparation of better films; 2) preparation of improved,
high-quality, device-grade heteroepitaxial films of $i and GaAs on ingulst-
ing substrates by chemical vapor deposition (CVD) methods; 3) development
of new or improved methods of characterizing heteroepitaxial semiconductor
films; and 4) design and fabrication of selected thin-film devices taking
advantage of the unique properties of heteroepitaxial films.

The program involved both theoretical and experimental investigations of
uccleustion and growth mechanisms and development of improved techniques for
film and substrate preparation and characterization. The CVD method of
growing semiconductor films was emphasized because of its importance in the
semiconductor device industry. Main emphasis was on the Si-on-Al.0 system,
with-attention also given to the Si-on-MgAl.,O, and GaAs-on-Al.0 syStems.
The work was divided among seven subtasks: “1 theory of epitaxy and hetero-
epitaxial interfaces; 2) deposition studies and film growth; 3) analysis and
purification of CVD reactants; 4) preparation and characterization of sub-
gtrates; 5) studies of in situ CVD film growth in the electron microscope;

G) evaluation of film p;gperties; and 7) design and fabrication of special
devices.

Principal technical accomplishments inciude 1) experimental discovery and
empirical characterization of significant anisotropy in the electrical
properties of Si/Al1,0_ films of several crystallographic orientations, and
theoretical explanatidn of the effects in terms of a model that combines
thermally-induced stresses due to expansion coefficient differences with

the piezoresistance effect in Si; 2) delineation of preferred substrate
orientations, deposition temperatures, film growth rates, and carrier gas
atmosphere for optimized film properties in the Si/A1203 and S1/MgAl.0
systems; 3) identification of the influence of surfacé-state conduct{on on
measured electrical properties in Si films with carrier concentrations
<1016cm‘3; 4) identification of the role of the A120 surface as a catalyst
for the pyrolytic decomposition of SiH, in the formagion of S1 films by CVD;
5) development of gas-phase etching ané improved mechanical polishing tech-
niques for preparing surfaces of Al 03 and MgAl O, substrates for the hetero-
epitaxial growth of semiconductor fglms; 6) development of an ion-beam
sputtering technique for preparing ultrathin (<500&) regions in Al.0, sub-
strites for transmission electron microscopy; 7) observation of thé In situ
growth of Si by physical vapor deposition (PVD) and CVD on A120 and amorphous
carbon substrates in the electron ricroscope; 8) observation ang characteriza-
tion of the transport of photoinjected electrons through single-crystal A1203;
Y) measurement of carrier lifetimes in Si heteroepitaxial films on A1203 and
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correlation of lifetimes with various experimental pParameters; 10) determ{na-
tionu of surface-state density distributions in Si heteroepitaxial films on
A120 i and 11) the successful fabrication {n Si/Alzo of charge-coupled
deviges exhibiting good charge-transfer efficliency ag high frequencies.
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Details of these and oth
data tabulations,
graphy of electron
is also Included.

er results and investigations are glven by means of
graphs, photographs, and narrative. An extensive biblio-
microscope In situ film nucleatlon and growth studies
The report is bound in three separate parts.
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PROGRAM SUMMARY

The overall objective of this three-year program was to carry out a funda-
mental study of nucleation and film growth mechanisms in heteroepitaxial
semiconductor thin-film systems which would lead to new knowledge and under-
standing of these processes, and then to apply the results to the preparation
of improved semiconductor thin fi'ms and thin-film devices on insulating sub-
strates,

The specific technical objectives were the following: 1) investigation of
various aspects of the mechanisms of heterocepitaxial film growth, to establish
technical guidelines for the preparation of better films which could 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 hetero-
epitaxial films as to their suitability for subsequent device fabrication; and
4) design and fabrication of selected thin-film devices which take advantage

of the unique properties of such films.

The plan for accomplishing these objectives involved the study of the funda-
mentals of heteroepitaxial semiconductor film growth on insulating substrates

as the primary activity, with specialized device fabrication used as a means
both of w@valuating film properties and of exploiting certain unique properties
of heterriepitaxial semiconductor-insulator systems. Both theoretical and
experimental investigations were involved. The theoretical studies consisted

of two types: 1) direct interaction with the expc-imental program, involving
data analyses, suggestion of definitive experiments, and postulation of specific
models to explain experimental observations; 2) development of original contri-
butions to the theory of heteroepitaxial growth. The experimental investigations
were also of two types: 1) fundamental explorations to delineate mechanisms and
general empirical principles of the heteroepitaxial growth process; 2) practical
device studies accompanying the fundamental investigations, so that new develop-
ments could be applied to the improvement of films and thin-film devices.

The chemical vapor deposition (CVD) method of growing semiconductor films was
emphasized because of its importance in the semiconductor device industry.

Main emphasis was on the Si-on-Al,0, system, with attention alsu given to the
Si-on-MgAl O4 and GaAs-on-A120 systems. The work was divided among seven sub-
tusks: 1) gheory of epitaxy ang hetercepitaxial interfaces; 2) deposition studies
and film growth; 3) analysis and purification of CVD reactants; 4) preparation
and characterization of substrates; 5) studies of in situ CVD film growth in

the electron microscope; 6) evaluation of film properties; and 7) design and
fabrication of special devices.

The program was carried out primarily at facilities of the Electronics Group

of the Rockwell International Corporation, by Rockwell personnel. Parts of
threc of the specific subtasks were performed by personnel of the University

of California at Los Angeles (UCLA), in the Department of Electrical &t~=iences
and Engineering and the Chemistry Department. Work on another subtask was done
in part in the Department of Chemistry of California State University, San Diego
(CSUSD). Both the UCLA and the CSUSD programs were supported by subcontracts
from Rockwell,

Suortatiasl bR AR PR
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The principal technical accomplishments of the program include the following:

1) experimental discovery and extensive characterization of significant aniso-
tropy in the electrical properties of Si/Al.0 films, and theoretical explana-
tion of the effect in terms of a model that“combines thermally~induced stresses
with the piezoresistance effect in Si; 2) delineation of preferred substrate
orientations, deposition temperatures, film growth rates, and carrier gas
atmospheres for optimized film properlies in the Si/AlL.O. and Si/MgAlZO, systems;
}) identification of the influence of surface-state condiction on meaSuted elec-
trical properties in Si films with carrier concentrations <10l6cm'3; 4) identi-
fication of the catalytic role of the AlZO surface in the heterogeneous pyrolytic
decomposition of SiH, to form Si films by EVD; 5) development of gas-phasc etch-
ing and improved mechanical polishing techniques for preparing surfaces of Al.O
and MgAl O, for the heteroepitaxial growth of semiconductor films; 6) development
of an ion-beam sputtering technique for preparing ultrathin (<SOOX) regions in
Al20 substrates for transmission electron microscopy; 7) observation of the
in"situ growth of Si by physical vapor deposition (PVD) and by CVD on Al,.0., and
amorphous carbon substrates in the elactron microscope; 8) observation and
characterization of the transport of photoinjected electrons through single-crystal
Al ,0.; 9) measurement of carrier lifetimes in Si heteroepitaxial films on Al.O ;
10; 3eterminatlon of surface-state density distributions in Si heteroepitaxial
films on Al,0.; and 11) the successful fabrication in Si/Al,0, of charge-couplel
devices exhibiting good charge-transfer efficiency at high Eréquencies.

A summary of the work of the contract program by subtask follows:

Subtask L: Theory of Epitaxy and leterocepitaxial Interfaces. Several separ-.te
investigations were carried out in attempts to model heteroepitaxial systems.

An extension of the island alignment model using a Gaussian-atom Fourier-transform
technique, the Frank-van der Merwe model, a Green's-function/Wannier—function
approach, a contrived potential-energy model, and a molecular-orbital method for
developing the heteroepitaxial interface were all critically reviewed for the
purpose, and all were found inadequate for application to the real systems of
interest. A two-body interatomic potential method, although also initially
rejected, was finally adopted for modeling the Al_O, tattice with Morse potentials
and a suitable computer program; mechanical stabi%iéy and surface reconstruction
phenomena in Al201 ‘‘eve treated successfully by this method, involving relaxation
of the severai atomic planes nearest the Al.0. surface. An electron-on-network
method was also considered for determinatiofi 8f surface atom configurations and
interfacial binding energies in situations where the surface structure is allowed
to relax, but was also eventually found inadequate for vealistic calculations in
heteroepitaxial systems.

Al kit

Extens fon of the modeling to the Si/Al, 0O, composite was interrupted by the
theoretical investigation of the effects on electrical properties of stresses

in the Si films resulting from differential thermal contraction of substrate and
film, prompted by the experimental observation of ~10% anisotropy in the carrier
mobility in (001)Si/Al1,0, and ~40% anisotropy in (221)SL/Al20 . A model com-
bining thermal expansion stress and the piezoresistance uffecg, incorporating the
anisotropies in substrate thermal expansion, Si elastic constants, and Si piezo-~
resistance coefficients, wis developed and applied to (0G'), (221) and (LL)Si

vi




i i o b R i e Y S e R e e T e il

films on A120 . Excellent agreement was obtained between theory and experi-
ment in the first two cases; the amount of anisotropy and the directions (in
the plane of the film) of maximum and minimum carrier mobility were correctly
predicted. In (111)Si (on two different Al,0, substrate orientations), however,
the theoretically predicted effects were too small to account for the experi-
meutal observations, indicating that other (not yet identified) phenomena are
more important in determiniag anisotropy in the (lll)Si/Alzo3 system.

ixtensive calculations were made for che general (xx1)Si orientation (0<x<®),
which defines all Si orientations along the zone that includes (001), (111),
(221), and (110)Si and thus all of the Si/Al O3 epitaxy modes of major interest.
For n-type Si/A120 » the predicted stress effects ranged from a ~30% reduction
“Hr (001)S1i to a ~25Z enhancement in maximum mobility near (110)Si. For p-type
5i films, the predicted stress effect is always a mobility enhancement, with
the maximum mobility ranging from ~1.07u  for (001)Si to -~2.4u_ for (110)Si,
shere My is the zero-stress mobility. 1? is significant that fhe Si film orienta-
tion most used in commercial devices - (001) - is the one showing the lowest
mobilities of all those investigated. Thus, considerable improvement in perfor-
ce of certain types of devices could be realized by exploiting these predicted
e. ects, which have major significance for heteroepitaxial device technology.

Subtask 2: Deposition Studies and Film Preparation. A major part of the work

of this subtask consisted of preparing a variety of Si and GaAs heteroepitaxial
iilm samples for use in other parts of the program. Experimental investigations
of the effects of various deposition parameters upon the properties of Si and

GaAs films continued throughout the program, including examination of the follow-
ing: 1) dependence of electrical properties on growth temperature, growth rate,
and crystallographic orientation of substrate (including the (1120) orientation,
not previously used for heteroepitaxy studies); 2) variations in Si film prop-
erties with thickness; 3) formation and properties of p-type Si/Al,0, films;

4) effects of autodoping (at temperatures above ~1050C) in Si films on Al,0, and
MgA120 ; 3) effects of reactor configuration on film properties; 6) charactéristics
of eariy—stage growth of Si films on A1,0,; 7) growth of Si films by SiH4 pyrolysis
at reduced pressures (1 to 10 torr); 8) growth cf Si films in gaseous atmospheres
other than pure H,; 9) effects of annealing during growth on properties of Si
films (no significant improvement in film properties observed); and 10) growth

of GaAs films on AlZO and MgAl 04. These studies revealed the strong inter-
relationships that exist among the various parameters involved in optimizing Si
growth on insulators. Evaluation oi the electrical properties of 5i films on
Al,0, demonstrated that growth conditions (1) must be optimized for the particular
S sgrate orientation chosen; (2) differ for those Al O3 orientations which pro-
duce the same Si orieatation; (3) are dependent upon reactor geometry and gaseous
atwcsphere; and (4) must be optimized for the particular film thickness desired.

Based on electrical properties of the films grown, the preferred substrate for
Si heteroepitaxy was identified as one that produces (111)Si growth rather than
(100)Si growth, namely ~(1120)A1,0, or (lll)MgAlZOA, the highest mobilities
being obta‘ned on (lll)MgAlzoa. agtimum growth temperatures varied with sub-
strate orientation: (100)Si”on (0112)Al 03, 1050-1075C; (111)Si on (1014)A120
1C75-1100C; (111)Si on ~(1120)A1203, 10?5—1100C; and (111)S1i on (111)MgAl 04,

~1025C. The preferred growth atmosphere appeared to be either H2 or a He-12

3’
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mixture for growth on (0112)Al.0. or ~(1120)A1.,0 , but both (1014)A1.0. and
(111)MgAl 04 apparently need a He-rich atmospheré (~90% He-10% H,) for obtaining
high qual%ty films. For essentially every orientation studied, §rowth rates from
~2um/min to -4um/min were found sufficient, although good growth was also achieved
on (0l12)A120 at lower rates. These growth conditions are optimum for the reactor
system used, gut should be useful guides for CVD film growth in systems with other
reactor geometries. These observations should lead to definite improvements in

Si/A120 film properties and thus to improved performance and reliability in

SL/A1203 devices and circuits.

Subtask 3: Analysis and Purification of CVD Reactants. Since the impurity content
of the various reactants used for CVD of SI and GaAs heteroepitaxial films probably
provides the real limitation on the achievable impurity levels in the films them~
selves, a study was undertaken to attempt to idertify and establish the concentra-
tions of the principal impurities in the reactanis that might influence the film
properties if they were to become incorporated into the films during growtn. Dur-
Ing the first year, techniques of gas chromatography were developed for analysis

of the reactants used for Si and GaAs heteroepitaxy by CVD, with silicone oil and
polymer columns used for the chromatography. Several extraneous impurity peaks
were observed in the chromatograms of SiH, samples, and diborane (B.H,) was tenta-
tively identified as a significant impurity (~10 ppm), although not“confirmed by
mass spectrometer techniques. Small quantities of purified SiH,, free of diborane,
were prepared by successive injections in the chromatograph, but the quantities
were .oo small for use in laboratory CVD experiments. Beginning in the second year
of the program, samples of SiH, and of trimethylgallium (TMG) used for Si and GaAs
CVD experiments were analyzed %or impurity content by sensitive mass spectrometric
techniques. Disilane and trimethylsilane, together with several other imp..rities
of less concern, were found in the SiH4 samples.

Significant impurity concentrations in some of the reactants (especially SiHA)

at times limited the accuracy of the study of the effects of deposition paramcrers
on Si film properties. Cooperative efforts with vendors for prepaiation of
improved-purity reactants continued throughout the program, as did analyses of
reactants by mass spectrometer techniques. It was made clear that significant

dif ferences occurred in the purity of reactant materials; not ounly did they vary
from supplier to supplier but also different tanks of the same material from

the same supplier were not consistent in purity. Another problem was the lack

of agreement in the analyses supplied by different analytical labor-tories for

the same tank of reactant and the differences in detection limits for the same
element or compound that different laboratories possessed, making it difficult

to determine which results were the most reliable and which supplier of gases

was best. A '"use test' still appears to be the most reasonable way of evalu-
ating materials for the intended application. The analyses demonstrated the ulti-
mate lack of understanding of the role of impurities in epitaxial film growth

and the minimum requirements for the analytical methods that should be used in
detecting these impurities. An extensive collaborative study involving the
reactant supplier, the analytical laboratory, and the ultimate user is needed.

To examine some of the fundamentals of the chemistry and reaction kinetics of

the CVD processes used for growing heteroepitaxial films of Si and GaAs, investi-
gations of the reactions involved in the formation of Si by SiH pyrolysis and

of GaAs by the trimethylgallium (TMG)-AsH., reaction were undertaken. The influ-

ence of the AL,0, surface on the mechanism of decomposition of Sill, as a function
of temperature; and the decomposition modes and reaction products of TMG and

viii
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~sH, as functions of temperature, concentration ratio, and H, partial pressure
(to attempt *to determine the requirements for formation of op%imum—quality GaAs)
were examined. It was found that the surface of single-crystal Al O3 does
catulvz: the thermal decomposition of SiH,, whereas the pyrolysis gs homogeneous
over a Si surface. No effect of preheating the Al,0, to temperatures as high

as 1200C was found. A variety of observations mzdé an the TMG-AsH,, system
included the following, among others: 1) GaAs dces result from the reaction of
TMG with AsH,, and an excess of AsH, should be used in any application of the
process; and”2) both CH, (methane) and H. are produced in the series of step-
wise rea:tions leading to the final product. Further study of the reaction

at high temperatures is recommended.

Subtask 4: Preparation and Characterization of Substrates. It was demonstrated
that Al 03 surfaces prepared by mechanical polishing techniques and used rcu-
tinely gor semiconductor heteroepitaxy typically had severe surface and subsur-
face damage, with many scratches often several microns deep yet often rendered
invisible to close inspection because of amorphous or fine-grained debris
embedded in the scratches in the final polishing stages. Early in the second
year a much improved technique for mechanical polishing of (1014)al O3 was
developed, and very good surfaces in this previously troublesome or;entation
were then obtained. Gas-phase etching/polishing procedures using SF, and various
fluorinated halocarbons in the 1350 to 1500C temperature range were found to
produce essentially scratch-free surfaces on (0112) and near-(1120)a1 O3 sub-
Strates. Extensive gas-phase etch-rate data were obtained as a funct%on of
crystallographic orientation in this temperature range. The technique was
further developed for (1) thinning Al O3 substrates; (2) evaluating the effects
of prolonged etching on (0112), (0001¥, and ~(1120)A1,0.; and (3) assessi.g

the subsurface damage caused by various mechanical pofighing procedures.
Evaluation of mechanical polishing methods for MgAl, 0, surfaces indicated that
surface fill-in occurs for this material, just as for Al,0,. Some exploratory

gas-phase etching experiments witih MgA1204 surfaces were also carried out during
the second year of the program.

Ion—bgam sputtering techniques were developed for preparing ultra-thin
(~2004)A1,0, wafers for use as substrates in the in situ CVD experiments with
Si. Waferssuccessfully thinned to ~50um or less by mechanical polishing tech-
niques were subsequently thinned by ion etching to the point of perforation

in some areas, resulting in adjoining regions of thicknesses suitable for
transmission electron microscopy as applied in the in situ experiments. Three
different Al1,0, orientations were successfully thinned by this method - (0001),
(1014), and %0212). Considerable study of properties of the resulting thinned
substrates was carried out, and improvements in the ion-thinning process were
realized during the final year of the program, when the thinned substrates vere
used in the in situ CVD experiments (Subtask 5).

Mechanical lapping and polishing methods that produce good quality surfaces
suitable for use as substrates for epitaxy were_developed during the contract
for_several orientations of Al O3 - (0001), (0112), (1014), (1120), ~6 deg off
(1120) and (1122). By means o% etch-rate techniques developed for this

viii-a ;




i saing SR ot

material it was possible to determine the apparent depth of damage in Al.O.
substrate wafers at various stages of preparation. At a glven stage in the
processing, the damage depth was found to increase for various orientations
in the following order: (10l4), (1120), (¢1I2), and (0001).

A technique utilizing the photovelectric process in a metal-insulator-
semiconductor structure, consisting of an A120. substrate with a Si or GaAs
fllm grown on one surface and a semltransparent Al film on the other, demun-
strated that photoexcited electrons from either the semiconductor or the
metal fllm can be transported through single-crystal AL.O, of several mils
thickness. Further study of the charge transport proeess also established
that (1) the Al 0. used for substrates for growth of hetervepitaxial semi-
conductor Fllms“has trap levels approximately 0.18 eV below the conductlon
band; (2) the transport of photoinjected electrons occurs through the Poole-
Frenkel conduction mechanism; and (3) the quantum efficiency for the photo-
electric process is quite low, approximately 10-3.

. . b
Routine characterization of substrate surfaces at various stages of prepara- '
tion continued throughout the program, utilizlng various standard techniques

of x-ray and electron diffraction analysis and optical and electron (including
scanning) microscopy.

Subtask 5: Studies of in situ Film Growth in the Electron Microscope.

[n the Eirst year of the program many of the modifications required in the
transmission electron microscope for in situ observation of the nucleation _
and early-stage growth of CVD semiconductor films on insulating substrates *
were completed. Early in the second year a series of electron mlcroscope
modifications and tests was finished, culminating in the first series of
successful PVD experiments inside the electron microscope. Al was deposited
onto a heated carbon substrate and a sequence of micrographs was taken during
the growth process, demonstrating the feasibility of performing in situ
nucleation and growth studies in the equipment. Additional in situ PVD
experiments were carried out in the second year, with both Al and Au depousited
onto amorphous carbon substrates to delineate further the required techniques
and experimental problems to be encountered in the later CVD experiments.
Calculations and design for the CVD microchamber were also completed during
the second year, and the fabrication of the microchamber and associated
hardware was begun.

During the final year of the program the fabrication of the CVD microchamber k.0
and its mounting flange was completed, and a gas-handling manifold was b
installed on the electron microscope. Gas flow experiments were performed E
to determine the flow rate of gas through the microchamber as a function of

pressure and to determine the maximum pressure attainable in the microchamber.

In addition, a number of in situ Si CVD experiments were performed resulting

in the successful growth of Si films in the electron microscope by the 1
pyrolysis of SiH,. The nucleation and early growth of Si on both amorphous

carbon and single-crystal Al,0., substrates was observed, leading to the

following conclusions: 1) the pyrolysis of SiH, to form Si films by CVD

inside the electron microscope is feasible; 2) the in situ study by trans-
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mission electron microscopy of the post-nucleation and early growth stages
of a semiconductor film grown by CVD is feasible; 3) the nucleation and
early growth processes for CVD Si are fundamentally similar to those of
metal films grown by PVD, although some specific differences exist; 4)
single-crystal Si growth on (01i2)A120 results primarily from the growth of
nuclei of a preferred orientation at tge expense of randomly oriented nuclei,
and not from the large nucleation rate of these favorably oriented nuclei;

5) the ion-beam sputtering process can produce electron-transparent Al,0
suitable for use as substrates for in situ CVD film growth experiments.

Subtask 6: Evaluation of Film Properties. From the beginning of the
program, routine evaluation of film properties was carried out by established
methods of x-ray and electron diffraction analysis, metallographic analysis,
and electrical measurements of transport properties. A aew technique for
evaluating the characteristics of the interfacial region of heteroepitaxial
films was developed, involving measurements of photoelectron emission from
monochromatically-illuminated films in the MIS configuration on insulating
substrates (see Subtask 4). Photocurrents due to electron transport through
the single-crystal Al 03 substrates were measured as a function of photon
energy, permitting de%ermination of various parameters in the Si/A1,0, and
GaAs/Al,0, systems. These measurements gave values of 1.0eV for the electron
affinity of A120 , 3.15eV for the barrier height at an Al,0.-Al interface,
4,50eV for the S%—A] 03 interface barrier height, ~0.37eV fdr the band-
bending in Si near tge Si-Al 03 interface, ~0.10eV for the band-bending in
GaAs films near the Al,0 in%erface, and electron escape lengths of at least
12um in S1 and 23pm in“GaAs. Values for the work function of various

metals were also determined by these measurements.

Determination of the energy spectrum of back-scattered proton or alpha-
particle beams injected in channeling directions in heteroepitaxial semi-
conductor films was investigated as a means of measuring the density and the
location of structural defects in the films. Ixperiments indicated that
Si/insulator films have less imperfect in®erfacial regions than do GaAs/
insulator films. The best structures of those examined were found in SlOO)Si
films on (0112)Al1,0. substrates and in (111)Si films grown on near—(1120)A120
3
substrates. Infofmation on the early growth stages of Si on Al,0, was also
obtained by conventional transmission electron microscopy of very thin Si
films grown on ion-thinned Al,0, substrates in a conventional (atmospheric-
pressure) vertical-flow CVD reactor. These experiments showed that the growth
of a single-crystal Si film by CVD is the result of coalescence processes in
the early growth stages and not of nucleation phenomena alone, producing
films with a relatively higher incidence of defects and relatively lower
carrier mobilities.

Rapid acquisition of data on electrical properties of the films was very
important to the conduct of film growth expeviments, especially in the second
and third years; measurements of film conductivity type, resistivity, carrier
concentration, and carrier mobility were made routinely on a majority of the
epitaxial samples prepared on the program, utilizing either the van der Pauw
method or the more accurate and conventional Hall-effect bridge method.

These data were essential for the study of the effects of changes in depo-
sition parameters on Si/AJ,203 and Si/MgAIZOA film properties, and provided
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considerable insight into the factors which most strongliy influence film

quality so that identification of the conditions for optimired film growth
could be made.

It was determined that the electrical properties of undoped n-type hetero-
epitaxial Si films grown on various orientations of Al,0., (and also MgAl 04)
by the pyrolysis of SiH, are dominited by surface-staté conduction for
carrier concentrations of ~1016cn=2 or below. It was found that there were
inhomogeneities in the donor concentration of typical CVD Si/Al.0. films
over the film area, and that a concentration gradient existed ffom the center
of the susceptor radially outward; films reflected this variation depending
upon the placement of the substrate on the susceptor during CVD growth. Gas
flow characteristics or a non-uniform temperature of the rf-heated pedestal
(susceptor) were thought to account for the effect. Measurements were made
of the variation of electrical properties of Si/A120 with temperature,

and some of the observed effects were attributed to ﬁigh defect densities
(e.g., deep-lying donor levels) or inhomogeneous strains in the fiims.

The most significant development to com

e from the fiim evaluation procedures
was the observation of the anisotro

Py In electrical properties in Si/Al.0
films. Mobility measurements as a function of azimuthal direction (every

18 deg) in the fiim Plane Indicated a maximum mobility in two directions and
a minimum mobility in two dlrections, the latter dispiaced by 90 deg from
the former. The mobility anisotropy factor A, defined as the ratio of the
difference between the masimum and minimum values of mobility in the plane
of the fiim to the average value of the mobiiity in that plane, was_found

to be about 40% for (221)Si/(1122)A1 O3 and about 9% for (OOL)SL/OLLZ)ALZO ;
Results of theoretical calculations %Subtask 1) agreed well with the exper%-
mental data. The calculations and the experimental results indicated that
(221)Si exhibits h™ . =r electron mobiiities than other more commonly used
orientations. Measurements of anisotropy at 77K were also consistent with
the corresponding increases in Piezoresistance coefficients at that tempera-
ture. Data analyses predicted zero-stress mobillities significantly below
bulk crystal values, however, indicating mechanisms other than thermally-
induced stresses were dominant in reducing carrier mobiiities in hetero-_
epitaxial films. Extensive studies of (111)Si on (1120)A1,.0., and on (1014)AlL

i)
gave experimental anisotropies averaging 16% and 30%, resp%céively, much 2

larger than theoretical predictions, again indicating the presence of other
major influencing factors. There appeared to be an inverse relationship
between anisotropy in (111)Si and the minimum or the average mobility, higher
anisotropy corresponding to lower mobility. Attempts were made to correlate
these results with reactor configuration (i.e., horizontal or vertical) and
various deposition :conditions. Measurements were also begun to examine

the possibility of mobility anisotropy being present In the Si/MgA1204 system.

The surface-state density of thermally oxidized Si films on Al.0. was deter-
mined late in the program using the MOS C-V technique. EvidenSe of both
donor- and acceptor-type surface states was found; a peak in the acceptor-
state density appeared at ~0.16eV below the conduction band, but the exact
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, location of the donor-state density peak could not be determined. Measure-
3 nments of high-field transport properties of Si and GaAs heteroepitaxial films

on Al O3 were also undertaken, early in the program, to obtain drift mobility
data gor some of the films.

Subtask 7: Design and Fabrication of Devices. In the first year of the
contract apparatus f.r determining minority carrier lifetime by pulsed C-V
measurements in MOS structures was designed and constructed and tests were
begun. A special MOS structure was designed for measurement of channel
conductance, high- and low-field transport properties, and various inter-
face characteristics of heteroepitaxial films. Initial attempts to fabricate
Schottky-barrier diodes in Si/Al1.0, films as a means of evaluating their
electrical properties were not sitccessful and were not pursued further. 1In
the second year the design of a Schottky~barrier type of FET was completed
for use in fabricating experimental FET structures in GaA /insulator films 3
for operation at 1 GHz. Most of the device-oriented effort centered about ;
f the determination of carrier lifetimes using the MOS pulsed C-V technique

(work which extended to the end of the program) and attempts to fabricate
Schottky~barrier FET's in GaAs/A1203.

Recent device efforts produced Schottky-barrier diodes (in n-type Si/Al O3
samples) having good reverse but unsatisfactory forward characteristics®
1 The Schottky-barrier FET structures were still not satisfactory. Preliminary
1 work on fabricating and evaluating Schottky-barrier photovoltaic cells using
illumination from the back side was begun, and charge-coupled devices (CCD's)
in Si/A1203 composites were successfully designed, fabricated, and tested.

The lifetime measurement method used has the important advantage that the
A actual carrier lifetime is magnified by the factor N/n,, where N is the
b impurity concentration in the semiconductor and n, is the intrinsic concen-
tration, so that very short lifetimes typical of %eteroepitaxial systems
(10'10—10—9sec) could be measured. Carrier lifetimes and values of surface
recombination velocity were obtained for As-doped n-type Si/Al1,0, samples
and for As-doped n/n+-type Si/A120 samples grown by CVD on this contract,
as well as for some commercially—ogtained Si/A1,0, samples that were P-doped.
Lifetimes for As-doped (100)-oriented Si varied“from ~10-10 sec for films
1-3um thick to ~5 x 10-9 sec for films ~10um thick; the particular P-doped
films measured exhibited lifetimes nearly an order of magnitude longer.
1 No clear dependence of lifetime on As doping concentration or on Si orientation :
i ((100) and (111) were §tudied) was detected. It was found that an underlying
1 nt layer (~3 x 1018cm™ ) significanuly enhanced the lifetime in a 3um top
Q layer of As-doped (~1016cm' ) Si for a given total film thickness, the enhance-
ment being greater the greater the nt layer thickness (T~lusec for 18um total
thickness); the n* sublayer evidently acts as a "getter" for the trapping
centers that tend to lower the lifetime in the n-type material.
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Since CCD's had previously been fabricated in Si and showed good charge transfer
and since other Si/Al 03 devices had exhibited good high-frequency and radiation-
resistant characterisgics it was determined that fabrication of CCD's should

be undertaken in Si/A1203. The devices were successful, with good transfer
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efficiuncy at high frequencies; four-phase 8-mil-per-cell CCD's were operated
at 2MHz with 0.99 efficiency. Low-frequency operation, however, was found

to be limited by the short carrier lif:time which allowed charge-up of the
potential well.
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SECTION 8

STUDIES OF IN SITU FILM GROWTH IN THE ELECTRON MICROSCOPE *

Observation of Si film growth on A1203 substrates while it is occurring was
considered to be an important part of the fundamental heteroepitaxy studies
of this contract. The post-nucleation growth of islands and island clusters

has been observed in situ in an electron microscope for several systems of

metal species deposited on dielectric or other suitable substrates (Refs 68-70)
by physical vapor deposition (PVD). However, observation of in situ growth

bt il _Beohde o

of CVD films (or other configurations) in the electron microscope has occurred
in only a very limited number of cases (Refs 71-74), and not at all in

the semiconductor/insulator heteroepitaxial system prior to this -ontract work.

e ol

Considerable effort was expended in this program to prepare and carry out such
experiments, specifically in the Si/A1203 system because of its general impor-
tance in the semiconductor industry and because of its role as the system of

primary attention in this contract. These studies are described in detail in
this section.

In the first year of the program many of the modifications required in the 1
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, 3
and the heated specimen stage was installed and tested. The first exploratory

in situ PVD experiments were also carried out near the end of the first year. ;

Early in the second year a series of electron microscope modifications and
tests was completed, culminating in the first series of successful PVD experi-
ments inside the electron microscope. Al was deposited onto a heated carbon
substrate and a sequence of micrographs was taken during the growth process,
demonstrating the feasibility of performing in situ nucleation and growth
studies in the equipment. A transmission phosphor screen (for the motion
picture camera) was installed, permitting motion picture photography which
does not interfere with the normal still photography. The auxiliary vacuum

See Aprendix 5 for extensive bibliography.
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pumping system for the specimen chamber was fabricated, installed and tested.
The basic vacuum system of the microscope itself was improved, and a PVD source
assembly was fabricated, installed and used in conjunction with the specimen

heater to perform further PVD experiments.

Calculations and design for the CVD microchamber were completed during the
second year, and the fabrication of the microchamber and associated hardware
was begun. Additional in situ PVD experiments were carried out, with both
Al and Au deposited onto amorphous carbon substrates to delineate further the

required techniques and experimental problems to be encountered in the CVD

experiments.

During the final year the fabrication of the CVD microchamber and its mounting
flange was completed, and a gas-handling manifold was installed on the electron
microscope. Gas flow experiments were performed to determine the flow rate of
gas through the microchamber as a function of pressure and to determine the

maximum pressure attainable in the microchamber.

In addition, a number of in situ Si CVD experiments were performed,resulting
in the successful growth of Si films in the electron microscope by the pyrolysis
of SiHA. The nucleation and early growth of Si on both amorphous carbon and

single-crystal A1203 substrates has been observed, leading to the following

conclusions:

(1) The pyrolysis of SiH4 to form Si films by CVD inside the elcctron

microscope is feasible.
(2) The in situ study by transmission electron microscopy of the post- 1

nucleation and early growth stages of a semiconductor film grown by .
CVD is feasible. t

(3) The nucleation and early growth processes for CVD Si are fundamentally

similar to those of metal films grown by PVD, although some specific

differences exist.
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(4) Single-crystal Si growth on (0112)A1203 results primarily from the
growth of nuclei of a preferred orientation at the expense of ran-
domly oriented nuclei and not from the large nucleation rate of

: these favorably oriented nuclei.

(5) The ion-beam sputtering process (Section 6-3) can produce electron-

transparent A1203 suitable for use as substrates for in situ CVD

film growth experiments.
Specific aspects of these investigations are described below.
1. ELECTRON MICROSCOPE MODIFICATIONS FOR IN SITU EXPERIMENTS

The basic instrument used for these investigations was an AEI Model EM6
transmission electron microscope. An overall view is shown in Figure 83
with the in situ modifications in place. Although the instrument operated
well as a conventional 100 KV electron microscope, some modifications were
considered necessary to meet the severe operating conditions of in situ CVD
experiments. The basic modifications included upgrading the vacuum system

and increasing the photographic capabilities.

Considerable effort was expended in improving the vacuum per formance over
that of the original design. The primary objective was to reduce the contamina-

tion rate, shown by some of the PVD experiments to be extremely detrimental

to the nucleation and growth processes. The typical result of a high contamina-
tion rate is a deposit formed from residual hydrocarbon vapors in the microscope
striking the substrate and becoming polymerized by the incident electron beam.

The carbonaceous deposit thus formed gradually builds up, eventually obscuring

the sample being examined. Hydrocarbon vapors which strike the sample outside
the area irradiated by the electron beam will reevaporate without effect. These
residual hydrocarbon vapors, present to a varying extent in all electron micro-

scopes, originate from the vacuum oils and greases used in the pumping system,

o Tl g i AR e

sealing gaskets, organic insulation on interior electrical wires, fingerprints,

and residues c¢f cleaning solvents.
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Figure 83. Electron Microscope and Gas Handling Manifold for In Situ

CVD Experiments.
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The vacuum performance was improved primarily by improving the polished finish
on the O-ring sealing surfaces and by scrupulously cleaning all parts of the
interior of the microscope to remove all traces of hydrocarbon condensates
from prior usage. All of the approximately 150 neoprene O-rings in the micro-
scope were replaced with Viton-A O-rings, which have a lower air permeation
rate, lower hydrocarbon vapor pressure and lower retention of organic solvent
vapors. The O-ring grooves were carefully inspected (most were adequate only
for the normal operating vacuum of 5 x lO_5 torr) and were polished to better
than a l6-microinch finish. An Edwards Model DCB-2 thermoelectrically-cooled
baffle was installed between the diffusion pump and the microscope column.
Cooling the chevron-type baffle to -15C reduced the diffusion-pump 0il backstream-
ing to a near-negligible rate. A simple low-cost adapter was required, but

no other modification to the microscope or its framework was necessary,

As anticipated, there was a slight improvement in ultimate vacuum and a slight
increase in pumpdown time resulting from these changes. The important improve-
ment from these modifications came in the form of a routinely lower operating
pressure (5 x 10—6 torr compared with 5 x 10_5 torr previously) and a reduced
contamination rate. The contamination rate was determined by measuring the

rate of decrease in diameter of a hole in a carbon film at 103,000 magnifica-

-]
tion. The rate observed prior to the modifications was 240a/min, typical of
o

most microscopes. After the changes, the rate was less than 100A/min.

A number of microscepe modifications were made to improve the basic still-
photograph capability and to add a motion-picture capability. The former
was improved by installation of a commercially available 24-plate camera
rather than the standard 6-plate camera., An automatic shutter was installed

to permit accurate timing of exposures from 0.01 to 128 sec.

A transmission phosphor screen and motion-picture camera were also installed.
The transmission phosphor screen consisted of a glass plate coated with a
thin layer of suitable phosphor; it was mounted directly on and underneath
the still-photograph plate camera. When the microscope shutter is opened,

the electron beam impinges on the phosphor which fluoresces and is photographed




from below by a 16mm motion-picture camera. The motion-picture setup is

independent of the still plate car ra and does not interfere in any manner

with its normal operation.

The first two phosphor screens were of P-11 phosphor, coated with a thin
(~SOOZ) layer of Al to prevent charging. However, both the resolution and
the brightness were less than desired, so a better screen was obtained from
another manufacturer (Ladd Research Industries, Burlington, VI). This screen
was of F-252 (green) fine-grained phosphor coated with a thin conductive
layer of evaporated carbon. The resolution on this screen was excellent

and the brightness acceptable for the purpose.

A Bolex H-16 motion-picture cemera was mounted 6-1/2 in below the transmission
phosphor screen. With a Switar 10mm f/1.6 lens with a 0.030 in spacer,

Kodak RAR 2475 or 2479 film was underexposed ai the normal frame rate of

12 frames/sec and exposure time of 1/33 sec, even with forced developing.

The microscope was operated at maximum electron beam intensity and a satura-
tion current of 300ua for these experiments. Satisfactorily exposed motion
pictures could be obtained with normal development in Versamat developer,

however, if the frame rate was reduced to 5.6 frames/sec and the exposure

time increased to 1/15 sec.

An auxiliary pumping system was fabricated for the specimen chamber.* It con-
sisted of a diffusion pump, liquid nitrogen trap, and isolation valve, and was
connected to the specimen chamber through a vacuum tee and a special flexible
metal bellows and adapter. An ionization gauge was mounted on the other side
of the tee to record the pressure 'car the sample chamber. The design main-
tained the specimen airlock-exchange mechanism, so the microscope could also

be used for routine electron microscopy with no time loss (if the CVD micro-

*The term ''specimen chamber'" refers to the relatively large 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.
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chamber was not in place). A second ionization gauge was installed on a
specially machined flange which temporarily replaced the right-hand side

of the specimen-exchange air lock. The base pressure of the auxiliary system
was <1 x 10_7 torr, but the best operating pressure obtained was 2 x 10_6 torr,
limited by the organic vapor contaminants present in the insulation and coil

windings of the objective lens and beam deflector stage of the microscope.

It was originally presumed that the auxiliary pumping system would be a vital
requirement for removing the excess SiH4 and H2 from the CVD experiments.
However, pressure tests and gas—-flow tests with the microchamber installed
showed only a slightly improved vacuum performance. Furthermore, the pumpdown
procedure for the specimen chamber was more involved using the auxiliary pump-
ing system. Accordingly, it was decided not to use the auxiliary system for

the CVD experiments undertaken later.
2, 1IN SITU PVD EXPERIMENTS

Physical vapor deposition (PVD) experiments were performed early in the contract
period to establish operational procedures with the modified electron microscope
and to identify some of the technical problems to be encountered later in the
CVD investigations. In these experiments a metal, usually Al but sometimes Au,

was evaporated in situ from a small heated filament onto a heated substrate.

The accomplishments of the PVD experiments were two-fold: (1) they demonstrated
the feasibility of in situ nucleation and growth studies in the microscope and
(2) they provided a test mechanism whereby the effectiveness of various micro-
scope modifications and procedures common to both PVD and CVD in situ studies
was determined. The PVD experiments providad considerable important information

of this type during the design and construction stage of the CVD microchamber.

The substrate heater for the PVD experiments was a standard EM6 electron micro-
scope heating stage. The heating grid was made by cutting off opposcite sides
of a circular 200-mesh stainless-steel microscope specimen grid, leaving only

the central 15 grid bars. This heater was capable of achieving a substrate
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temperature of 1450C (the melting point of stainless steel) with a battery-

supplied dc current of 1.9a.

A f_ange containing the source filament for the PVD experiment was fabricated

and installed on the microscope specimen chamber, replacing the right-hand

side of the air lock. A single V-shaped 0.020-in dia W wire filament heated

the evaporant material. Al, for example, could be evaporated at a satisfactory

rate with a current of 23a supplied by a well-regulated dc power supply. A
shield surrounding the source filament provided adequate thermal protection
for the microscope and confined the depositing material to the substrate

and a small area of the specimen holder.

a. Al Deposition Experiments

The Al PVD experiments were normally performed by evaporating Al onto an
amorphous carbon film heated to ~300C. A sequence of electron microgra; hs
taken during the course of one such in situ experiment is shown in Figure 84,
The first photograph in the series is that of the original substrate prior

to nucleation; the particles visible are dust particles, not Al nuclei. They

act as convenient reference points so that the same area can be located in

the subsequent photcgraphs.

Several important aspects of thin-film growth can be observed in these micro-
graphs. Locations A and B in Figures 84b and c illustrate the formation of

a grain boundary in a large crystal formed from several smaller crystals.

Various contrasts visible at A in Figure 84b indicate that a number of differently

oriented crystals are present. (The loss of resolution in reproducing the
original photographs here may make discrimination of individual nuclei diffi-
cult, but they are readily discernible in the original micrographs.) Only
three of the orientations survived the coalescence process; the remainder

not visible in Figure 84c were absorbed, atom by atom, by their neighbors.

Note that at A both orientations have apparently grown at approximately the

same rate.
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At B, it is seen that the original crystals grew at different rates, resulting
in one orientation becoming dominant. The dark portion of the top crystal in
Figure 84cis almost completely developed in Figure 84b and no further growth
has occurred except in the light portion. The bottom crystal, however, shows
the reverse behavior. (All four crystals are of different orientations.) Note
at location C that not all crystals have grown at the same rate. At location D,

the large extent to which rearrangement occurs during film growth is visible.

Some areas of the substrate originally covered with Al may become bare when
several islands coalesce,and secondary nucleation will then occur in these
bare areas. Such an area can be seen immediately outside and to the upper
left of location B in Figures 84c and 84d. The presence of secondary nuclei

causes some of the apparent '"clutter" in the photographs; the remainder is

caused by oxidation of the Al.

Al deposition was siupped after 190 sec in this particular experiment but the
substrate and deposited film were permitted to remain at an elevated tempera-
ture for au additional 10 min. Almost total oxidation of the Al occurred,
completcly changing the character of the film. All the O2 required for the
reaction was supplied by the residual O2 and water vapor present in the

g -5 o
electron microscope vacuum of <1 x 10 torr. Much of the water vapor originates

in tlie photographic plates used for still pictures, a problem which could not
be entirely eliminated but could be considerably reduced by extensive pre-

pumping of the plates.
b. PVD Experiments with other Materials

A few PVD experiments were conducted using Au as the evaporant. An interesting

effect was noted during several such experiments: The Au film was extremely
fine-grained on the amorphous carbon substrate region irradiated by the 100 KV
electron beam, but qulte large-grained elsewhere. At first it was thought
that pronounced enhancement of the nucleation rate had been induced by the
electron beam. However, it was later shown to be caused by contamination

altering the nucleation and arowth processes.
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Figure 85ashows the region that was observed, and hence continuously irradiated

by 100 KV electrons, during one such experiment. Figure 85b taken after com-

pletion, shows an adjacent area which had been outside of the field of view
and not struck by the electron beam during the deposition experiment. The

relatively large-grained character of the continuous lace-like network 1is

typical of this stage in the normal growth of thin films. Figure 85c is a lower

magnification view taken with the electron beam expanded to include both of

the areas shown in a and b.

From the appearance of Figure 85c coupled with a gradual buildup of contamina-
tion on the specimen during the post-experiment examination of the deposit,
it was concluded that a heavy contamination layer had probably formed during

the experiment, becoming intermixed with the Au film during growth. Normal

diffusion of the Au atoms became impossible and a fine-grained structure

resulted. These observations of sample contamination during growth of PVD

films were actually the motivating factors for the microscope cleaning and

vacuum-system imprcvements discussed previously.

An excellent example o. the nucleation and growth of Cr on (01i2)A1203 was
obtained in another PVD experiment. The Cr was supplied by thermal evaporation

from the stainless steel of the substrate heater grid,
to above 1000C.

inadvertently heated
The growth sequence 7s shown in Figure 86, The first micro-
graph was taken prior to the start of the experiment and represents a typical

clean electron-transparent ion-thinned Al ,0, substrate.

273
one ~0.5um dia and another ~0.03um dia located

Two holes are visib o
in the substrate - a "large"

~0.8um below it. The dark curved bands are extinction contours, discussed

in Section 6-3, The typical development of numerous islands and island clusters

can be followed through the sequence of micrographs.
3. IN SITU CVD EXPERIMENTS

The overall objective of these investigations was to examine the nucleation

and early-stage growth of Si on A1203 directly and in real time, i.e., in situ

in a transmission electron microscope.

The reaction of interest was the pyrolysis
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(c) (d)

(e)

Figure 86. In Situ Nucleation and Growth of Cr on (0112)Al1.0. after
(a) 0 min, (b) 8 min, (c¢) 14 min, (d) 16 min, (€)°18 min.
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of SiH4 to form Si and Hz, which typically takes place at 1000-1200C at -1
atmosphere pressure. The transmission electron microscope typically is
operated at room temperature in a vacuum of ~lO_S torr. The magnitude of

the task involved becomes clear when it is realized that the normal electron

microscope specimen fits into a volume that is 1/4 in in diameter and 1/4 in high.

During the initial planning for these investigations an extensive literature
review was conducted. A biblicgraphy of papers related to in situ electron
microscopy studies of nucleation and growth was compiled and is included in
this report as Appendix 5. This bibliography was kept updated as the program
progressed. Despite the large number of references, only a few are directly
pertinent to the CVD studies involved here. Ii particular, the excellent
works of Pashley et al (Cl to C3) and Poppa (C4 Lo C8) refer specifically to
PVD, not CVD, but are illustrative of the information obtainable by the

in situ technique. Several in s.tu CVD experiments have been performed

(B4, B7, Bl0, and Bl4), but they involved low temperatures and relatively
simple film-substrate systems. None involved pyrolysis of a gaseous phase
to form a solid phase on an electron transparent substrate. Together with
the other references in the bibliography they are valuable chiefly for the

collective wealth of experimental ideas and techniques which may be applied

to similar research,

Two distinctly different experimental approaches were considered for these
investigations. The first - and preferred - plan was to conduct the in situ
growth experiments under modified gas flow conditions which were to be as close
as possible to those normally encountered in the conventional laboratory

growth of Si from SiHA. This plan was implemented with the construction and
eventual use of a CVD microchamber which heated an electron-transparent Al,0

273

substrate in a small volume of flowing SiH, and H,.

4 2
The second (alternate) plan was to conduct a molecular-beam type of experiment,
in which a directed beam of SiH, and H, in appropriate proportions would be

4 2

made to impinge on a heated electron-transparent AlZO3 substrate in high vacuum.
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The latter approach was rejected, primarily because it was less likely to

provide information directly applicable to conventional growth of Si films

for semiconductor device applications.

In addition, the physical mechanism of a CVD experiment conducted in a molecular-
beam system is significantly different from that in a conventional laboratory
flow system or in the modified flow system eventually used in these studies.

The difference lies primarily in the effective supersaturation, i.e., the

number of molecules/cmz-sec striking the substrate surface. In a molecular-

beam system all of those H2 or SiH4 molecules adsorbed on the substrate surface
which reevaporate (desorb) are irretrievably lost from the system. Thus, the
impingement rate is only that due to the flux from the directed team. 1In a
conventional flow system, however, all molecules on the surface which desorb

have a high probability, through gaseous collisions, of subsequently returning

to the surface. The effective supersaturation is thus considerably greater

in the conventional system.

Numerical comparisons show the supersaturation difference clearly. At atmos-
pheric pressure and room temperature the HZ impingement rate is approximately

1.1 x 10 . molecules/cmz—sec. At a reduced pressure of 10 torr the impingement
rate is 1.4 x lO21 molecules/cmz-sec. This should be compared with the rate
available from a molecular beam, typically 1 x lO14 to 1 x lO16 molecules/cmz-sec.
The ratio of impingement rates for a conventional laboratory system and the

in situ system used for these studies is thus about 76, whereas the same ratio

, : 10
for a comventional versus a molecular beam system is 1 x lO8 to . x 107,

Two other differences may also be significant. First, the energy of the
impinging molecules is absolutely dctermined in a molecular-beam arrangement,
following the Maxwell-Boltzmann distribution corresponding to the source
temperature. In the case of a flow system the gas molecules are heated to
varying extents by collision as they approach the heated substrate. Second,
a molecular-beam experiment always yields a heterogeneous reaction, whereas
there is always the possibility of a homogeneous component being present in

the hot layer of gas surrounding the substrate in a conventional flow system.
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If the homogeneous reaction postulated by Givargizov (Ref75) and indicated
by the results described in Section 5 are correct, then indeed molecular-beam
experiments would not give results readily relatable to those observed in

conventional laboratory deposition of Si films by SiH4 pyrolysis.

In view of these differences and an overriding desire to produce in situ CVD
results which would directly assist in conventional laboratory growth of Si

on A1203 the modified flow system was selected.
a. CVD Microchamter Design, Construction and Test

Selection of a modified flow system required that a microchamber be fabricated
to minimize the volume of gas surrounding the specimen so that there would

not be excessive scattering of the electron beam. Such scattering would result
in both an intensity loss in the piimary electron beaa and an information

loss, i.e., lower resolution in the resulting image. Llectrons scattered at
angles greater than the objective aperture semi-angle reduce the intensity of
the beam; electrons scattercd, then rescattered, such that the net scattering

angle is less than this reduce the information content of the transmitted

electron image.

The magnitude of these effects may be calculated to a first approximation

by considering only the intensity loss of the electron beam as it passes
through a gas layer. This loss is a function of the electron scattering cross-
section (determined by the specific gas composition) and is directly propor-
tional to the product of the gas pressure and the gas layer thickness. The
latter two variables determine the dimensions of the specimen chamber; the

thinner the microchamber in the direction of beam travel, the greater the

maximum permissible gas pressure.

The electron beam intensity loss was calculated for SiHA and O2 by the method
described in Appendix 6. Specific results are presented in Table 31,based
on the actual gas layer thickness of 1.6mm for the CVD microchamber finally

constructed. Additional results are given in Ayrpendix 6.
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(1) Design and Construction

The design of the CVD microchamber* is shown in a cutaway drawing in Tigure 87
and in photographs in Figures 88 and 89. The substrate is mounted on a resis-
tively heated grid which 1s held by screws in contact with inner and outer
electrodes. The sample and the grid are totally enclosed in a thin cylindrical
region, vacuum-tight except for the gas inlet and two apertures (for the
electron beam entrance and exit). The SiH4 gas enters the microchamber through
a coiled gas inlet tube, surrounds the sample, and exits via the two apertures.

The microchamber has a gas layer thickness of 1.6mm through which the electron

beam must pass.

Certain constructional details (Figureg87) of the CVD microchamber are of
interest. The center electrode contains a 100um drilled hole to permit the
electron beam to enter and a limited amount of gas to exit. A raised projec-
tion contains a tapped hole for the No. 40 National Miniature {NM) screw
(0.016-in dia, 254 threads per in) which holds one end of the heating grid.
The center electrode is brazed into a base which is an extensively modified

AEI-EM6 electron microscope specimen holder.

One end of a coiled Cu gas inlet tube is brazed into the center electrode

base, and the other end is joined to the CVD flange by a "Swagelok" tubing
connector. The flat portion of the base is slotted to permit gas to flow

from the inlet tube to the annular space between the innzr and outer electrodes

and then to the specimen. The center electrode is Be-Cu, selected for its

superior machining characteristics over those of pure Cu,which is unsuitable

for drilling and tapping the miniature holes required.

The outer electrode is attached, by means of three No. 80 NM flat-head screws

(0.032-in dia, 127 threads per in), to the lava insulator which in turn

is fastened to the base with four No. 80 NM fillister-head screws. The lava

*Constructional details of the microchamber were Jescribed in a brief technical

paper (Ref 76), included in this report as Appendix 7.
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Figure 87.

In Situ Chemical Vapor Deposition Microchamber. (A, center
electrode and gas limiting aperture; B, lava insulator;

C, outer electrode; D, heating grid; E, sample; F, removable

aperture; G, aperture cap.)
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Figu-e 88. CVD Microchamber, Disassembled

e A

Figure 89. CVD Flange for Electron Microscope, with

Assembled Microchamber Mounted in Place.

255

R T -,.-, 1

Nadlhe Mt 4 il ol il B B e s st b e e

R T TR P

- e e B



insulator was machined somewhat oversize in the unfired, soft condition, then
fired, ground flat, and lapped to a 2-microinch surface finish. The bottom
of the outer electrode and the flat portion of the center electrode base were
also lapped to a 2-microinch surface finish so that the assembly is gas tight
at these joints when assembled. This portion of the microchamber need not

be disassembled to load or unload specimens.

i e Lt

The outer electrode has a projection containing a sm-ll tapped hole which

3 accepts the No. 40 NM screw holding the other end of the heating grid. A

k threaded cap over the outer electrode holds a thin removable copper aperture

E disk in place. This aperture also contains a 100um hole to permit the electron
beam to exit. The outer electrode and cap are made of Ti, selected for its
machinability, nonmagnetic prcperties, and low vapor pressure at elevated

temperatures.

It was originally anticipated that stainless-steel screws would be used to
attach the heating grid to the electrodes. However, use of similar screws

in the PVD experiments revealed a smail :vace of ferromagnetic material in

the essentially nonmagnetic screws; this created a distorted magnetic field

in the vicinity of the specimen and prevented attainment of maximum resolution
of the electron microscope above 20,000X. Various heat treatments failed

to reduce the ferromagnetic content of the stainless-steel screws, so specially

machined Ti screws were made.

Electrical and gas inlet connections to the microchamber were wade through the

vacuum region of the electron microscope by means of the CVD flange (Figure 89)
attached to the specimen chamber* where the right-hand side of the air lock
was normally installed. The microchamber gas inlet was a coiled, soft Cu

tube which had to be attached to the flange for each experiment with a tube
fitting. The coiled-tube design permitted some translational motion of the

microchamber, thus allowing centering with respect to the electron beam.

*See footnote on p. 241 regarding the specimen chamber. 3
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A gas-handling manifold and metering system was installed on the microscope
and is shown in the photograph in Figure 83 and schematically in Figure 90,
The manifold is of stainless-steel tubing (1/4 in dia) connected to the
microchamber through the CVD flange. Gas was bled into the microchamber
through a Whitey 22RS4-A metering valve, and the microchamber pressure was

measured with a Leybold-Heraeus TM202 thermocouple gauge. The SiHQ:H2 ratio

was adjusted in the gas manifold at atmospheric pressure and then a small

fraction was bled into the microchamber at reduced pressure. The remaining

$as was exhausted and burned off. The entire gas-handling manifold could

be evacuated to a pressure of <10 torr.,

(2) Gas Flow Tests

The gas flow tests conducted with the microchamber and gas~-handling manifold

were of two types: (1) the gas pressure in the electron microscope was meas-

ured as a function of the microchamber gas pressure, and (2) the flow rate

of gas through the microchamber was measured as a function of pressure. The

gas pressure in the electron microscope was measured by an ionization gauge

mounted on the side of the specimen chamber; the microchamber pressure was

measured by the thermocouple gauge mounted between the microchamber and the

metering valve, so the measured pressure could be somewhat greater than the

actual pressure in the substrate region. Both apertures were 100um in diameter.

Results of the pressure tests with only the normal microscope pumping system

in operation are shown in Figure 91, The maximum pressure permissible in the

: -4 g , s
electron microscope was 1 x 10 torr, which corresponds to a maximum permissible

microchamber pressure of approximately 1500 millitorr. The maximum permissible
microchamber pressure varied slightly from one run to another, as shown by the
four tests of Figure?91, presumably dependent upon how tightly the removable

:
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