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& Tae results of a three-year research program are described, The overall objective ;
. vl the program was to carry out a fundamental study of nucleation and film growth 3

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 heteroepitexia
films of Si and GaAs on insulating substrates by chemical vapor deposition (CVD)
methods; 3) development of new or improved methods of characterizing hetercepitexi
semiconductor films; and L4) design and fabrication of selected thin-film devices

% ing adventage of the unique properties of hetercepitaxial films. The program
laovolved both theoretical and experimental investigations of nucleation and growth
mechanisms and development of improved techniques for film and substrate preparatiol
end characterization. The CVD method of growving 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-on-MgAl Oh and
GmAs-on-A1203 systems, The work was divided among seven subtasks: 1) %heory of
zpitaxy and heteroepitaxial interfaces; 2) deposition studies and film growth;

; 3) analysis and purification of CVD reactants; 4) preparation and characterization
g of substrates; 5) studies of in situ CVD film growth in the electron microscope;
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3 Principal technical accomplishments include 1) experimental discovery and
empirical characterization of significant anisotropy in the electrical properties
of Si/A1,0, films of several crystallographic orientations, and theoretical
explanatisn of the effects in terms of a model that combines thermally-induced
stresses due to expansion coefficient differences with the piezoresistance effect in
S1; 2) delineation of preferred substrate orientations, deposition temperatures,
film growth rates, and carrier gas atmosphere for optimized film properties
in the Si/A1203 and Si/MgAlgob systems; 3) identification of the influence of
surface-state couduction on measured elcctrieal properties in Si films with
carrier concentrations <lOl6cm73; 4) identification of the role of the Al 03
surface as a catalyst for the pyrolytic decomposition cf SiHh in the formation
of Si films by CVD; 5) development of gas-phase etching and improved mechanical
polishing techniques for preparing surfaces of Alp0, and MgA120 substrates for
the heteroepitaxial growth of semiconductor films;, g) development of an ion-beam
sputtering technique for preparing ultrathin (<5008) regions in Al,.0, substrates
: for transmission electron microscuoy; T) observation of the in situ growth of 1
b Si by physical vapor deposition (PVD) and CVD on Al503 and amosphous carbon : 4
substrates in the electron microscope; 8) observation and characterization of
the transport of photoinjected electrons through single-crystal A1203; 9) measure-
ment of carrier lifetimes in Si heteroepitaxial films on Al50, and correlation
of lifetimes with various experimental parameters; 10) determInation of surface-
stete density distributions in Si heteroepitaxial films on AlZO 3 and 11) the
successful fabrication in Si/Al,0, of charge-coupled devices e ibiting good
charge-transfer efficiency at h%gﬁ frequencies. - Details of these and other !
results and investigations are given by means of data tabulations, graphs, photo- f
‘§graphs, and narrative. An extensive bibliography of electron microscope in situ

film nucleaticn and growth studies is also included. The report is bound in three |
separate parts, :
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of the mechanisms of heteroepitaxial film growth
guidelines for the PTeparation of better films; 2) preparation of improved,
high-quality, device-grade heteroepitaxial films of 51 and GaAs on insulat-
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
adventage of the unigua properties of heteroepitaxial films,

» to establish technical

The program involved both theoretical and experimental investigations of
nucleation and growth mechanisms and development of improved techniques for
film and substrate preparation and characterization. The CVD method of

semiconductor device industry. Main emphasis was on t
with attention also given to the Si-on—MgA120 and GaAs-on-Al.0
The work was divided among seven subtasks: “] theary of epitaxy and hetero-

epitaxial interfaces; 2) deposition studies and film growth; 3) analysis and
purification of CVD reactants; 4) preparationm and chiaracterization of sup-
Btrates; 3) studies of in situ CVD film growth 1

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

syStems.

Principal technical accomplishments include 1) experimental discovery and
empirical characterization of significant anisotropy in the electrical

pProperties of Si/Al 03 films of several crystallo
theoretical explanagion of the effects in terms o

the piezoresistance effect in S1; 2) delineation of preferred substrate

orientations, deposition temperatures, film growth rates, and carrier gas
atmosphere for optimized fiim properties in the Si/A120 and Si/MgAl.0
systems; 3) identification of the influence of surface-state conductfor on
measured electrical Properties in Si films with carrier
<1016¢p- ; 4) identification of the role of the Al.0

3 2V, substrates for the hetero~
epitaxial growth of semiconductor f%lms; 6) develoRment of an ion-beam

sputtering technique for Preparing ultrathin (<500 ) regions in A]20 sub-~
ftrates for transmission electron microscopy; 7) observation of thé gn situ

growth of Si by physical vapor deposition (PVD) and CVD on A120 and_ghorphous
carbon substrates in the electron microscope; 8) observation ana characteriza-
tion of the transport of photoinjected electrons through single~crystal A120 S
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correlation of lifetimes with various experimental parameters; 10) determina-
tion of surface-state density distributions in Si heteroepitaxial films on
Al1,0.; and 11) the successful fabrication in Si/AlZO of charge-coupled
devifes exhibiting guod charge-transfer efficiency ag high frecquencies.

Details of these and other results and investigations are given by means of
data tabulations, graphs, photographs, and narrative. An extensive biblio-
graphy of electron microscope in situ film nucleatior and growth studies

1s also included. The report is bound in three separat= 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 r=sults to the preparation

of improved semiconductor thin films and thin-film devices on insulating sub-
Strates.

The specific technical objectives were the following: 1) investigation of
various aspects of the mechanisms of heteroepitaxial 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 hetercepitaxial semiconductor film growth on insulating substrates

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

of two types: 1) direct interaction with the experimental 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,J, system, with attention also given to the
Si-on-MgAl 04 and GaAs—on—A120 systems. The work was divided among seven sub-
tasks: 1) gheory of epitaxy ana heteroepitaxial 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
three of the specific subtasks were performed by personnel of the University

of California at Los Angeles (UCLA), in the Department of Electrical Sciences
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 Rockwzll,
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The principal technical accomplishments of the program lnclude the following:
1) experimental disccvery and extensive characterization of significant aniso-
tropy in the electrical properties of SijfA1l 0, Fllus, srd eheorer! al eXplana-
tlon of ths ettect in terms of 1 model that “edmblines tliermally-induced stresses
with the piezoresistance effect in 8i; 2) delineation of preferred substrate
orientations, deposition temperatures, film growth rates, and carrier gas
atmospheres for optimized film properties in the Si/Al.0. and S1/MgAl,0, systems;
}) identification of the influence of surface-state condiction on meaSured elec~
trical properties in Si films with carrier concentrations <1016cm"3; 4) identi-
fication of the catalytic role of the AlZO surface in the heterogeneous pyrolytic
decomposition of SiH, to form Si films by aVD; 5) development of gas-phase etch-~
ing and improved mechanical polishing techniques for preparing surfaces of Al_0
and MgA120 for the heteroepitaxial growth of semiconductor films: 6 development
of an ion-éeam Sputtering techknique for Preparing ultrathin (<SOOX) regions in
A120 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 electron microscope; 8) observation afd
characterization of the transport of photoinjected electrons through single-crystal

i 9) measurement of carrier lifetimes in Si heterovepitaxial films on AL, O ;

Al,0
10; aetermination of surface-state density distributions tn Si heteroepitaxial

films on Al.0.; and 11) the successful fabrication in Si/Al_0. of charge-coupled
devices exhibiting good charge-transfer efficiency at high requencies.

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

Subtask 1; Theory of Epitaxy and Hetercepitaxial Interfaces. Several separate
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-Eunction/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,0, lattice with Morse potentials
and a suitable computer program; mechanical stabi%igy and surface reconstruction
phenvmena in Al1.0. were treated successfully by this method, Involving relaxation
of the several itomic Planes nearest the Al.0 surface. An electron-on-network
method was also considered for determinatioh of surface atom configurations and
interfacial binding energies in situations where the surface structure is allowed

to relax, but was also eventually found Inadequate for realistic calculations in
heteroepitaxial systems.

Extension of the modeling te the Si/Al 03 composite was interrupted by the
theoretical investigation of the effec%s 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 (OOl)Si/Alzo3 and ~40% anisotropy in (221)SL/A120 . A model com-
bining thermal expansionstress and the plezoresistance effec%, incorporating the
anisotropies in substrate thermal ex,ansion, Sl wlnwtie eofstauts, aud 51 piezo-
resistance coefficients, was developed and applied to (001), (221) and (LL1)Si

vi

Ly h v e S S

S8 e b i s

e L i er o

Lo o oy S AT A R o

SRS




I SIS ARt L e S S s At cpeie i S SR iy R I L
VD T, o 3 R e R S P e A s D R R S D e Loty G S RS A Atk A PR R TN 4 TRE A

films on A120 « Excellent agreement was obtained between theory and experi-
ment in the f%rst 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 toG Bmall to account for the experi-
meutal observations, indicating that other (not yet identified) phenomena are
more important in determining anisotropy in the (111)Si/A1203 system.

Extensive calculations were made for the general (xx1)Si orientation (0<x<™),
vhich defines all Si orientations along the zone that includes (001), (111),
(221), and (110)Si and thus all of the Si/Al 03 epitaxy inodes of major interest.
For n-type Si/A120 » the predicted stress ef%ects ranged from a ~30% reduction g
for (001)Si to a ~25% enhancement in naximum 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,
tshere My is the zero-stress mobility., 12 is significant that Bhe Si film orienta- ;
cion most used in commercial devices - (001) - is the one showing the lowest E
mobilities of all those investigated. Thus, considerable improvement in perfor- ;
ne of certain types of devices could be realized by exploiting these predicted 4
€. ects, which have major significance for heteroepitaxial device technology.

Loson s bie

Subtask 2: Deposition Studies and Film Preparation. A major part of the work
¢f this subtask consisted of preparing a variety of Si and GaAs heteroepitaxial
:+lm samples for use in other parts of the program. Experimental investigations 3
of the effects of various deposition parameters upoa the properties of Si and
G2As films continued throughout the pirogram, 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- 3
erties with thickness; 3) formation and properties of p-type Si/A1,0, films;

4) effects of autodoping (at temperatures above ~1050C) in Si films on Al,O, and
MgA120 ; 5) effects of reactor configuration on film properties; 6} characGteristics
of eariy—stage growth of Si films on A1,0,; 7) growth of Si films by SiHA pyrolysis
at reduced pressures (1 to 10 torr); 8)°“gfowth of Si films in gaseous atmospheres
other than pure H2; 9) effects of annealing during growth on properties of Si E
films (no significant improvemeni in film properties observed); and 10) growth

of GaAs films on Al,,O3 and MgAl 04. These studies revealed the strong inter-
relationships that éxist among %he various parameters involved in optimi.ing Si
growth on insulators. Evaluation of the electrical properties of Si films on
Al,0, demonstrated that growth conditicns () must be optimized for the particular
su sgrate orientation chosen; (2) differ for ihose Al.C. orientations which pro-
duce the same Si oricntation; (3) are dependent upon reactor geometry and gaseous
atmosphere; and (4) must be optimized for the particular film thickness desired.
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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)Al1.0. or (111)MgA1204, the highest mobilities “
being obtained on (111)MgA1204. agtimum growth temperatures varied with sub-

strate orientation: (100)Si”on (0112)Al 03, 1050-1075C; (111)Si on (1014)A120
1075-1100C; (111)Si on ~(1120)A1,0,, 1075=1100C; and (111)Si on (111)MgAl 04,
~1025C. The preferred growth atmoSphere appeared tc be either H2 or a He- 2

3’
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mixture for growth on (0112)A120 or ~(1120)A1.0 , but both (10I4)Alﬂ0 and
(LL1)MgAL O, apparently need a"He-rich atmosphere (~90% He-10% H,) for obtaining
high qualfty films. For essentially every orientation studied, growth rates from
~2um/m£n to ~4pm/min were found suf ficient, although good growth was also achieved
on (OllZ)AlZO 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

S1/AL,0. film properties and thus to improved performance an] reliability in
\ 2°3 :
SL/A1203 devices and circuits.

Subtask 3: Analysis and Purification of CVD Reactants.
of the varlous reactants used for CVD of Si and GaAs hete
provides the real limitation on the achievable impurity 1
selves, a study was undertaken to cttempt to identify and
tions of the principal impurities in the reactants that mi
properties if they were to become incorporated into the fi
ing the flrst year, techniques (. 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 too 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 éor impurity content by sensitive mass spectrometric

techniques. Disilane and trimethylsilane, together with several other impurities
of less concern, were found in the SiH4 samples.

Since the impurity content
roepitaxial films probably
evels in the films them-
egtablish the concentra-
ght influence the film
lms during growth. Dur-

Significan: Impurlty concentrations in some of the reactants (especially SiH,)

at times limited the accuracy of the study of the effects of deposition parameters
on 51 film properties. Cooperative efforts with verdors for preparation 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 only 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 laboratories for

the same tank of reactant and the differences in detection limits for the same
eclamear or evmpound that dMEferent 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 proersses used for growing hetervepitaxial films of $i and GaAs, investi-
gations of the reactions involved in the Fformation of 5i by SiH, pyrolysis and

of GaAs by the trimethylgallium (TMG)-AsH, reaction were undertaken. The influ-
ence of thé Al,0  surfare on the weehanish of decvuwpusition of SiH, as a function
of temperature; and the decomposition modes and reaction products of TMG and

viii




AsH, as functions of temperature, concentration ratio, and H, partial pressure
(to attempt to determine the requirements for iormation of op%imum—quality GaAs)
were examined. It was found that the surface of single-crystal Al 03 does
catalyze the thermal decomposition of SiH,, whereas the pyrolysis %s homogeneous
over a Si surface. No effect of preheating the Al,0, to temperatures as high

as 1200C was found. A variety of observations madé on the TMG-AsH system
included the following, among others: 1) GaAs does 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 reactions 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 rou-
tinely %or 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)Al1,0., was
developed, and very good surfaces in this previously troublesome orTiehtation
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)Al 03 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 03; and (3) assessing

the subsurface damage caused by various mechanical pofishing procecures.,
Evaluation of mechanical polishing methods for MgAl (0. surfaces indicated that
surface fill-in occurs for this material, just as for A1,0,. Some exploratory

gas-phase etching experiments with MgAJ.ZO4 surfaces were also carried out during
the second year of the program.

Lon-beam sputtering techniques were developed for preparing ultra-thin
(~200A)A1,0., wafers for use as substrates in the in situ CVD experiments with
Si. Wafers~successfully thinned to ~50um or less by mechanical polishing tech-
niques were subsequently thinned by ion etching to the point of perforation

in some areas, resuliing in adjoining regions of thicknesses suitable for
transmissicn electron microscopy as applied in the in situ experiments. Three
different Al,C, orientations were successfully thinned by this method - (0001),
(1014), and (oﬁz). 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 were
used in the in situ CVD experiments (Subtasl 5).

Mechanical lapping and polishing methods that produce good quality surfaces 3
suitable for use as substrates for epitaxy were_developed during the contract .
for_several orientations of Al 03 - (0001), (0112), (1014), (1120), ~6 deg off
(1120) and (1122). By means 0% etch-rate techniques developed for this 4
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material it was possible to determine the apparent depth of damage in Al O3
substrate wafers at various stages of preparation. At a given stage in ghe
processing, the damage depth was found to increase for varjous orientations
in the following order: (1014), (1120), (0112), and (0001).

A technique utilizing the photoelectric process in a metal-insulator-
semiconductor structure, consisting of an A120 substrate with a Si or GaAs
film grown on one surface and a semitranspareng Al film on the other, demon-
strated that photoexcited electrons from either the semiconductor or the
metal film can be transported through single-crystal Al,0, of several mils
thickness. Further study of the charge transport process also established
that (1) the A1,0, used for substrates for growth of hetervepitaxial semi-
conductor films“has trap levels approximately 0.18 eV below the conduction
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,

Routine characterization of substrate surface
tion continued throughout the program, utiliz
of x-ray and electron diffraction analysis an
scanning) microscopy.

8 at various stages of prepara-
Ing various standard techniques

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
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 microscope
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 deposited

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
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 SiH,. The nucleation and early growth of Si on both amorphous
carbon and single-crystal A120 substrates was observed, leading to the
following conclusions: 1) thé pyrolysis of SiH, to form Si films by CVD
inside the electron microscope is feasible; 2) "the in situ study by trans-~

viii-b

d optical and electron (including

5 -r?s'\-d“‘*f"" h.-'u-»;? L

S e = ]



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 differeices 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 A1203
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 diffract.on analysis, metallographic analysis,
and electrical measurements of transport properties. A new 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/Al1.0 and
GaAs/A1,0, systems. These measurements gave values of 1.0eV for thé 2lectron
affinity of A120 s 3.15eV for the barrier height at an Al,0_-Al interface,
4.50eV for the Sg—Al 03 interface barrier height, ~0.37eV f3r the band-
bending in Si near tﬁe Si-Al 03 interface, ~0.10eV for the band-bending in
GaAs films near the A1_0 in%erface, and electron escape lengths of at least
12um in Si and 23um 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. Experiments indicated that
Si/insulator films have less imperfect interfacial regions than do GaAs/
insulator films. The best structures of those examined were found in £100)Si
films on (0112)A1.0. substrates and in (111)Si films grown on near-(1120)A1.0
273
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 A].Q substrates in a conventional (atmospheric-
pressure) vertical-flow CVD réadtor. 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 hi her 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 experiments, especially in the second
and third years; measurements of film conductivity type, resistivity, carrier
concentration, and carrier mcbility 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/A1203 and Si/MgA1204 film properties, and provided
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considerable insight into the factors which most strongly influence film

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

[t was determined that the electrical properties of undoped n-type lietero-
epitaxial Si films orown on various orientations of Al.O (and also MgAl 04)
by the pyrolysis of SiH, are domingted by surface-state conduction for
carrier concentrations of ~1016cm™ 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 from 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 electricai properties of Si/ALZO, with temperature,

and some of the observed effects were attributed t& %igh defect densities
(e.g., deep-lying donor levels) or inhomogencous strains in the films.

The most significant development to come from the film evaluation procedures
was the observation of the anisotropy in electrical properties in Si/Al.0
films. Mobility measurements as a function of azimuthal direction (every

18 deg) in the film plane indicated a maximum mobility in two directions and
a minimum mobility in two directions, the latter displaced by 90 deg from

the former. The mobility anisotropy factor A, defined as the ratio of the
dif ference between the maximum and minimum values of mobility in the plane
of the film to the average value of the mobility in that plane, was_found

to be about 40% for (221)Si/(1122)A1.0. and about 9% for (001)S8i/0112)AL1.0.,.
Results of theoretical calculations {Subtask 1) agreed well with the exper?-
mental data. The calculations and the experimental results indicated that
(221)Si exhibits higher electron mobilities than other more commonly used
orientations. Measurements of anisotropy at 77K were also consistent with
the corresponding increases in plezoresistance coefficients at that tempera-
ture. Data analyses predicted zero-stress mobilities significantly below
bulk crystal values, however, indicating mechanisms other than thermally-
induced stresses were dominant in reducing carrier mobilities in hetero~-_
epitaxial films. Extensive studies of (111)Si on (llEO)AlZO, and on (1014)A1203
gave experimental anisotropies averaging 16% and 30%, respecgively, much
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/MgAlzoa system.

The surface-state density of thermally oxidized Si films on AlL.O. was deter-
mined late in the program using the MOS C-V technique. Evidence 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-
ments 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. 1In the first year of the
contract apparatus for 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/A1.0. films as a means of evaluating their
electrical properties were not stictessful 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 siructures in GaAs/insulator films
for operation at 1 GHz. Most of the device-oriented effort centered about
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®

The Schottky-barrier FET structures were still not satisfactory. Preliminary
work on fabricating and evaluating Schottky-barrier photovoltaic cells using
illumination from the back side was begun, and charge-coupled devices (ccb's)
in Si/A1203 composites were successfully designed, fabricated, and tested.

The lifetime measurement method used has the important advantage that the
actual carrier lifetime is magnified by the factor N/n,, where N is the
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 cof surface
recombination velocity were obtained for As-doped n-type Si/A1,0, samples

and for As-doped n/n*-type Si/A120 samples grown by CVD on this contract,

as well as for some commercia]ly-ogtained Si/Al1,0., samples that were P-doped.
Lifetimes for As-doped (100)-oriented Si varied " from ~10~10 gsec for films
1-3pm 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.

No clear dependence of lifetime on As doping concentration or on Si orientation
((100) and (111) were §tudied) was detected. It was found that an underlying
nt layer (~3 x 1018cm™ ) si§nificantly enhanced the lifetime in a 3um top

layer of As-doped (~1016¢p™ ) Si for a given total film thickness, the enhance-
ment being greater the greater the n layer thickness (T~lpusec for 18um total
thickness); the nt sublayer evidently acts as a "getter” for the trapping
centers that tend to lower the lifetime in the n~-type material.

Since CCD's had previously been fabricated in Si and showed good charge transfer
and since other Si/Al O3 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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efficiency at high frequencies;
at 2MHz with 0.99 efficiency.
to be limited by the short carr
potential well,

four-phase 8-mil-per-cell CCD's were operated
Low-frequency operation, however, was Ffound
ier lifetime which allowed charge-up of the
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WORK FUNCTIONS AND
3 SURFACE DOUBLE LAYER POTENTIALS OF MONOVALENT
8 METALS FROM A NETWORK MODEL*

P. K. RAWLINGS and H. REISS
Department of Chemistry, University of California, Los Angeles, California 9.124, U.S.A.

Received 24 August 1972

The model described in this paper uses an electronic wave function which is defined to be

nonzero only along the lines connecting first nearest neighbors in the metal’'c lattice. The

electrons are assumed to move freely along the lines between nearest nieighbors. No

electron-electron or electron-nucleus force is included in the model calculations (except
i for forces arising from the Pauli exclusion principle). The work function is defined as the
- amount of energy required to move an electron from a point slightly inside the crystal to
a point slightly outside. The contribution of the electronic double layer is included in the
calculation of the work function as well as the dependence of the double layer potential
on the surface geometry. Surface states, where the electron is localized in the neighborhood
of the face of the crystai, are found to have energies sufficiently above the Fermi level to
eliminate the possibility that they make any contribution to the double layer potential for
the case of the (100) crystal plane. Consequently, surface states have been ignored in all
: the calculations. The surface double layer is assumed to be caused by the presence of a
4 finite potential barrier at the surface of the crystal. Bulk electronic wave functions can
3 penetrate this barrier and decay exponentially outside the crystal. The only parameters
required by the model are the nearest neighbor distance for the lattice and the height of the
potential barrier at the surface. The former quantity is fixed by the lattice structure
,; (body centered cubic for the alkali metals) and by the density, while the latter quantity can
be adjusted to give the best agreeinent between the m= el calculations and experiment,.
For the alkali metals, lithium through sodium, the best value of the barrier height is
about 507 of the sum of the ionizatior: potential energy, the heat of vaporization, and the
calculated Fermi level for the corresponding metal. In addition, the value of the double
layer potential for sodium agrees very well with a .nore sophisticated calculation by
Bardeen and is reasonably close to the experimental measurement.

O O

1. Introduction

The free eleciron molecular orbital method (FEMO) has been successfully :
applied by Kuhn!) and by Rudenberg and Scherr2) to the treatment of
n-electron systems in conjugated molecular systems. As in the case of Hiickel {
theory?), the free electron orbital method is directed towards the develop- :

* Research supported under NSF Grant # GP-28722X ard North American Rockwell
Corporation PO # AOWV-52]328M3.
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ment of a ‘“‘relative’ internally consistent theory for these complicated
systems. In the case of Hiickel theory, parameters such as overlap integrals
are determined by experiment in one molecule and are assumed to have the
same magnitude in others, Strictly speaking, in the FEMO method there are
no adjustable parameters (unless the distances between atoms are allowed to
depart from the values actually observed in the molecule). Nevertheless,
both methods provide a reasonable semi-quantitative picture of the electronic
state of affairs within n-systems, and have been useful for making semi-
quantitative estimates concerning the chemical and spectroscopic properties
of n-systems.

Recently Montroll and his coworkers 1) have expanded the FEMO method
to include the treatment of local potentials due to individual atoms. The
theory of course remains highly schematic, as well as paranieterized, but it
does allow relatively simple analytical solutions to be obtained for previously
complicated problems. In this way, Montroll and his collaborators have
been able to explore the qualitative features of many interesting solid state
phenomena including the electronic properties of defects and surfaces.
Since the original FEMO meuthod proved useful in the semi-quantitative
discussion of the electronic properties of molecules, it is interesting to see
whether both the FEMO and Montroll's modification of it can be used in the
semi-quantitative study of solids. We have in mind not only the examination
of schematic relationships (Montroll and his collaborators have already
done that), but also the development of an internally consistent parameter-
ized theory in the same spirit as Hiickel theory.

In order to study this question, we have elected to apply the network theory
to the estimation of the work functions of monovalent metals, especially
the alkalis. Our principal objective has been to determine the work function
and its variation with crystal orientation, The approach is as simple as
possible, involving a single adjustable parameter, namely the difference
between the cnergy of a free electron in vacuum and the lowcest level of the
conduction band. This parameter is invariant to crystal orientation and
could in principlc be determined from measurenients on a single crystal plane.
All refinements, such as exchange arl correlation effects, are explicitly
ignored but should be implicitly involved within the barrier height which
constitutes the adjustable parameter mentioned above. The detailed explicit
treatment of these additional effects would be inconsistent with the severe
approximations already contained within the theory., One would hope,
however, that the network model would give a reasonable semi-quuntitutive
account of the variation of work function with crystal orientation, once the
adjustable parameter is determined, by using the experimantal duta available
for one crystal plane. Furthermore, one would hope that there would be an
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? orderly relationship between the predictions of the theory for one alkali 3
metal as compared to another.

; 2. The network model

Our treatment actually makes use of the FEMO method coupled with the
Green’s function approach developed by Montroll for the treatment of
defects and surfaces in connection with his more elaborate network model.
The one clectron wave function is chosen to be nonzero only along the lines :
connecting the first nearest neighbors in the metallic lattice. This is equivalent .
te requiring that the potential be infinite everywhere within the crystal except :
on these lines. The electrons are assumed to move freely, i.c., we do not i
associate potential wells (as in the Montroll modification) with the individual ,
atoms. To this extent, our model is more like the original FEMO method,
However, we shall have to make use of the Bloch theorem5) in order to deal
with the crystal and the Green’s function approach will have to be used to
treat the extended defect represented by the surface. The crystal symmetry
enters the problem through the nodal conditions eqgs. (3a) and (3b) below,
and through the Bloch theorem.

The work function is defined as the amount of energy required to move an
electron from the point slightly inside the crystal to a point slightly outside,
and is effectec by the electronic double layer$) which in turn depends on

crystal surface. One of our main tasks will involve calculatin
this doubl: layer.

e
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As long as an electron remains on a line joining two nearest neighbor
atoms inside the lattice, it has no force acting on it, and its potential energy
may be set equal to zero. We assume that an abrupt change in potential
occurs as the electron moves on to a dangling surface bond where it ex-
periences a constant potential Vg (V>0). The surface barrier Vy is the only
parameter in the theory and will have to be determined through reference to
some single experiment. In fact, the form of the potential barrier in the real
crystal is not abrupt, but since we are searching for the simplest possible
parameterized theory (and also because of the severe approximation already
contained within the network model itself), we assume that it js abrupt.
The dangling bonds for surface atoms have the same direction as if they were
joined to another lattice site; but instead of being of length R (where R is the
nearest neighbor distance), they extend all the way to infinity. The wave
equation for this system may be expressed in the following form:

VA = (2t - k%) y, (1) ’

=2mV|h* 1> =2mKE[h?, and ¥ is the electronic wave function,
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ni tire mass of the electron, KE the energy of the state described by i, V the
potential, and K is Planck’s constant divided by 2. Clearly ¥ (and x) equals
zero Tor positions along bonds in the bulk, while V= Vy on the dangling
bonds. The solutions of eq. (1) for the surface and bulk bonds, respectively,
are:

Yo =a,exp!— (2> — k) x}, X<+4w, (2a)

0<
Yy = agcos {kx + dg}, 0<xgR, (2b)

Each ¢ is defined only on a particular bond and is zero elsewhere. Where
several bonds meet at a lattice point, the wave functions associated with them
must be equal. In addition, there are requirements associated with the con-
servation of momentum. These restrictions may be expressed as follows?):

Vi (0) =42 (0) = ¢5(0) =...= ¢, (0), (3a)

n

s
().
(}X x=0

i=1

In these equations n is the number of bonds meeting at a particular lattice site.
If the quantity ¢ (/, m, n) is the value of the wave function at the lattice

site (4, m, n), egs. (3a) and (3b) require, for a body centered cubic lattice, the
following relationship:

Beos(kRYp(Lm,n)=¢p(l+ 1, m+ 1, n+ 1)+ ¢ +1,m— Ln+1)
+q’>(l—|,m+|,n+l)+r,b(l—|,m—I,n+l)
+o(+l,m+lLn=1)+¢(+1,m—1,n-1)
toll—lLm+ln=1)+d(Il—1,m=1,n-1).

4)

In addition, for the bulk crystal we make use of periodic boundary con-
ditions:

dLmon)y=¢(l+N,mn)y=¢(l,m+ N, u)= G(l,mn+N). (35)
A possible solution to egs. (4) and (5), which also satislies Bloch's theorem, is;

f2mi
G, m,n)=Aexp l by (Is) + ms, + nsy)p, (0)

where s, 5,5, 53=1, 2, 3, ..., N. Substitution of eq. (6) into (4), with appro-
priate collection of terms, yields:

(kR 2ns, 2ms, 2ms, E )
s(kR} = cos cos| - -—*]cos| - =E.
cos )} = cos w N $ N

A=l

LTRSS
Satiler i iy S

Dl rinde Lhdes &

S TR P TE T vy )

B




584

P. K. RAWLINGS AND H. R11SS

Since the ensrgy of an electron depends on k, and s,, 5,, and s, are indices
denoting possible states of the system, eq. (7) determines the density of states
for network. The density of sets (51,55, 53), satisfying eq. (7) in the ringe dE,
has been derived, in another context, by Jelitto?) (see fig. 1). The density-of-
states function is symmetric about cos (k R)=0, and it follows that the Fermi

1000.0 |-
750.0 |
w
T
X\ %000 |
]
Z
©
2600 [
0.0 l 1 1
-1.0 -0.8 0.0 0.3 1.0

E

Fig. 1. The densily of siales, dNn/dE,

for a body cenlered cubic lanice plotied as a
function of E, w

here E is defined 10 be 1he cosine of 1he reduced momenilum wave vector,
kR. This graph is given by Jelitio?).

level of the network corresponds to an energy level such that AR=4n.
Therefore, the Fermi level is given by:

we = h*32 mR?. (8)

In order to deal with surface states, we assume that the network is infinite
in both the x and y directions, but has a finite thickness in the z direction.
It is possible to write a general relationship [analogous to =q. (4)] which
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applies to either bulk or surface sites. Thus, we have:

Scos(AR)p(Lmm,m)—p(I+1,m+1,n+1)—dp(I+1,m—1,n+1)
—¢(I=1l,m+lLn+)=dp(U=1,m=1,n+1)
—p(+Lm+l,n=D=¢g+1,m—=1,n-1)
—¢(=1t,m+lL,n=1)—¢d(—=1,m—=1,n~-1)
=H(l,m,n), (9a)

G+ N, m,m)y=¢(l,m+N,n)=¢(l,m,n), (9b)
where

H(l,m,n)=[8, + 0, v.][4cos(kR) =44 (kR)] ¢ (I, 1. n)
=0, U+, m+1,N)+d(I+1,m—1,N,)
+o(I=1Lm+1,N)+d(I—-1,m—1,N,)]
—Opn [P+ L,m+ 1) +p(I+1,m—=1,1)
+o(I—=1Lm+1,1)+¢(I=1,m—1,1)],

TS
A(KR) = [(“'3)(“-)(2/‘ R) ] sin (kR),

and the §'s are Kronecker delta functions. An equation of this general form
was introduced by Montroll ') although he did not specilically treat the case
in which an abrupt barrier of finite height ¥, was located at the surface.
We assume that the z-direction is the (001) direction and that the exposed
surfaces are (001) surfaces having coordinates z=1 and z=N,, respectively.

Because of the finite extent of the crystal in the - direction, we can no
longer demand that ¢ satisfy the Bloch theorem in that direction. However,
this requirement may still be applied to the x and y directions. A solution to
€q. (9a), which satisfies the Bloch theorem in these directions, is:

2ni
d(l,m,n)=A exp{ N [s,] + szm]} &(n),
S, 8, =1,2,3,..,N. (10)
If we substitute this into eq. (9) and collect terms, the resuit is

2Fgp(n)—@(n+1)—d(n—1)=Hg(n), B
in which

118(") = [‘sn. 1 + (Sn. N;] '7"’ (n) - ‘sn.l ¢(N:) - (5n.N, (D(l)s
Fy = cos (kR)/[cos (2rs,/N) cos (2ms,/N)],
n = [cos(kR) — A(kR)]/[cos (2ms,/N) cos (2ms,/N)].
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A difference equation having the same form as eq. (11) has been solved by

Montroll4) using an appropriate Green’s funetion, g (1). In terms of g, this
solution may be expressed as:

N!
()= 3 g(j—n)Hy(j), (12)

i=1

where the Green's funetion is defined as:
N:
1 exp (2risn/N.
g (”) = - _xp,( _n_“_’./._') . (IZu)
2N, Fy — cos(2rs/N,)
a=1

For the |Fy|> 1, @(n) decays exponentially as n refers to sites further from
the surfaee, i.e., deeper in the bulk of the erystal. Therefore, this range of F
is the range for surface states; and by substitution of the solution in this range
baek into eq. (1), it may be shown that the following relation holds:

[eos® (kR) — A2 (kR)]} = cos (2ms,/N) cos (2rs,/N). (13)

This equation is, for surface states, the equivalent of eq. (7) for bulk states
and, like eq. (7), determines the density of states.

The bulk wave funetions may be normalized as follows. First, the square ol
the wave funetion (square of the mod ulus) is integrated over eaeh individual
bond, yielding a quantity proportional to the fraction of eleetrons residing
on the bond. This fraction is then summed over all bonds and the sum is set

equal to unity. The fact that each state is occupied by two eleetrons is then .

taken into aeeount at a later step by multiplying the density of states funetion,
eq. (16), by 2. The integral for the square of the wave funetion on a dangling
surfaee bond is, aecording to eq. (2a):

]

U 2
D, = |¢>(O)Izjcxp(— 2fix)dx = |'l’~2(/f)| . (14a)
(1]
In the above equation, fi=(x*—x?)} and i “ (0)| is the value of the wave
function at the surface node. The integral for the square of the wave function
on a bond eonnecting two nearest neighbor lattice sites is, from eq. (26};

R
1 in [ 2(AR + 35)] = sin (26
D,,=.[eosz(kx+6,,)=7{k T flzz)-] il ‘“)}, (14b)
0

where R is again the distance between nearest neighbors, 1t should be noted
that although both the above integrals depend on the kinetic cnergy of the
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electron, D; is also a function of the surface barrier height, while Dy is a
function of the distance R. In a body centered cubic lattice, each site has
eight first nearest neighbors and therefore eight radiating bonds. However,
for interior sites, each of these eight bonds is shared by one other lattice site
and s each interior site has only four boads on the average.

In accordance with the prescription laid out above, we therefore write the
following expression.

4DB|aB|2N3+"'+ 0(N2)=l’ (lsa)

where N is the number of sites in the lattice and N2 is proportional to the
number of surface sites. All terms on the left of eq. (15a), except the first, are
of order N2 or less; and since the size of the network can be thought of as
being arbitrarily large, only the cubic term needs to be considered. Con-
sequently, the following expression is obtained:

lagl® = 1/4DgN?>. (15b)

It turns out that for reasonable values of the barrier height, V', surface
states on the (0, 0, 1) plane have energies above the Fermi level and are
consequently unoccupied. As a resuit, surface states do not influence the
surface double layer potential or the work function, a' least not within the
requirements of the network model. Thus, the properties of the surface states
need not be included in the calculations for the double layer and work
function which follow. We can therefore make full use of the density of
states derivable by the method of Jelitto 7).

This density of states in reduced momentum space is:

dN
p(kR) = Cy sin(kR) dE", (16)

where dNg/dE has been expressed rigorously by Jelitto in terms of elliptic

integrals. It may also be approximated using more elementary functions
as follows:

dn 5.845\ 7
Pa 201 = [EIJ}| In{ === )] [16.679 + 3.6364 |E] + 2.4880E|?] ;
dE I [E|
an expression good te four significant figures over the range 0.005 < |EI<1.0;
E=cos(kR) aud Cy is a normalizing constant such that the total number of
quantities in the region 0<kR<m is N3, i.e.,

fp(kR)dkR =N,

0
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Because the expression for p (k R) is rather complicated, the above integral is
evaluated most conveniently by numerical means. Unfortunately, the value
of dNy/dE is infinite for |E|=0, and the numerical integration cannot be
performed over the entire integral even though the integral converges. The
density of states function, p(kR), is symmetric on the integral about the
point kR=4n, and consequently the numsrical integrations need only be
performed from kR=0 to k R=u, where u <4n. There will be some uncertain-
ty about the exact value of Cy, depending o.. the choice of upper limit for the
integral. For the calculations in this paper, u has been set equal to 0.4985 =,
This particular value was chosen for two reasons: (1) the approximation for
dNy/dE is known to be reasonably accurate over this range of integration,
and (2) the value of Cy, differs by only a few percent from the value assumed
when the upper limit on the integral is changed from 0.485 1t to 0.49999 .

3. Estimation of surface charge

The charge on each dangling surface bond may be calculated in a straight-
forward manner, being proportional to D.,. Muttiplying this ratio by 2 to
account for electron spin and finally integrating over all states (all possible
values of momentum) gives the fraction of the total number of electrons re-
siding on a surface bond. We call this quantity G (aR):

- - cos? (ds) p(AR)
e ey [ LR - (kk)"]‘*( 2N° )
G(aR) = jz;)(AR) D, d(kR)= » Sn (2R T 50]] — s (260) d (kR).
v T
(17
In this equation, D, is defined by eq. (14a) and:
s(AR) -1
an(a) = 0 W00 = el eos? ()

These two relations are derived from the requirement that the square of the
modulus of the standing waves represented by eqs. (2a) and (2b) must be the
same at all lattice sites for wave functions associated with the bulk energy
states.

Because of the difficulties already discussed in connection with p(kR),
the actual upper limit of integration used in these calculations was 0.4985
instead of 4n. The bulk wave functions are assumed to differ only by a phase
factor from one lattice site to another even at the surface. Because G(aR)is
normally a few tenths of an electron or less, and because the conductivity of
the metal is high, all the positive charge, balancing the negative charge

A-9
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located outside the lattice, is assumed to reside on the crystal surface. The
total positive surface charge is therefore::

o, = nﬁ(atR)(Z‘)e, (18)

b

where 1, is the number of dangling surfacc bonds and (N,/A.) is the number
of sites per unit area, while ¢ is the charge on an clectron.

4. Calculation of the double layer potential

The work required to move an electron from the surface to some point
outside the crystal may be calculated using Gauss' theorem. Since the
distribution of electric charge is uniform parallel to the cfyslzll surface, the
field acting on any electron is perpendicular to the surface and has an inten-

sity: F(x) = 6 (x)/so, (19)

where £,=8.85x107'2 C%/(N-m)? and o (x) is the net amount of positive
charge lying between the surface and the point x on the dangling bonds.
The charge a(x) is evaluated from the expression:
o 08" (B)uxp(= 2px)
N, [(xR)* — kR)*] p(kR)
( )ef Sin[2 (kR + dp)] — sin(20,) 2N
+ . — 2I\R T

d(kR)  (20)

S

in which we have combined eq. (17) with (2a). The work performed against
the double layer is then:
Wo =Ko | F(l)al. @)

O

In this equation, d/ represents distance along the direction of thc surface
bond, and Kg is a factor such that K;d! is the distance normal to the surface.
The integral ineq. (21) is most convenicntly evaluated in tcrms of the reduced
distance //R, and the exact value of the upper limit is not very important
because essentially all of the contribution to the double layer potential occurs
within less than five times the nearest neighbor spacing from the surfuce,
Thus, within the limitations of this model, changes in the double layer
potential from one surface to another are determined by the variations in
three fuctors: (1) the numbcer of lattice sites per unit area of surfacc, (2) the
number of dangling surface bonds at cach site, and (3) the geometric faclor
Ky
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5. The work function

As indicated earlier, the work function 1s defined as work necessary Lo
move an electron from the point just inside the lattice to a point just outside.
The energy required for this process depends on the geometry of the surface
through which the electron passes because of the contribution of the double
layer. In keeping with the simplicity of the network model, the work function
We is defined as: We = Ve — e — W,y : (22)
whereas before Vy is the surface barrier, g is the Fermi level, and now we
denote the double layer potential by Wp,. The first two quantities on the right
of eq. (22) are independent of surface orientation, and the variation of work
functions with surface is therefore due to Wp.

The double layer potential, eq. (21), can be expressed most conveniently
in the following form:

Wo (aR) = A1 (aR), (23)

= (3) () ()

and is only a function of the nearest neighbor distance and surface geometry,
while /(«R) is an integral which depends only on the product «R. The values
of I(«R) for various «R have been listed in table 1. In table 2, the densities of

where

TaBLE |
aR I{aR) aR I(aR)
0.6 0.10553 1.2 0.01447
0.7 0.05890 1.3 0.01207
08 0.03944 1.4 0.01025
0.9 0.02879 1.5 0.00882
1.0 0.02215 1.6 0.00767
1.1 0.01765
TABLE 2
Density ~ hearest neighbor o) AL (011
Element 3 distance
(g/cm?3) A) v) v)
Lithium 0.534 3.038 25.82 18.26
Sodium 1.007 3.666 21.39 15.12
Potassium 0.870 4.594 17.08 12.07
Rubidium 1.532 4937 15.88 11.23

Cesium 1.873 5.349 14.67 10.37

I
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the ulkali metals and their first nearest neighbor distances are given, as well as
the values of A, for the (001) and (011) planes.
The surface barrier ¥, may be estimated by the following expression:

Vox I+ I + pg. (24)

Here 7'is the ionization potential for an atom in gas phase, I is the heat of
sublimation per atom, and yi; the Fermi level which can be estimated from
€q. (8). Eq. (24) approximates an equation given by Wigner and Bardeen 6)
and has its origin in compuring certain clectronic integrals which occur in the
expression for Iy with integrals which also occur in expressions for 7 and H.
The barrier height may also be estimated by adjusting 1’y so that the value
predicted by the nctwork theory agrees with experiment. This was done for
the alkali metals using the work function calculated for the (001) plane,
The experimental heats of vaporization, ionization potentials, and work
functions have been compiled from various sources by Wigner and Bardeen 6).
In table 3, we compare the barrier heights estimated from €q. (24) with those
obtained through adjustment of ¥, to make the work function calculated by
the network model agree with experiment. The best fit value obtained from
the network model is always about one-half the value derived from eq. (24).
On the other hand, eq. (24) is itself by no means precise. Considering the
s'mplicity of the network model, the results are not very disparatz. In fact,
in the case of both Hiickel theory anu the FEMO method applied to mole-
cules, the same order of magnitude is observed for the mismatch between
theory and experiment.

Also included in table 3 are double layer potentials for two different sur-
faces. Bardeen®), using the free electron model, calculates that the surfice
double layer for the (110) plane of sodium is 0.4 V. The network model
predicts a value of 0.37 V (using the value of Vg which brings the theoretical
and experimental work functions into register) as compared with an experi-
mental value8) of 0.}5 V.

From these results, it appears as though the simple network model posses-
ses about the same quantitative degree of validity with respect to surface
state problems that the FEMO model possesses with respect to molecules.

This suggests that it may be used to make ballpark estimates in a variety of
solid state situations.
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Anisotropy in electrical properties of (001 Si/(0112; ALO,

A. J. Hughes and A. C. Thorsen

North American Rockwell Corpuration, 3370 Miraloma Avenue, Anaheim, California 92803

(Received 30 October 1972)

A detailed investigation of the Hall mobility has been carried out on a series of ~ 2-p-thick n-type
{001} sizjo1 12] AL, O; films. A specially designed Hall bridge pattern has been used to obtain
independent measurements of mobility as a function of current direction in the plane of the film.
The data show an anisotropy in the mobility of approximately 9%, with a maximum in mobility
occuring along the (100 Si direction that is parallel to the 2110 Al,O; direction in the plane

of the substrate. This behavior is found to be a consequence, through the piezoresistance effect, of
the anisotropic thermal contraction of Al; Oy on cooling from the deposition temperature, which

leads 1o an anisotropic thermally induced stress in the Si.

INTRODUCTION

The Haii mobiiity in epitaxiai semiconductor films is
usually considered to be a good criterion of fiim quality
and has besen used extensiveiy in the optimization of the
film growth process. It is therefore important that the
properties of the film be homogeneous and uniform over
the piane of the film if a reaiistic electrical parametexr
is to be deduced from a particular measurement, In
raost cases it is tacitiy assumed that the mobiiity is
isotropic in the piane of the fiim and does not depend
upon the direction in which the measu1 ~ment is made,
We present results in this paper of a detaiied investiga-
tion of the electricai properties of n-type {001} Si/
{0172} A1,0, and show that for this system an assumption
of isotropy is not justified.'® The mobiiity is found to
vary with current direction in the plane of the film and
has a maximum value aiong the particuiar (100) Si direc-
tion that is paraliei to the (2110) Ai,0, direction in the
plane of the substrate,

The experimentai anisotropy in mobiiity reported in this
paper wiii be expiained theoreticaily in terms of the
piezoresistance effect and anisotropic substrate-induced
thermal stresses. Whiie we beiieve this to be the prin-
cipai mechanism behind the observed mobiiity aniso-
tropy, phenomena associated with surface eiectric fieids
and surface quantization can often play a roie in current
conduction in some other measurement or device
situations.

Surface quantization and surface transport in semicon-
ductor inversion and accumuiation fayers are reviewed
briefiy by Stern* and a number of recent references are
iisted. Sato efal.’ have investigated the mubility aniso-
tropy of carriers in p-type and in n-type inversion lay-
ers on oxidized Si surfaces in MOSFET device configu-
rations. These references compare fieid-effect mobiii-
ties in each of two perpendicuiar orientations for a num-
ber of differert surface piane orientations. For some
orientations, sizabie anisotropies were reported. How-
ever, for the (001) Si orientation, the field-effect mo-
bility 1s isotropic because of symmetry considerations,

The work of Sato ef ql. relates specifically to bulk Si
and therefore did not consider any effects of substrate-
induced stresses on the mobility. If there were a surface
perturbation in the electrical conductivity of heteroepi-
taxial (001) 8i/ALO, films, induced by surface charge
and/or oxide layer impurities and taking the form of an

2308 J Agpd Phys | Vol 44, N, Y, May 1973

accumuiation or inversion layer, the resulting surface
component of mobility would also be isotropic, except
for the fact that there is an anisotropy in the film
stresses. The mobiiity ¢! a surface layer would there-
fore exhibit a small anisotropic effect which would be
simiiar in reiative magnitude to that found in bulk Si
under simiiarly stressed conditions. It is unlikely there-
fore, that a smal! component of surface conductivity
couid contribute substantially to the total mobiiity aniso-
tropy that would be measured in (001) Si/ALO, films.

The mobiiity anisotropy to be discussed in the present
paper is believed not to be associated with either sur-
face quantization or self-accumuiation or {nversion ef-
fects. There is no applied electric field normal to the
surface and the oxide film formed during the after-
growth annealing sequence is removed prior to the mea-
surement of film properties, In addition, the high donor
concentrations in the films tend to mask contributions to
the electrical conduction from surface effects. To nu-
mericaiiy assess the magnitude of any possible surface
effects present under these conditions, however, wouid
require the measurement of eiectrical properties in a
MOS device configuration, and this has not been done in
this work,

Coilectively, the above arguments form the basis for
our assumption that the mobility anisotropy reported
here is a bulk effect and is due primariiy to substrate-
induced thermai stresses acting through the piezoresis-
tance effect. The agreement between theory and experi-
ment lends confidence to this interpretation,

THEORY

In order to explain the experimentai observations dis-
cussed below, we have examined theoreticaiiy the effect
of stress in the Si film on the electron transport prop-
perties of the fiim. As is welj known, transport proper-
ties such as resistivity and mobility can be reiated to
appiied stresses through the piezoresistance effect. Nu-
merous studies of the plezoresistance effect in bulk 5
have been reported in the literature over a numhker of
years. Much less attention has been paid to stress and
its effect on the transport properties of epitaxial films,

Stress in Si films on sapphire (AL,0,) has been examined
by Dumin, * and in Si filns on spinel substrates both by
Schidtterer® and by Robinson and Dumin, ® Schlétterer
presents formulae for the fractional change in resistiv-

Copyright © 1973 American Institute of Physics 2304
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FIG. 1, Specially designed Hall bridge pattern permitting an
independent measurement of electrical properties every 18 deg
in the plane of the film,

ity (ap/p,) in terms of piezoresistance coefficients Ty
M2y My and an assumed isotropic stress g, in the Si fiim
due to differential thermal contraction between film and
substrate. Since he was dealing with spinei substrates,
it was assumed that the thermai stress and the induced
changes in resistivity were isotropic in the piane of the
film. In this section we treat the anisotropy in stress
and piezoresistivity and present formulae which are &.p-
plicable to the anisotropic case.

Before presenting the theoreticai results obtained, w:
will briefly sketch the method. A more detailed thecret-
ical discussion will be given elsewhere,” The therreti-
cal determination of the effect of thermally induced
stresses on film resistivity and mobiiity can be divided
into three parts: (a) calculation of the piezoresistance
effect in terms of stresses; (b) caiculation of these
stresses in terms of the various coefficients of thermai
expansion; and (c) successive transformations of fiim
and substrate coordinate systems to achieve the proper
relative crystallographic orientation and to inciude an-
isotropy in the plane of the Si fiim,

The resistivity and stress are related through the equa-
tion® Ey=p,, J, +m,,J7T,, where E is the electric fieid,
1 the current density, p the zero-stress resistivity ten-
¢or, T the stress tensor, and r the piezoresistance ten-
sar. For cubic crystals such as Si, py, is both diagonal
and isotropic and equal to Poby;, Where p, is the zero-
stress resistivity. This tensor equation is commonly
contracted to a single-subscript notation for p and T and
to a double-subscript notation for 7.? In this notation, T
can be written as a 6-component column vector and r as
a 6 x6 matrix, Referred to the Si crystal axes, 7 has
only three independent coefficients: m,,, m,, and r,,;
however, ali 36 r coefficients may be nonzero when re-
ferred to a Cartesian coordinate system having an arbi-
irary orientation with respect to the Si crystal axes.

We first consider the so-calied longitudinal piezoresis-
tance effect for the case in which there is only one com-
ponent of current (), and the field E, is in the direction

J. Appl. Phys., Vol. 44, No. 5, May 1973

of the current flow. Then E,/f =p,(1 + m,,T,), where p,
is the zero-stress Si resistivity and k is summed from

1 to 6. Defining E,/J, as p;, the jongitudinai piezoresis-
tance is then given by

API/P():'(I’: -pn)/p(,z(El/J,p(,)-1=TT“T,,. 1

The iongitudinai piezoresistance effect can thus be cai-
cuiated if the 7 coefficients and the Si fiim stresses T,
are known, For a Cartesian coordin:.te system with
axes along the Si crystai axes, the 7, are particuiariy
simpie and the sum invoives oniy n,, T, + 1,,(% + T,). For
an arbitrary orientation of axes, which is of primary in-
terest to us here, “rotated” r coefficients are given by
Pfann and Thurston, ® These transformed r coefficients
are given in terms of the direction cosines of the arbi-
trary coordinate system with respect to the Si crystal
axes. The determination of r coefficients appropriate to
an arbitrary coordinate system is straightforward but is
iaborious,

We next consider the determination of stresses in the Si
film for the case of (001) Si on (0172) Ai,0,. A state of
compressive stress arises in the Si film due to the rei-
ative thermai contraction of the Si and the AL O, sub-
strate. In order to calculate this stress, we consider
the case of a thin fiim on a reiativeiy {(say 100150
times) thicker substrate so that bending of the composite
can be neglected, and assume that the strain induced in
the Si is proportional to the difference in thermal con-
traction between the two materiais. In addition, the
thermai contraction is assumed to take piace over a

a0
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FIG. 3. Low-temperature (77 K) mobtlity data for one (001) St/
(0172) Al,0, sample and eorresponding least-squares theoret-
teal eurve,

temperature range from room temperature to the growth
temperature, '°

The Cartesian coordinate system employed is defined as
follows. The z axis is normal to the surface of the Si
film and thus is perpendicular to (001) Si and also per-
pendicular to (0172) Al,0,, The x and y axes are in the
plane of the film with x 1[100] Si and 1 (2110] A1,0,, and
y 1{010] Si and 1 [0111] AL,0,.

The six stresses T\, T, T, T, T, T, (= T,,, R R 1
T.,, respectively) completely define the stress in the Si
film. The stresses T,, T,, and T, are zero at the free
surface of the Si film and if we further assume that the
film is thin enough that all stresses are unitorm in the
z direction, then 7,=T,= T, are zero everywhere in the
film. T; is in general nonzero, but for the relative ori-
entation of film and substrate under consideration is
identically zero. Thus only 7, and 7, are nonzero. De-
noting the elastic constants of Si by C, ; and the stiffness
coefficients by S, we find the following implicit rela-
tions for the stresses 7, and T;:

15+ B)=[(c}, + ¢, C,, -2C2,)/2C, (1. 287(a, ~ a,)
+0,M3(a, - a,)]AT

=[1/2(S,, +$,,)][1. 287(a, - @,)
+0.713(a,—az)]AT, (2)

and
HT =)= (~0.M3)3(C,, - C}, ) a, = a,)AT
= ~0.T13(S,,/2(S,, =S,,XS,, + 25,,))(ar, = @,)AT.
(3)

Here a, is the (isotropic) Si thermal expansion coeffi-
cient and a, and «a, are thermal expansion coefficients
for the Al,O; substrate, perpendicular to the ¢ axis of
Al;0, and parallel to the ¢ axis of AlL,O,, respectively,
AT is the temperature difference between growth and
room temperatures and in Eqs. (2) and (3) is understood
to be a positive number. In the limit o, =a,, 7, and T,
are equal, and Eq. (2) reduces to that given by
Schlétterer, ° The thermal stresses in the Si film due to
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the substrate and required for calculation of the piezo-
resistance effect have now bven obtained,

We next return to the longitudinal piezoresistance effect
and to Eq. (1). The stresses calculated above relate to
the coordinate system and parallel Si/AlO, relations
given. Using the results of Ref. 9, the m,, coefficients
in Eq. (1) are than transformed to the same coordinate
systems used for the stress, The piezoresistance (ap}/
po) thus obtained represents the change in resistivity
due to stress for a current J; and field E, in the x direc~-
tion 1 [100] Si. We are, however, interested in the pi-
ezoresistance as a function of angle in the plane of the
film. A second transformation on both the n’s and the
stresses is then performed which represents a rotation
about the z axis, The angle 6 of this rotation is mea-
sured from the x axis and is positive toward the y axis.
The longitudinal piezoresistance effect corresponding to
curreut flow at an angle 6 from the [100] Si direction
then beco:ies

Apl/Po=E1/*4po -1
=3(% + B)m, +1,,)+ 3T, = 5)n,, = 1m,,)cos26, (4)

where 7, and 7, are given in Eqs. (2) and (3). To avoid
ambiguity in orientation, we repeat that the angle 4 is
measured from that {100) Si direction in the plane of the
film that is parallel to the (2110) ALO, direction in the
plane of the substrate. Note that the term depending on
8, which determines the amount of orientational aniso-
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FIG. 4. Plots of the normaltzed transverse fteld (Ey/dipg) for
one sample at 77 and at 300 K, The transverse fleld E, s at
right angles to the eurrent flow Jy and both are In the plane of
the ftim. The least-squares theoretical fits to the data are
shown as the solid eurves.
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TABLE 1. Anlsotropy data for {001} S1/{0172} A1,0,.

Sample Uygy  Mpa By Alh)  rms g
error
(%)
Room-temperature data
102 446 408 427 8.9 1.6 615
18-1 432 397 415 8.6 1.4 598
15 472 425 449 10.5 2.5 648
3412-3 513 472 493 8.2 1.9 711
J411-1 516 478 497 7.6 2.1 717
18-2 422 187 405 e.6 2.5 584
31 451 401 426 11. 5 2,2 614
13 443 394 419 11.7 2.9 604
(aver- (4620 (4200 (441) (9.5) (636)
age)
Liquid-N, temperature (77 K) data
18-1 1014 797 906 21 5.7 1305
31 1063 832 948 24 7.0 1367

tropy in resistivity and mobiiity, also depends dlrectly
on a, -~ a,. That is, the anisotropy in piezoresistance in
the (001) Si plane depends directly on the anisotropy in
thermal expansion coefficients of the AL,O, substrate,
Using a,=3.9x10"°/°C,* o, =8.31x10"/°C, a,=9.03
x10"¢/°C," AT=1100°C, and the known elastic con-
stants of Si,'? Eqs. (2) and (3), yield stresses of

Hn+ T;)=-0.9206 X10'° dyn /cm?, (5)
(T, - T,)=+0, 2852 x10° dyn/cm?.

Substituting values of piezoresistance coefficients for n-
type Si from Smith,!%!* Eq. (4) becomes

Ap,/po=0. 44192 0. 04449 cos26. (6)

Since the mobility ¢ can be related to the resistivity p,
by u=R,/p,, where R,=the Haii constant, the theoret-
ical anisotropy in mobility can be written

/uo={1+(ap,/p,)" = (1.44192 - 0, 04449 cos26)",
(M

where u, is the zero-stress mobility, From Eq. (7), we
note that the mobiiity will be a maximum along the [100]
Si direction and wiil be a minimum 90° away along the
[010] Si direction.

The amount of anisotropy can be described conveniently
by a parameter A which we define as A= (umu- “mu)/
u,, where pu,= g(umn + um“) is an approximate average
mobility in the plane.'® The predicted mobiiity anlso-
tropy is found to be A=6. 2% and the average mobiiity
is found to be n,=0.694 y,. Thus we find a 6. 27 aniso-
tropy in mobiiity superimposed on a substantiai 307
over-all theoreticai reduction in mobiiity for n-type Si.

The theory aiso predicts a transverse piezoresistance
effect corresponding to an electric fieid E, in the plane
of the fiim and orthogonal to the current o direction.
This transverse piezoresistance effect is also found to
depend upon orientation and is given by

E/dipe== 5T, = B)(m,, ~ 1,;)5in20 = + 0, 04449 5in26 ,

®8)
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and is zero along the {100] S1 directlon and Is of maxi-
mum magnitude along the [010] St direction. The slgn
conventlon employed here 1s that E, is posltive if J, XE,

is out of the plane of the film and is thus in the + z
direction.

The transverse piezoresistance (E,/Jp,) associated with
a field E, normal to the Si film was also examined and

for (001) Si on (0112) AL,0,, is found to be ldentically
zero,

Although the results descrlbed above were obtained ex-
plicitly for n-type Si, the formalism 1s also valid for
p-type Si providing that approprlate vaiues for the 7 co-
efflclents are used. The quantity m,, = Tyq, Which is im-
portant for the anisotroplc effect, is found to be approx-
imately a factor of 20 less for p-type Si. As a result,
little anisotropy would be expected in the Si orlentation
under dlscussion, aithough other orientations can in
general show pronounced effects,

EXPERIMENTAL

The films used for thls stdy were grown by chemical
vapor depositlon techniques in two different reactor
Systems. One of these ls a vertical system!® and the
other 1s a horlzontal system, In both cases the films
were formed from the thermal decomposltion of sllane
(SiH,), with H, used as a carrier gas. Intentioral doping
to concentratlons of (1-6)x10'® cm*® was achieved with
the use of arsine (AsH,). Growth temperatures ranged
from 955 °C in the horizontal system to 1075 °C in the

vertical system, and film thicknesses varled from 1.5
tol1.8 p.

After growth the samples were annealed at 1100 °C in 0,
for 30 min followed by a N, anneal for 2 h at 1100 °C in
order to stabllize film propertles and electrlcally neu-
tralize any Al impurities In the film. !’ The resulting

oxlde fllm was removed prior to making electrlcal mea-~
surements.

Measurements of resistivity and Hall effect were made
on each film using a speclaiiy deslgned Hall bridge pat-
tern etched in the epitaxial layers, This pattern, shown
in Flg. 1, consists of two wheel-shaped brldges. The
five arms of a singie bridge are separated by 72 deg
from each other, and the arms of one bridge are rotated
by 18 deg with respect to those of the other bridge. This
allows an independent measurement of electrical prop-
erties (Haii coefflcient and resistlvity) every 18 deg in
the plane of the fllm,

Electrical data were taken on eight samples of {001} Si/
{0172} AL,0,. For every sample, the orientation of each
leg of the Hall pattern was determined with respect to
one of the Si directlons of the form {100) in the plane of
the film. This was accomplished by obtalning a Late
back-reflection x-ray pattern for each substrate and
from this locating a (2170) AL O, directlon in the piane
of the substrate that is parallel to a (100) Si directlon in
the film plane, The mobllity in each leg can then be
plotted versus the angle 8 between the current direction
and that partlcular (100) Si axis. Typlcal room-temper-
ature moblllty data from two samples are shown plotted
In Fig. 3. The mobllity can be seen to vary with angle
and appears to approach a maxlmum at §=0° and a mln-
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imum at §=90°. This Is consistent with the bebavior
predicted by Eq. (7) and suggests that the theoretlcal

form of the mobility could be used to fit the experimen-
tal results,

The theory leading to Eq, (7) predicts that the mobility
anisotropy should be of the form

1/ 1e= la -bcos26), 9)

where a and b are constants. Equation (9) cannot be em-
ployed directly in analyzing the experimental results in
that the zero-stress mobility g is not known and would
be expected to be a function of growth cordltions and to
vary slightly from sample to samgle or run to run, Ac-
cordingly, we have fitted the experimcntal results by the
method of least squares to a theoretical curve of the
forin

u=la’ -b'cos26), (10)

The numerical curves thus determined are shown by the
two solid curves in Fig. 2 for two samples. The aniso-
tropy parameter A is irdependent of Mo and is equal to
2b/a=2b"/a'.

The electrical data taken on the eight samples of

{001} si/{011T2} AL, were all fitted by least squares
and analyzed in terms of Eq. (10). The maximum mobil-
ity u,,,, minimum mobility Mmny average mobility u,,
and anisotropy parameter A were calculated. These four
quantities are tabulated in Table I for the samjiles mea-
sured. It can be seen that the anisotropy A varies from
approximately 7. 6%. to 11,7% with an average value of
9.57.

Tle scatter in the mobility data, as evidenced by the re-
sults shown in Fig, 2, is probably due primarily to in-
homogeneities in film properties over the surface of the
film. For example, carrier concentrations measured on
the separate areas of the Hall pattern on a given film are
found to vary an average of + Tq. Even though these dif-
ferences are taken into account 1n calculating the mobil -
ily in each arm of the bridge, slight errors may be in-
troduced since the spatial extent over which the resistiv-
ity is measured is much larger than that over which the
Hall constant (carrier concentration) is measured (see
configuration of bridge in Fig. 1),

The rms error (7 ) between the experimental points and
the fitted theoretical curve for each sample is shown in
Table I. The error i all cases is sufficiently small
compared with the anisotropy to indicate that the fit, and
hence the correlation between theory and experiment, is
statistically significant,

Measurements were taken at 77 K on two selected sam-
ples and these results are also tabulated in Table I.
Representative data for one sample are shown in Fig. 3.
The parameters deduced from the curve-fitting proce-
dure for this data are also shown in Table I. The aniso-
tropy A is found to increase in going from room temper-
ature to 77 K by roughly a factor of 3 for those samples
measured. Correlation of this increase in anisotropy
with theory would require information on the variation of
the Si piezoresistance coefficients n,, and 7, With tem-
perature. Data for n,, as a function of temperature are
available in the literature!® and indicate that my, in-
creases by a factor close to 3 in goimg from roun -
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perature to 77 K. Data on =, as a function of tempera-
ture do not appear to be available; however, it is not
unreasonable to assume that the temperature depen-
dence of both coefficients is the same, If this is the
case, then the experimental increase la anisotropy at
low temperature is consistent with theory,

The last column in Table I lists values of Uy, the zero-
stress mobllity, As mentioneg earlier, p, cannot di-
rectly be determined from experimental data but must
be obtained from a combination of theory and experi~-
ment. The relationship between zero-stress mobility u,
and the average mobllity i, may be written as !5

Ho=pyla® =0 = p,q. (11)

We then assume that Eq. (7) holds and that =1, 44192,
The values of Ug thus determined are given in the last
column of Table I and range from a hlgh of 717 to a low
of 584, with an average of 636.

The rather low value of y, compared with bulk mobilities
in Si (>1000 cm®V sec at these carrier concentrations)
should be noted and strongly suggests that a consider-
able mohility reduclion results in these tilms froa
causes other than thermal stress,

We next consider the transverse piezoresistance effect
described in Eq. (8). We have attempted to measure the
transverse piezoresistance voltage appearing across
appropriate terminals of the Hall bridge Huwewer the
small size of the voltage makes thig determlnation ex-
tremely difficult, The voltage is measured across the
same terminals as the Hall voltage, with no magnetic
field, Asa tonsequence, any misalignment in the ter-
minals would result in an “offset” voltage which would
tend to mask the transverse voltage and introduce
errors. In addition, inhomogeneities in bridge-arm’
thickness and width aiso introduce some ambiguity,

Notwithstanding the above difficulties, some experimen-
tal transverse-effect data have been obtained. In obtain-
ing these data, the sense of the transverse voltage must
be properly accounted for since Eq. (8) predicts a neg- .
ative voltage over some range of angles. The sign con- i

vention employed is that the transverse field is taken 3
positive if the current direction crossed into the trans- ;
verse field yields a vector out of the plane of the film. ;
Representative data on one sample taken at 300 K are p
shown in Fig. 4. A least-squares fit of these data to a k

sin26 term as suggested by Eq. (8) is shown by the solid
curve in Fig. 4. The resulting coefficient of the sis7.6
term is approximately equal to 0, 08, which is larger
than predicted from Eq. (8); however, the fit of the ex-
perimental points is not good. The value of p, used in
Eq. (8) is the value of p, determined from the longitudi -
nal mobility meascrements described above,

The transverse voltage also becomes Substantially
larger at 77 K, and low-temperature data are also
plotted in Fig. 4. The magnitude of the increase is a
factor of between 2 and 3, similar to the increase found
for the longitudinal effect. Note that the least-squares
fit to a theoretical sin26 term is much better at 77 than
&t JUU K, due prubably to the larger signal,
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SUMMARY AND CONCLUSIONS

Detalled studies of the electrical propertles of {001} si/
{01T2} AL,O, have shown the exlstence of a significant

anisotropy in mobllity, This anisotropy can be accountcd
for through the plezoresistance effect in terms of a sim-

ple modei of thermally Induced stress taking Into ac-
count the difference In thermal expanslon coefficients of
Al Oq parallel and perpendieutar o the ¢ axis. Both

longitudinal and transverse piezoresistance effects were
considered and theoretical formulae developed which ac-

count for the anisotropic effects,

The theory for the longitudinal piezoresistance effect
predicts an anisotropy in mobility of about 6. 2% and for
the transverse plezoresistance effect predicts a sin26
anisotropy coefficient of about 0, 044 for the normalized
transverse electric field. The value of each of these
quantities is strongly dependent upon the data used for
the thermal expansion of A1,0,. Recent measurements'®
at this laboratory using a differential technique have
given a difference in thermal expansion coefficients

@) =, of (~1,0840.12)x10°/°C for the AL0, sub-
strate. Using this value for &), ~ a, leads to a predicted
mobility anisotropy of 9.3% * and a transverse electric

field anisotropy factor of 0. 067 which are in good agree-

ment with the experimental results.

A few concluding points suggested by our investigation of

the electrical properties of {001} s1/{01T2} AL,0, should
be mentioned. The first is simply that the anisotropy in
mobility reported here must be taken into account in the
evaluation and/or optimization of film~growth pro-
cesses. Previous practice has apparently been to ignore
the orientation of current flow in the plane of the film,
and thus mobility data for various {001} si films could
possess a built-in =10% scatter due to this anisotropy.
Such scatter renders the task of definitively evaluaiing
changes in film-growth processes somewhat difficult,

Second, for some Si film applications in which the mo-
bility is impertant it would be desirable to orient the
current flow (along the (100) S1 direction 1 (2110 A1,0,
direction) to obtain the maximum mobility.

The third and final point concerns the interpretation of
the origin of t':e mechanisms determining mobility in
these heteroepitaxial films. The excellent agreement
between theory and experiment for the mobility aniso-
tropy suggests that the anisotropy can be substantially
accounted for in terms of thermal stresses induced by
the Al,O, substrate.

In principle, residual growth stresses in the Si due to
lattice mismatch and effects of dislocation distributions
in the films could also lead to anisotropies in rarrier
mobility. Our results, however, indicate that the aniso-
tropy can be adequately explained without recourse to
these effects. On the other hand, the rather low average
value (=636 cm?/V sec) deduced for the zero-stress mo-
bility u, from analysis of the theoretical and experimen-
tal data indicates that thermally induced stress is not
the dominant mechanism in lowering the over-all aver~
age film mobility from bulk Si values. Thus, defect
structures, such as dislocations, would appear to play
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an Important role in determining heteroepitaxiai Si film
mokllities.

At any rate, these studies of mobility anisotropy have
yielded more detaiied information than has previously
been available from studies of mobility, This aiso sug-
gests that additonal detailed Investigations, which ex-
amine the varlation of anisotropy with film thickness,
growth ronditions, and ternperature, may well prove
valuable in better understanding and improving 51/A1,0,
films,
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APPENDI
Anisotropy in the electrical properties of n-

A.C. Thorsen and A.J. Hughes
North Armerican Rockwell Corporation Electronics Group,
{Recaived 3 August 1972; in final form 11 October 1972)

Studies of the resistivity and iail effect in »
that the eicctron mobility is a strong functio
Typicai variations in mobility between high-
40%. The anisotropy in mobility is e
due to stresses induced by the
substrate,

n of azimuthal
and low-nobil
xplained on the basis o

An implicit assumption that is usually made in the elec-
trical characterization of silicon heteroepitaxial films
on sapphire (Al,0,) substrates is that the electrical prop-
erties are isotropic in the plane of the film. Although
this assumption is approximately correct in the (100) Si
growth plane, ! we report results in this letter showing
that the electrical properties are extremely anisotropic
in the (221) Si plane. It is shown that the anisotropy can
be explained on the basis of the piezoresistance :n Si
associated with siresses induced by the differential
thermal contraction between the Si and the Al O,
substrate,

The (221) orientation of Si is of particular interest since
the piezoresistance effect leads to the prediction that
there will be directions in the plane of an n-type film for
which the carrier mubliity exceeds that of Lulk 8i, and
other directions for which the mobility is less than the
bulk value. As a consequence, it is possible to separate
e eontetbation to nobifity degiadauon in the 5i/Al,0,
system, due to differential thermal expansion stresses
from degradation due to other causes. The results in-
dicate that differences in thermal expansion are not in
themselves sufficient to explain the reduced mobility in
Si/Al,0, films.

The data reported in the present paper are from mea-
surements taken on Si grown by chemical vapor deposi-
tion on a Al,O, orientation ~3° from the (1122) plane,
although nearly identical effects are observed on the
(1122) plane or on other planes near the (1122) plane.
Previous orientation studies? have shown that (221)

Si 11(1122) Al,0; and that [110] Si [1100] AL,0; in the
plane of the film. The reactor system and methods of
growth are similar to those described previously, * and
utilize the pyrolysis of silane (SiH,).

For this experiment, As -doped {ilms, having thick-
nesses from 1.9 to 2.5 pum and net donor concentrations
of (2~7)x 10" em™, were grown at 1100 °C at a growth

X3
type (221) Si/(1122) AL,0, 1

3370 Miraloma Avenue, Anaheim, California 92803

-type (221) $i/(1122) AL, films have shown

direction in the planc of the fiim,
ity directions are approximately
f piezoresistance effects in Si,

differential thermal contraction between the Si and the Al0,

rate of approximately 2 um/min. After growth the
samples were annealed at 1100 ‘C in O, for 30 min, fol-
lowed by a N, anneal for 2 h at 1100 °C in order to stabi-
lize film properties and electrically neutralize any Al
impurities present in the film.* After removal of the
resulting oxide film, electrical measurements were
carried out on a specially designed double-Hall-bridge
pattern etched in the Si film by the use of photolitho-
graphic techniques. The bridge allows an independent
measurement of Hall mobility (u) every 18° in the plane
of the film,

Plots of Hall mobility (u) vs angle (6) measured from
the [1_10] Si direction are shown for representative sam-
ples in Fig. 1. For each sample, a least-squares fit of
the data to the eguativn (1) a4 beous2i was vhluined
(see below)., An anisotropy factor 4 can be defined ac-
cording to A= 100Ky = Hpyp)/ Ky = 200b/a, where

TR TN T T W
determined from the least-squares fit, respectively,

and py = %(u,m t Uma). Table I shows the values of thesa
parameters for a number of samples. The observed
anisotropy is seen to be appreciable, as evidenced by an
average room-temperature anisotropy factor of approxi-
mately 39%.

€ maximem and windmum giobiiues

In order to explain this behavior, we have calculated the
reduction in mobility due to the piezoresistance effert
resulting from the difference in thermal expansion co-
efficients of Si and Al,0,. For the sake of completeness,
we have also taken into account the differencé in thermal
expansion coefficients in Al,Q, parallel and perpendicu-
lar to the [OOOIJ axis. The details of the calculations
will be given in a more complete account of this work’;
however, using the data of Smith® for the piezoresistance
coefficients (my; = -102x 107, 7,= 54x 10712, Tu=~-14
%1072 in units of cm?/dyn), values of elastic constants
(C11=16.5x10", C,,=6.4x 10", Cyy=17.93%x10, in
units of dyn/cm?® from Hearmon, 7 the thermal expan-

TABLN | Ardsctropy preameters of sevelal (2el) 51/7(1122) Al tilms,
Tempcrature A g Mt My rms error
Sample No,  (°K) o) {em?/V sec) {em?/V sec) {em¥/V sec) (%
HJ-1 300 30,4 671 494 597 2:\7
HJ-58 300 32,2 700 506 615 3.3
J-58 71 84,9 1900 769 1250 3.8
HJ-16 300 35,5 690 483 600 2,3
HJ-15 300 39.5 686 460 o585 2.8
-0 300 40.1 679 452 575 2,6
HJ-6 300 46,2 737 460 607 3.4
HJ-25 300 48.6 708 431 575 3.5
11J-25 77 108.6 1680 497 900 6.0
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field (Ey) is given theoretically by Ep/jp,=0.21227 :

X 8in20, where j is the current density and Py is the re- ol
sistlvity in the absence of stress. Accordingly, we have

measured this transverse field (across the same termi-

nals used to measure the Hall voltage), and show the £
quantity E,/jp, plotted for two samples in Fig. 2. The "?*
quantity p, is found from py=Ry/u,, where Ry is the :
Hall constant and 4y, as before, is the mobility at

6=37°. A least-squares fit of the data to the predicted

equation yields an average value for the coefficient of

5in20 of 0.2, in good agreement with theory. B

The temperature dependence of the anisotropy has not
been examined in detail, although measurements on
Im}-

Hi-§ A+ 45% selected samples at 77 °K show a much larger anisotro- T
by, as evidenced by the data in Table I. Such an in-

crease is consistent with what might be expected for the e
variation of piezoresistance with temperature. Although

detailed measurements of all of the piezoresistance co- R
efficients have not been carried out, my; appears to be an i
order of 3 times greater at 77 °K than at 300 °K. !! If it

is assumed that all of the coefficients vary by the same

amount, it can be shown that the anisotropy factor A

would be expected to be an order of 2.7 times greater ?’%
at 77 °K. The data on two samples show an average in-

crease of a factor of 2.4, consistent with that predicted. 3

HALL MOBILITY (CMZIV-SEC)

W= yp A - 8% 0.2} :

I | N S [ = (e |
&N 4 60 8 100 120 140 160 180

L
0(DEGREES) 0.1

{
0

FIG, 1. Variation of Hall mobility with angle from the (110} Si
direction for two (221) $i/(1122) AlL,0; films. 0

sion coefficients ag =3.9%10°%/°C, ® 6,0, (lic) = 9. 03

X 1@ Y%°C, aiy 0, (L€)=8.31x10"%/C, ® and a temperature

difference of flOO °C, over which the thermal contraction

takes place, we find that (u/pg)"'=1.06375 - 0.21891

X co826, where [, is the mobility in the absence of .
stress and 0 is defined as above. The theory predicts an Elieo
anisotropy factor of 41%, in good agreement with the

experlmental values given in Table I.

1 An interesting feature of the piezoresistance in this
plane is that the mobility is predicted to be larger than 0.1t~
e the unstressed mobility for 0° <6<37°, and smaller than
the unstressed mobillty for 37° < 6<90° (if we consider .
only the first quadrant). The theory predicts at 37° the ,
- effect of thermal stress on the mobility is zero, so that hh
1(387°) = uy, the unstressed mobillty. The difference
: between the bulk mobillty and the value of mobility mea- 4
sured at this angle thus represents the mobllity degrada-
tlon due to the causes other than thermally induced * o
stress. The fact that the value of 11,~600 cm?/V sec is
much smaller than the bulk mobillty' strongly suggests
that thermally induced stress is not the dominant e N S S N 3
mechanism in lowerlng the mobility. 0 2 & 6 % 100 120 M0 160 180
8(DEGREES)

0.2 H-0

The plezoreslstance theory also predlcts an electric

- fleld orthogonal to the current dlrection Independent of FIG. 2, Variation of transverse field E; with angle from the
e any externally applied magnetlc field. This transverse (110} Si direetion,
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The enhanced mobility predicted for some current di-
rections suggests that the (221) plane of Si/Al,0, may
vield superior electron mobilities. In comparison with
(100) Si and (111) Si grown at this laboratory, the (221)
plane has indeed yielded higher mobilities. It would be
expected that some types of devices would show
improved performance if oriented in such a way as to
take advantage of the improved mobility. In MOS devices
the stress-induced anisotropy would have to be con-
sidered in conjunction with the anisotropies previously
found in »- and p-channel devices, ** which are a conse-
quence of surface quantization effects in the channel
resulting from the high electric field at the surface.

The mobility anisotropy discussed in this letter is be-
lieved not to be associated with surface quantization
since there is no applied electric field normal to the
surface and the oxide film formed during the aftergrowth
annealing sequence has been removed prior to the mea-
surement of {ilm properties, In addition, the high donor
concentrations in the films tend to mask contributions {o
the electrical conductjon from surface effects. Experi-
mentally, we have scen no significant effect of ambient
or surface chemical treatments on the conductivity.
However, to quantitatively assess the magnitlude of pos-
sible surface effects would require the measurement of
electrical properties in an MOS-device configuration
under flat-band conditions.

The good agreement found between the experimentally
determined mobility anisutropy and the calculated
piezoresistance lends confidence to the assumption that
the anisotropy is related primarily to thermally induced
stress. If this is indeed the case, further experiments
which examine the variation of anisotropy with fiin:
thickness, growth conditions, or other variables may
well prove valuable in detei'mining the relation of stress
to these variables.

The authors wish to thank H. M. Manasevit and F. M.
Erdmann for providing the Si samples used for this

C-3

AT A B m R o

study, J.P. Wendt for carrying out the electrical mea-
surements, and R. E. Johnson for performing the photo-
lithographic processing. The authors also acknowledge
L.. Moudy for many helpful discussions regarding the
orientation and parallel relationships in the Si/Al,0,
system under consideration, and R. P. Ruth for a criti-
cal review of the manuscript.

tResearch supported in part by the Advanced Research Pro-
jeets Agency under Order No. 1585, and monitored by the U,
8. Army Missile Command, Redstone Arsenal, Alab,, under
Contract No, DAAH 01-70-C-1311,

fA,C. Thorsen and A.J. Hughes, Second National Conference
on Crystal Growth, Princeton, N, J., 1972 (unpublished).
For a substrate with isotropic thermal expansion, there will
theoretically be no thermal stress-induced anisotropy in
mobility for Si epitaxial films having the (100) or (111) orivn-
tation, This result is a consequence of the crystal symmetry
of the Si. Since AlyOy substrates have an anisotropic thermal
cxpansion, a small anisotropy in mobility (less than 10'() is
predicted in the (100} 8i/(0172) Al,0; system on the hasis of
the model presented in this letter,

3. M, Manasevit, R. L. Nolder, and L. A, Moudy, Trans,
AIME 242, 465 (1968),

3. M. Manasevit, D.H, Forbes, and 1B, Cadoff, Trans.
AIML 236, 275 (1966).

4. C. Ross and G. Warfield, J. Appl, Phys. 40, 2339 (19G9),
"A.J. Hughes (unpublished).
©C.S, Smith, Phys. Rev, 94, 42 (1954),

'R, 1, 8. Hearmon in Landoll-Boynsiein Nwmerical Data and
Functional Relationships in Science and Technology, New
Series, cdited by K. 11, Hellwege (Springer-Verlag, New York,
1969), Vol. HN1/2, p. 3,

8}, Schibtterer, Solid-State Electron, 11, 947 (1968).
5J, B, Austin, J, Am, Ceram, Soc. 14, 795 (1931),

195, M. Sze and d. C. Irvin, Solid-State Electron. 11, 599
(1968).,

"O,N, Tufte and E. L. Stelzer, Phys. Rev, 133, A1705 (1964);
F.J. Morin, T.H. Geballe, and C, Herring, Phys, Rev, 105,
525 (1907),

127, rato, Y. Takeishi, and H, Hara, Phys, Rev. B3 4, 1950
(1971) 3 D, Coleman, R.T,. Bate, and J. ", Mize, J. Appl.
Phys. 38, 1928 (1968); F. Stern, J. Vacuum Sci. Technol, 8,
762 (1972),

Appl. Phys. Lett., Vol. 21, No. 12, 15 December 1972

e

L
.’. ;
e
i
¢
q 9
¥
:
-t
2

4

s g




APPENDIX 4 PREPRINT

STRESS INDUCED ANISOTROPY IN THE

ELECTRICAL PROPERTIES OF Si/A£203*

A. J. Hughes
Rockwell International Corporation
3370 Miraloma Avenue
Anaheim, California 92803

ABSTRACT

The effect of stress on the electrical properties for a number
of orientations of Si/AJLZO3 has been theoretically determined.
The stress model developed and employed is based upon the differen-
tial in thermal expansion between Si film and A2203 substrate,
The anisotropy in substrate thermal expansion coefficients and in
Si film stresses is rigorously included and treated within the
framework of a thin-film thick-substrate approach, The phenomeno-
logical piezoresistance formalism is used to determine the effect
of stress on resistivity which is then in turn related to the
carrier mobility. In calculating the mobility change due to
thermal stress, it is assumed that bulk piezoresistance coeffi-
cients can be employed. Mobility calculations were performed for
the common Si orientations - (001), (111) and (221) - and for a
number of orientations not yet grown and investigated experimen-
tally. For all Si/AJLZO3 orientations and modes of epitaxy treated,
an anisotropy in mobility is predicted with two directions of
maximum mobility and two directions of minimum mobility in the
plane of the Si film. For n-type Si the mobility is either
reduced or enhanced depending upon mode of epitaxy and orientation.
For p-type Si the mobility is always enhanced and for some orien-
tations by a significant factor. Experimental data are reviewed
for n-type (001)Si and (221)Si and found to agree with the theo-
retically predicted mobility anisotropy, lending confidence to the

use of the thermal stress-piezoresistance model.

*Supported in part by ARPA under Order 1585, monitored by USAMICOM,
Redstone Arsenal, AL, under contract DAAH01-70--1311




AT

168 INTRODUCTION

The principal objective of the present investigation has
been the determination of the effect of thermal expansion
stress on the carrier mobility in n- and p-type Si/AR,ZO3 films,
The theoretical analysis of mobility and mobility anisotropies
and the responsible physical mechanisms began as a response to the
recent experimental discovery at this laboratory that a mobility
anisotropy was present in (001)81(1), (221)81(2) and (111)81(3)
heteroepitaxial films grown on AR,ZO3 and would probably occur in
all orientations of Si/ARZOS. It was recognized that different
physical mechanisms which could produce some form of mobility
anisotropy would, in general, be expected to lead to different
magnitudes of anisotropy and to different orientations for the
mobility maxima and minima in the plane of the film. Thus,
detailed studies of the mobility anisotropy could, in principle,
provide a more powerful means than has previously been available
for determining the role of various phenomena in establishing the
carrier mobility in Si/AR,ZO3 films.

Si/AR,ZO3 epitaxy has been actively pursued for a number of
years now and is of considerable practical and commercial signifi-
cance for certain classes of devices. However, a fundamental
understanding and adequate theoretical models capable of delineating
quantitatively the various physical phenomena, and their possible
role in producing a mobility anisotropy, are almost completely
lacking. Since stresses in Si/AR,ZO3 are known experimentally to be

on the order of 109-1010 dyn/cm2 (4,5) and since Si is a strongly
piezoresistive material, it was felt that a piezoresistance-effect

anisotropy model would be a useful theoretical tool and should
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refate substantially to eXxperimental mobility anisotropies It

i1s our view that the room temperature stress in Sl/AR O films is

predominantly due to thermal eéxpansion mismatch stress rather than

to lattice-constant mismatch or other growth stresses, This v1ew,

coupled with the fact that thermal stresses appear much more

dictated
that an investigation in terms of a model combining thermal €Xpan-

sion stresses and piezoresistance effects would be a useful step in

better understanding and improving Si/A220 films, This is the basic

approach of the paper,




IT. MATHEMATICAL DESCRIPTION OF HETEROEPITAXIAL ORIENTATION RELATIONS

In the present paper, the treatment of the piezoresistance
effect for Si/AILZO3 heteroepitaxial films will require that various
physical property tensors, e.g., piezoresistance T, elastic constant
C, stress T, and strain €, be transformed for rotated coordinate
systems in the Si and in the A&LZO3 which correctly embody the relative
orientations of the film and substrate for the different growth modes
of Si/AILZO3 heteroepitaxy., A rigorous mathematical formalism for
this has been developed which facilitates treating an arbitrary Si
film orientation and which is applicable to all the major
growth modes of Si/A2203 heteroepitaxy,

The experimental description of a mode of epitaxy is accomplished
by employing X-ray diffraction (using back-reflection Laue and full-
circle goniometer techniques) to determine the relative crystallo-
graphic relationships between film and substrate. The relative
Crystallographic relationship between a Si film and the AZZO3 sub - ¢
strate can be completely and uniquely specified by giving two non-
collinear directions in the substrate which are parallel, respectively,
to two film directions. This information for the four major
growth modes for Si/A2203 1s presented in Table I and is taken from
the work of Manasevit, Nolder and Moudycé). The relationships
shown for (221)Si//(11§2)A2203 in Table I were not given in Ref, 6
and have been recently obtained by Moudy(7). Note that Table I
presents both parallel plane and parallel direction information.

For Si, the direction [a,b,c] is normal to the plane (a,b,c) having
the same indices. For A2203, the direction [h,k,i,2] is not normal

to the plane (h,k,i,%) unless 2 is zero,
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The information in Tabie I allows at least two sets of two

parallel directions to be obtained for each of the modes of epitaxy

From these given directions, two sets of three parallel directions
can be constructed which are mutually orthogonal. The resulting

> >
orthogonal direction vectors will be denoted by le, sz, Dgf for

the Si film (f) and these are parallel, respectively, to p>S DS

1 72>
>s . >
DSs in the AEZO3 substrate (s). D;f, D:f, DSf are mutually ortho-

-

gonal and form a right-handed set. The same is true of the set

> > > >

D s, D s, D>s in the substrate. Thus far, the D>f, D f, D £ and
1 2 3 1 2 3

>s >s >s

D

D1 » D7, D3 are abstract vectors. In order to proceed further

toward a mathematical theory of epitaxial orientation relations,

specific coordinate systems in both Si and AEZO3 must be defined

and employed.

Thus, let a Cartesian set of axes (unit vectors) be defined

in the film and denoted by (Xfo, on, Zfo). In Si, these are

referenced to the cubic Ccrystal axes. Let a similar Cartesian set

be defined in the substrate and be denoted by (Xso, Yso, Zso).
The Cartesian set of axes (Xso, y ©

A 9 is referenced to the AR.0
[ S 2

3
> > > > ] o >
hexagonal axes al, a,, ag, a,, with Xs along the ay

>
90 deg from the ag axis and toward the aZ axis; and Zso along the

o
axes; Y
s

C (or aZ) axis. In general, (Xfo, on, Zfo) and (Xso, Yso, Zso)
differ in relstive orientation. The relative orientation between
these two coordinate systems embodies the experimental parallel
relation information of Table I and determines the relative CTyS-
tallographic orientation of Si film and ARZO3 substrates. The
important determining constraint is that D;f in the Si film be

parallel to the D;s in the substrate for i = 1,2,3.




Let (SF) denote the matrix transformation between (xs°, Yso, Zso)
and (Xfo, on, Zfo). Consider the coordinate axes to be spatially
coincident; (SF) will, therefore, simply be a rigid body rotation

3 matrix., The matrix (SF), therefore, is orthogonal and (gF) = ('SF)-1
? We then have
xSD xfu xfﬂ /xsl'.'l
; v ] = sm [ v, and [ v.* | = @G0 [v°) . (1)
z° Z.° 2 z.°
Now let the parallel direction vectors D;f and Dzs for i = 1,2,3
be expressed in Cartesian components relative to their respective
coordinate systems. We then form the matrices (1mn) and (LMN):
_____ 1M A= MY @
(1mn) = m, n, and (LMN) = L2 M2 N2
""" " Ly My N

£ £ £ _ s
17 Dlx’ Dly’ Dlz’ L1’ Ml’ Nl - Dlx’ D

x
=
1}
2]
1}
[
3
=3
"

s
Ly
comprised of row vectors relating to the Si film and

Dli’ etc, Thus,

(LMN) is comprised of row vectors relating to the AQZO substrate,

vV W\

In forming the matrices (Imn) and (LMN), the vectors D’ have been

[

assumed to be orthogonal and normalized to unit magnitude.

The matrices (lmn) and (LMN) then define new primed coordinate 3

' ' ' ' ' ' 3
systems (Xg , Y, Ze) and(Xs s Yo, Z ) i

e i
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¥ 1 o ' o
; xf xf 5 s
E; ' 0 a (v' = (LMN y © 3
! Ye = (1mn) Yf an 4 = ( ) . . (3)
1 o ' (]
Z £ Z f Z 5 z 5
, ’ 1] 1
i The primed vectors (Xf s Yf 5 Zf ) must be pearallel and thus equal
3 ' ' '
? to the primed vectors (Xs ; Ys , Z’ ). Using Eqn. (1), we have
i_:-' (Imn) /X %) = (LMN) (SF) X, i
: o 0 ;
] 0 £
“p lg -
i which yields the following relation between (1mn) and (LMN) matrices, :é
3 (Imn) = (LMN) (SF) and (LMN) = (Imn) (SF), (5) 1
A which must be obeyed by an (Imn) matrix and an (LMN) matrix in order }%
to be consistent with the parallel relations associated with a given §f
? mode of epitaxy. If (1mn) and (LMN) are known, then (SF) can be gf
? determined from f;
; (SF) = (LMN) (1mn) and (SF) = (Imn) (LMN). (6) i
1
' ' ' ' ' ' é}
% Next, suppose we operate on (Xs , Ys , Zs ) and (Xf 5 Yf 3 Zf ) %
in Eqn. (3) with the same transfomation iatrix (a) yielding 'E
x n x ] n ] {
f f 15 J{s 3
i " ] mn ]
4 Yf = (a) Yf and YS = (a) Ys . (7) i
A " ! n !
Zf Zf Zs 35 ?




2
B
3
E
%
¢

The matrix (a) thus yields new (lmn) and (LMN) matrices

] ]
(Imn) = (a) (lmn) and (LMN) = (a) (LMN) , (8)
. 1 1 ] . ] 1 ]
Since (Xf p Yf K Zf ) were parallel, respectively, to (XS 5 YS F ZS Vi
n n "
(Xf A Yf N Zf } must also be parallel, respectively to

(XS 5 Ys K ZS }. We obtain

' ~ ' Y ~

(SF) = (LMN) (1mn) = (LMN) (@) (o) (1mn) (8)

= (Eﬁ%) (Imn) = (SF),

Thus, a rotation (a) simultaneously applied to both (XS', YS', ZS')
and (Xf', Yf', Zf') yields new matrices (LMN)' and (lmn)' which leave
(SF) unaltered and thus relate to the same mode of epitaxy as the
original (LMN) and (1mn) matrices, Extensive use of the rotation
(a) and Eqn. (8) will be made in subsequent sections. There (1mn)
will relate to reference axes in the plane of the Si film and (o)
will represent a rotation in the plane of the film,

We next want to consider a different class of operation --
symmetry operations -- which does not change the mode of epitaxy bu£
which does change the form of the transformation matrix (SF). New
(lmn), (LMN), and (SF) matrices, physically equivalent by symmetry
but not identical in form to the original matrices, can readily be
obtained, Let (af) represent a point group symmetry operation for
Si and let (as) represent a symnorphic symmetry operation for ARZOS.
Initially (af) can be considered to operate on (Xfo, on, Zfo) and
(as) to operate only on (XSO, Yso, Zso). Analogous to Eqn. (3)
we obtain

Xp Mg . " K

vf" = (1mn) (a,) > and 'rs" = (MN) (a) [ v ° ;$19)
" 0 " 7 2

Zg Zf Es 5




i BASL A Ra S 2

k-

1]
Letting (SF) be the transformation which now connects (Xfo,Y O,Z 9

f f )
0 o o
and (XS s YS ) ZS ), we have

(SFY = @) (M) (mn) (o) = (@) (sF) (ag) . (11)

1
In general, (SF) will be different from (SF) originally adopted,

but on general principles must correspond to a physically equivalent

relative orientation of film and substrate and, thus, to the same

mode of epitaxy.

By considering (af) to post-multiply (1mn) rather than
(xf°, on, zf°) and (o) to similarly post-multiply (LMN), we have

the result from Eqn. (10) tha (1mn) (af) is symmetry-equivalent to

(1mn) and (LMN) (as) is symmetry-equivalent to (LMN), A prescription

has thus been given for obtaining all equivalent sets of (1mn), (LMN)
and (SF) matrices from an original arbi.rarily chosen set.

In general, the existence of symmetry-equivalent parallel

directions and relative orientations of film and substrate presents

no problems. However, in particular cases an internal consistency

problem of practical significance can arise. Suppose, for example,

that parallel relations for a given mode of epitaxy have been

established. This amounts to having arbitrarily labeled a few

principal x-ray reflections which then “ixes the coordinate systems

and directions.

Next, suppose that a substrate yielding this mode of epitaxy

is cut a few degrees "off-orientation," X-ray studies providing

the required characterization of the substrate and film surfaces

can then lead to iifferent but equivalent pole diagrams. However, only

one of these pole diagrams is mathematically consistent with the

previously determined parallel relations, The inconsistency here

D-9
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is,

in effect, the simultaneous use of different coordinate

systems.

The reason for emphasizing equivalent film/substrate

orientations 1s that information obtained from crystallographers

characterizing a mode of eplitaxy and the film/substrate surfaces

can lead to confusion. From the point of view of crystallography,

a direction and its equivalent are equally acceptable. However,

equivalence is not adequate for mathematical consistency.

One final type of operation will now be discussed which will

be used in subsequent sections of the paper to treat plezoresistance
for Si films grown on AZZO3 substrates of arbitrary surface orien-

tation. We shall identify the third row of the (LMN) and (1lmn)

matrices with directions normal to the substrate and film surfaces,
respectively,.

Thus, 1f a substrate is cut "of f~orientation," a

modified set of matvices is required. Suppose the direction vector

characterizing the original substrate surface 1s taken from the
third row of the (LMN) matrix and written as a column vector. Then
a matrix operation (Yy) acting on this vector yields a new vector

characterizing the off-orientation substrate surface. Thus,

3 3
M, = (y) M, . (12)
Ng N,
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The (LMN) matrix associated with this substrate surface orienta-

tion is then given by
1
(LMN) = (LMN) (¥).
Now let a similar sort of transformation be defined for the Si film,

1 o~
(Imn) = (1mn) (B),

with the proviso that (v) and (B) are to be compatible and preserve

the original (identical, not merelv equivalent) mode of epitaxy.

Therefore,
1 1
(Imn) = (LMN) (SF),

where (SF) is the transformation matrix defined for the original
on-orientation case,

From Eqns (13), (14), and (15), we find that

~ ~ A

(B) = (SF) (y) (SF)
and (f) and (y) are related by a similarity transformation.

The utility of the above relationship between (lmn), (LMN),
and (y) and (B) lies in the fact that, for an arbitrary substrate
vrientation, the crystallographic zones in film and substrate are
not exactly parallel in general. Thus, in particular cases, the
substrate (film) orientatian may be more accurately and umambiguously
determined than the film (substrate) surface orientation. The
procedure would then be to employ the more accurate determination,
assume a given mode of epitaxy based upon earlier work, and then

] ]
calculate (lmn) and (LMN) matrices as indicated above.
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Since the operations (Y) and (B) in Eqns, (13) and (14)

preserve the original identical mode of epitaxy, it must be

pPossible to reprcesent both of them in terms of an operation (g)

as in Eqns.(7) and (8):

~S ~ ~
(a) (LMN) = (LMN) (Y); @ = (LMN) (v) (LMN)
3 o =5 e (177
() (imn) = (1mn) (B); @ = (1lmn) (B) (lmn),
; Using Eqn, (16), we find that Eqns, (17) are consistent and an

operation (a) can be defined which is operationally identical to

~ o)
(v) and (B) as indicated.

The parallel relations assumed and the transformation matrices

(SF), which have been developed for the four Si/A2203 modes of major

interest, are presented in Table II. One mode of Si epitaxy on

spinel (MgA1204) is also treated in Table II.

In Table II, the Zf' and Zs'

' '
in terms of normals to film and substrate planes, Xf " Yf and

parallel directions are given

"- ' ' . 3 . . 3 .
E and Xs , Ys are given explicitly in terms of direction vectors.

This distinction is convenient in subsequent sections which will

focus attention on film and substrate surface planes. The parallel

directions (planes) for the ASLZO3 substrate are given both in a

hexagonal four-index notation and in Cartesian coordinates,

The orientation relations (111)Si//(11§4)A9,203 and

(221)Si//(11§2)A1203 were both determined experimentally and in

Table II are identified as belonging to the identical mode of

epitaxy (Mode II). The basis for this is the following. The

(111)Si//(11§4)A£203 parallel directions and transformation matrix

(SF) for Mode II were assumed. The (111)Si surface plane was then



transformed to a (221)Si surface plane. The associated (LMN)
matrix for (221)51//(11?2)A2203 was then calculated, employing the
formulae given in this section, and compared with that obtained
directly frum the experimental data. The two (LMN) matrices were
found to be substantially identical. For example, Zs' for
(221)Si//(11§2)A2203 is 4(1122) while the transformed Zs' derived
from (111)51//(1124)“203 is 1(1,1,2, 2.03412). The angle between
these two planes is equal to 0.31506 deg and is smaller than the
experimental error in either the (111)Si or (221)Si orientation
determinations. We shall, based on a low-index argument, assume
that the (111)Si orientation relation is the more fundamental and
take this Si/AQZO3 case as the ''natural" defining growth for Mode II
epitaxy. (221)Si is then in the same mode of epitaxy but is
"rotated" following the mathematical formalism given in this

section,
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III. STRESS AND STRAIN IN Si/AJLZO3 EPITAXIAL FILMS

The principal objective of the present paper is the theoret-
ical determination of stress-induced anisotropies in carrier
mobility for Si/AQZO3 films. 1In this section we shall discuss
briefly the origin of stress and strain in Si/AQ,ZO3 films and then
describe the stress model we have employed to calculate thermal

expansion mismatch stresses for use in the piezoresistance-effect

studies.

The origin of stress and strain in various epitaxial films
has been discussed by Hoffman(g) and by Chopra(g). These authors
both divide the stresses in epitaxial films into two categories:
(1) intrinsic stresses and (2) thermal stresses,

For the case of Si/AR,ZO3 epitaxial films, our view is that
the probable major origin of intrinsic stress is lattice misfit or
mismatch between film and substrate. However, it is not presently
possible to actually calculate the lattice-mismatch intrinsic stress.
In general, this intrinsic stress is probably of less importance
in establishing the total room temperature stress level in the fiims
than is the thermal stress to be discussed subsequently. Intuitively
this seems a reasonable assumption, in that the films are grown at
elevated temperatures and the lattice mismatch or growth stress can
be relieved by the generation of dislocations. High dislocation
densities in Si films have been observed, consistent with this
assumption.

Let us next consider the second category of stresses in
epitaxial films, thermal stresses. Thermal stress in Si/AQZO3 is

due to the combined constraints of strong film-substrate bonding

D-1h
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and dissimilar coefficients of thermal expansion and contraction

for film and substrate.

One formula often quotedcg) is
Tth = (aF-as)ATEF,

where Tth is the thermal stress, Og an average film eXxpansion

coefficient, and &, an average substrate exXpansion coefficient.

AT is the temperature differential betwee:. growth and room temperature
and EF is an appropriate Young's modulus of the film,

Equation (18) has bz2en rather widely used as a means of
estimating film stresses due to thermal expansion mismatch.

However, there are several qualifications and remarks which pertain
to this equation.

First, the equation is valid only for the thin-film thick-
substrate case. Jefkinsclo)has presented formulae for the stress
in Si films on A2203 substrates based on an isotropic simple elastic
model. These formulae indicate that for films of interest
[~2um-thick Si, 10-20mil-thick A2203] the stress relief due to
bending is slight and the isotropic (average) stress calculated
using Eqn. (18) agrees to within about 1%%. This small difference
would justify the use of the thin-film thick-substrate approximation
for calculation of the average stress in a thin film.

The second point to be noted about Eqn. (18) concerns the
question of anisotropy,. Anisotropy is generally defined as the
dependence of a given physical property upon crystallographic
orientation. Thus Eqn. (18) is anisotropic in that Young's modulus

Ef depends upon the Si film orientation and is different for, say,

D-15 4
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(001) and (111)si films. However, in the context of this paper,

anisotropy will be taken to refer Primarily to the dependence of a

given physical pProperty upon angular orientation in the plane of

a given film/substrate Composite, In this sense the model of

Eqn. (18) is isotropic and yields no information on anisotropic

stresses in epitaxial films,

The question of anisotropy has apparently not been treated

. . s 1 .
1n the literature, Schlotterer(1 ) employed a formula similar to

Eqn. (18) in treating stress in Si films on MgAILZO4 substrates,

the appropriate Young's modulus EF' However, the applied thermal

Strains and the resulting stress were isotropic as is appropriate

for (001) and (111)Si on MgA2204. The case of AR,ZO3 with a built-in

thermal Stress anisotropy Was not treated,

AR,ZO3 substrates, in general, yield a thermal strain which

is intrinsically anisotropic because of an anisotropy in thermal

expansion. The thin-film thick-substrate

model which we have employed explicitly treats substrate

induced anisotropy.

Si film and A2203 substrate and the strain in particular directions

which this expansion induces, Following Nyeclzz the thermal expansion

for both Si and AR,ZO3 is described by second-rank Symmetric tensors

referenced to Cartesian coordinate systems.

Let o be the expansion coefficient for Si and let o, and a,
be the thermal expansion coefficients respectively perpendicular and

parallel to the (0001) axis (or C-axis) for Azzos, The relative

thermal expansions between film and Substrate are then
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0 (as-al)o AT (19)

0 0 o 0 0 o 0 0 (a,-a,)

for a temperature difference AT. Here, Cartesian axes in Si are

along the cubic axes. Fow ARZO3 the x-axis is parallel to a”, the

1.'

y-axis is at 90 deg from the ai axis and toward the ag axis.,.

The z-axis is parallel to the AR,ZO3 ¢ (or az)-axis.

: Equation (19) is written in terms of the so-called tensor

thermal expansions aij' For convenience we now switch to the so-

called "engineering" thermal expansions(lz) €y given by €y =
€

@110 €y = Oyy, €5 = %330 €4 = 20,5, €¢ = 20, 2, and Eg = 20,.

In this contracted single index notation, Eqn. (19) yields

€, = (as-al)AT, €2=(as-al)AT=€1,€3=(as-a2)AT, €,=0, €.=0, and €6=0.
For application to the Si/AR,ZO3 system we shall require the
thermal expansions for an arbitrary film/substrate orientation,

1 1 1
Let (X,Y,Z) represent a new set of Cartesian axes with X'and Y' in

1
the plane of the film (substrate) surface and Z normal to the film

(substrate) surface plane. The coordinate transformation effecting
this change of axes would then be obtained from Eqn. (3) of Section II.
The Si thermal expansion matrix is invariant to an arbitrary (1lmn)
coordinate transformation. Therefore the relative thermal expansion
matrix on the right hand side of Fqn. (19) may be transformed

directly using only the (LMN) matrix appropriate to the substrate.

Thus, let the coordinate transformation matrix for the

substrate be
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X L M, N,
| ]
y L, M, N,
| ]
z L3 M3 N3 .

The engineering thermal expansions in the arbitrary surface plane

(X' and Y' in the plane, Zz' normal to the plane) are then given by

el - (1-N12)e1 . N12e3
eé = (1-N22)e1 + N2293
eé = (1—N33)e1 + N32€3
e; = -2N2N3(el-e3)
eé = -2N N4 (g;-€,)
eé = -2N1N2(€1-€3)

We emphasize that the above are thermal expansions and have not yet
been identified as strains per se.

The film and substrate are assumed to be firmly bonded across
the interface and constrained in the X' and Y' coordinate directions
in the plane of the interface. Thus, the thermal expansions
ei, eé and eé given in Eqn. (21) are to be regarded as apﬁlied
strains. There are no other components of applied thermal strain
since the film/substrate materials are free to expand or contract
in these other directions. However, the ei, eé and eé applied
thermal strains do act to produce other components of strain
through Poisson-type effects,

The stress model will now be developed

in terms of the applied thermal strains E;, Eé and Eé. The model

D-18




on the 2z surface. Thus T4, T4, T
Si film,

mately constant in the z direction.

set these three stresses to zero throughout the Si film.

will be in terms of the engineering stresses as given by Nye(ls),

Where T =T); =T, ., Tp=T,, “Tyyr T3=T33%T,50 T4=Ty3=Ty,, Ts= 15" oo

and T6=T12=Txy' The matrix of elastic constants also is assumed

in the form given by Nye.

The essence of the model is simply that the applied thermal

strains ei, eé and sé are assumed applied to the Si film. These

strains interact through the elastic properties of the Si to produce

stresses in the Si. In this model the only role of the substrate

is to produce the initial applied strains,
of the substrate need not be considered.

The stresses in the Si film Ti, are then given in terms of

: 2 < 1 .
the Si elastic constant matrix elements Ci' and the strains ei by

-

‘11 G123 €, cp C16

._!
=
B

.
4
T, C1y . €
T, _ s . Eé
g 2 '
Ty C14 : “q |
g C1s . €
T, \ &a - . . : Eons \ £g
where ei, eé, eé are the applied thermal strains and eé, eé, eé

are Poisson reaction strains to be determined by boundary conditions.

The Si film surface is a free surface and must have no stresses

Since the film is thin, we assume the

Continuity then allows us to

This is

the second basic assumption of the model.
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The Si elastic constants ng (i=1l, 6; j=1,6) for the arbi-
trary Cartesian coordinate system can bhe obtained from
those for the original crystallographic system along the Si cubic
axes by suitable transformation. Wortman and Evans(14) have worked

out the

tensor properties and we have employed their results for the Si

J

Assuming the C{j to be known for the desired coordinate

matrix elements C;

system, and the applied thermal strains E{, Ei and €. to be known

from Eqn. (21), the reaction strains Eg, Ei, Eg, not given by

Eqn. (21) can be determined by matrix inversion. The determination
of the thermal expansion stresses T:, Té and T required for the
carrier mobility-piezoresistance study can then be carried out.

This summarizes the stress model which is basic to the present
work. Within the framework of what is essentially a thin-film
thick-substrate model, the anisotropy in thermal expansion coeffi-
cients and the anisotropy in the Si stresses have been rigorously
included and treated.

The stress model developed is a very simple model.
Our present opinion is that for the Si/AR,ZO3 films of interest

(1.5-2um-thick Si, 10-20mil-thick A2203) any limitations in
application of the stress formula will be due in large measure to
features which lie outside the framework of the elastic theory,

rather than in the level of rigor employed in working this particular

problem.
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1v, THE PIEZORESISTANCE EFFECT IN Si
The basic phenomenological formalism for the linear piezo-
resistance effect in a thin "bulk" Si film has been established
for some time now. However, there has previously been no develop-
ment and application to heteroepitaxial substrate-induced mobility
anisotropies. 1In this section the forma. equations which we have
employed in calculations of mobility anisotropy are discussed.
Most of the emphasis is upon a linear model but non-linear
corrections of interest for the high stress levels in Si/Ag

2
are also presented and employed.

The linear piezoresistance effect has been discussed by various

authors(15’16’17).

field components, E{, are functions of the current density components,

J; and the stress components, T{z. E{ is then expanded in a series

about the state of zero stress and zero current. The differential

increments in the series expansion are then replaced by the variables

themselves yielding the basic tensor equation
T e o
i3 75 Y Miike I35 Tie
For cubic crystals the resistivity tensor p{j is diagonal for zero
stress and has only the components pij=p061j where po is the zero-
stress resistivity and Gij is the Kronecker delta., For these

materials it is customary to factor out the zero-stress resistivity

from the ﬂijkl' Then
kg
ES=0p (§,, + =dX& -y ;-
i o ij Po k& j

where (ﬂijkl/po) are the piezoresistance coefficients as defined
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These authors begin by assuming that the electric
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and employed by most authors in quoting experimental values for

the coefficients. 1In applications, Eqn. (24) is usually shortened
by using the single-subscript notation for the stress components

and a double-subscript notation for the piezoresistance coefficients
[11~1, 2202, 33+3, 23+4, 13>5, 12»6]115:16)  1he gouble-subscript
T's then can be displayed as 2 6x6 matrix, which for Si and for a

Cartesian coordinate systen directed along the cubic crystal axes

is of the form

44

The three constants Ty Tip0 Tyy then completely characterize the
bulk riezoresistance matrix for Si.

Equations (23) and (24) refer to an arbitrarily oriented
Cartesian coordinate system, and the associated matrix of coefficients
will rot be of the simple form in Eqn. (25). Pfann and Thurston(16)
and Thurston(17) have presented tables listing all ¢° coefficients
for rotated (transformed) axes. In terms of the primed (rotated)
coordinate system, no elements of the m° matrix are required to
be zero and the matrix is, in general, asymmetric in that some
nlj's differ from the ngi's by a factor of two.

For an arbitrarily oriented coordinate system (X5Y4,Z) or

(XE,X},X%) in which X (X7) and Y* (X3) are in the plane of the
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Si/Azzo3 film and z‘(xg) is normal to the Si/Azzo3 film, the
Eqn. (24) then becomes

B1/Po = J1Qsm ] T em ] Toen? 10y,
B3Iy = LU LI ISLI Fo

1 (M1 T Tg o+ e Ty,
E1/Py = J3(mg T sml Toems 17,
Ep/Pg = J3 (Mg T +m i Toems T7),
J;(1+ng1TI+ﬂ;2T5+n;6T6).

53/po = J

-

E3/po

The ﬂ;j include the resistivity Py and in some cases a factor of
two in the definition. 1In Eqns. (26) we have assumed that the
stresses T;, Té and Té are the only non-zero stress components

in the Si as discussed in Section III., In the first three of
Eqns. (26) it was assumed that the current flow was solely in

the 1 direction (only J; non-zero), and in the last three of

Eqns. (26) the current is solely in the 3 direction (only J; non-

zero). These two cases are adequate to cover all experimental

device configurations of interest,

The first and last of Eqns. (26) can be written in a form

more directly related to the carrier mobiiity. These two equations

deal with so-called longitudinal piezoresistance effects in that
the field and current components are both in the same direction,

We let pi and p; be the resistivities in the 1 and 3 coordinate

e o e

directions, respectively. Then, in terms of the zero-stress

resistivity po,

L i AT
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The Hall mobility u in a given direction can be related to the

: resistivity p by u=RH/p,where RH= the Hall constant. Thus

1 1
: Hy/ug = ————— ; Mz/luy = ————,
; 1+8p,/p 1+dp,/p
where Api/p0 and Apg/p0 are as defined in Eqn. (27). Our primary
3 interest in the Hall mobility will be in mobilities for current
flows Ji in the plane of the Si film. In subsequent discussion,

4 a mobility u without a subscript will be taken to relate to My

Eqns. (28) are fundamental and, in the linear piezo-

it L Ll R A

resistance modz:1, all connections between mobilities and resis-

tivities will assume u=RH/p and Eqns. (28).

The above discussion relates to a linear piezoresistance
model in that the change in resistivity is proportional to the
stress. However> since stress levels in Si/ASLzO3 films are high

% and relate to strains much larger than those usually encountered

in "bulk" Si piezoresistance applications, it is of interest to
consider non-linear corrections to the linear model.
A non-linear theory of piezoresistance does not presently 3

exist. The rigorous development of such a theory appears to be

ﬁ a formidable task and will not be attempted here. We shall

simply consider corrections to the longitudinal piezoresistance




X
.
5
%
d
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pi EI/JI and p; = Eg/J; which, while not rigorously correct,
are probably an improvement on the linear model for those cases
in which the predicted change in resistivity due to stress is
substantial,

Schidtterer (1) has related the change in resistivity to the

stress using

Ap 2
=5 = K Tek T, (29)

following Mason, Forst and Tornillo(lg). The latter authors
employed a Si many-valley model and considered the effects of a
uniaxial stress. No direct use was made of the i3 coefficients,
SchlBtterer then assumed, based ‘upon the work of Sanchez and
Wright(lg), that for practical use the relation k2=0.5 k12 was
valid. For present purposes, we shall simply assume this relation
is approximately correct and will not attempt to justify it.

The procedure followed by Schlotterer would, in our case of

anisotropic stress, yield mobilities

1
Wa/u =
] 0 ”» ”» ]/ b 4 2
1+(n1JTJ)+2(ﬂ1JTJ)
and (30)
1
Mg/u, = PR W) )
1+(ﬂ3jTj)+4(n3jTj)

where the implied sum on j includes j=1,2 and 6 for Si/AZZO3 films,
The primes on 7 and T signify that 7 and T are to be calculated

for the arbitrary coordinate system under consideration.
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It might be argued that if Eqn. (29)

is approximately

correct for the Stress and strain levels of Ref. (19), then the

larger stresses in Si/A2203 films may require the inclusion of

3
higher order terms in the stress. We have derived a correction :
which is in the spirit of Eqn. (29) but which includes higher

order terms.

We consider Eqn. (23) for j=1i., Differentiating with respect

to T;R we obtain

:

'wd

nf.kz !

- “3 = - 11 - ,’

S(ef/30 Pl (b—;—) (6T7,). (31) s
SchlBtterer(ll) pPresents a graph of ﬂij coefficients for a range 3

of carrier concentrations. The experimental m's are approximately

constant for moderate changes in carrier concentration. This ;
SUggests to us that the terms ("iikl/pii) in Eqn. (31) are

dpproximately constant for moderate changes in resistivity p;..

s aiig e

We shall assume this to be the case.

Noting that (Ei/Ji):pii=p"
Eqn. (31) integrates to yield

y »

P +(ml . T
p. = p e *( ij J)

bl
:
3
3
i
g

(32)
in the contracted subscript notation. Here p;(T;=0)=po is the
Zero-stress (scalar) resistivity. The longitudinal mobilities !
for this model are then ;
1 } 1 . ]
S TA s Mg /U= . (33) |
+(n.T? # (5.5, T
e(lJJ) e(3JJ) :
3
Eqns., (28), (30) and (33) thus represent mobilities based on

linear (1st order), second, and exponential order stress models,

3

‘
by
9
N
3
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respectively, and are all mutually consistent to within their

respective orders.

Numerical data for comparison of mobilities in the linear

and non-linear models are given in Table III. The linear

mobility is taken as the independent variable and the non-linear

mobilities are then calculated from Eqns., (28), (30) and (33),

In this paper, the linear model will be used in all analytic

expressions and formulae presented for the various orientations

of p- and n-type Si/AJlZO3 films studied. In most cases where the

resulting linear and non-linear numerical mobilities differ sig-

nificantly, both the linear and exponential order mobilities will

be given,

A more mathematically rigorous non-linear model than in

Eqns. (31) and (32) has also been investigated, This model is, in

Principle, applicable to the transverse as well as the longitudinal

piezoresistances. The result is a complicated matrix analog of

the scalar Eqn. (32) and numerical data cannot be obtained in

closed form., It thus dppears to be without profit to further

pursue this approach at this time,

In concluding the discussion of non-linear piezoresistance

effects, the position taken will be re-emphasized., Neither of

the correction terms employed in Table I1I is considered to be rigor-

ously correct. Nonetheless, in those cases where linear

linear mobilities differ markedly,

and non-
it is felt that the non-linear

mobility (in particular the exponential order mobility) is much

more accurate than the linear mobility

and must be employed,
D-27




A prime was used in all piezoresistance formulae presented
thus far. The prime signifies that the m's and T's are referenced
to an arbitrary fixed coordinate system. We now wish to become
specific to the case of Si/ARZO3 films. For a given Si/A!LZO3
film growth, we are interested in the anisotropy of piezoresistance
and mobility as a function of orientation or direction in the plane

of the film.

Thus, let XYz~ represent reference axes with X" and Y~ in

the plane of the film and Z” normal to the plane. The coordinate

transformation relating this set of reference axes to the Si
crystal axes will be denoted by (&mn) as in Egqns. (3} or (8).

Now let (n) be a matrix representing a rotation about the 2"

direction. Then

cos® sinb
(a) = -sin® cos®H

0 0

where the sense of the rotation is that a positive angle 0O rotates
the X~ axis toward the Y axis. Following Egqn. (8), the (fmn)~
type matrix explicitly involving the angle 6 and referenced to

the X'Y zZ" axes is

(¢mn)” = (a) (&mn).




This rotation could also be applied to the A2203 substrate

coordinate system,but for Present purposes this is unnecessary,

Let us return to Eqns, (26). Now the pPrime in the equations

will be interpreted to refer to a coordinate system at an angle 0

from the reference coordinate system with X and Y in the Si plane

and Z norial to the Si film plane. The 7 coefficients are then

obtained using (2mn)”in Eqn. (35) and the table in Ref. (15),.

The m coefficients will then be explicit functions of 6 the

angle of rotation. The stresses Ti, T£ and T; are similarly

interpreted and are given by

T,+T T,-T
i .. 153 4% :
T1 = ( 7 ) + ( 3 ) cos26 + T651n26,
T.+T T,-T
T2 —(——5——) - ( 3 ) cos26 - T6s1n26,
T,
T6 = - 7 }sin26 + T6c0526,

where now Ti,Té and Té are the stresses in the film at an angle 6

from the reference and T,,T,.,T

1*'2s'¢ are the reference stresses at 6=0.

D-29

(36)

s Sl R S g o

e

S

it i,

é

T

Satchep o




V. APPLICATION TO (001), (221), and (111)5i FILM GROWTH

In this section the calculation of mobility anisotropy for

Si film growths of three different orientaiions, (001), (221),

and (111), will be discussed, Measured experimental anisotropies

and calculated theoretical results for (OOl)Si(l) and for (221)51(2)

have been Previously reported by the author. The purpose of the

Present section if to present a more detailed theoretical description

and provide information not reported in the earlier accounts,.

A, (001)51/(0112)A2,03 (Mode I Epitaxy)
The case of (OOl)Si//(OlIZ)AJLZO3 is an example of Mode I

epitaxy as defined in Section II and in Table IT. For calculation

of the piezoresistance and mobility anisotropy for this orientation

we shall adopt reference coordinate systems given as (X;,Y;,Z;)

and (X;,YS,Z;), respectively, in Table II. The (LMN) matrix

relating this coordinate System in the A2203 substrate to the

original Cartesian crystal axes is then given by (Eqn, (3))

—

0 o 1 0 0
(LMN) = o & 1 = 0 +.535703144 -.8444063841 |,
n n/g
o L a2 0 +.8444063841 +.535703144
nv3 ¢

where n is a normalization constant

(1/3+(a/c)?)% and a (c/a)

ratio of 2.730159 has been assumed for A2203. The (&mn) matrix

relating to our reference axes in Si and the (&mn) matrix incor-

porating the rotation about the Z; axis are both trivial and are

given below.
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100 cos® sin® 0
(8mn) = {0 1 0 ; (¢mn)” = -sin® cos® 0 . (38)
001 0 0 1

Employing the (&mn)” matrix in Egn. (38), the m" transformation

table in Ref, (15), and Eqns., (356) we find the piezoresistance

equations (Eqns. (26)) become

E Ap? T, +T 0 «<T

1 it Nl Tt 172
(poJi -1) = po = ( 5 ) (ﬂ11+ﬂ12) + ( 3 ) (ﬂll-ﬂlz)c0526

(39)
+ T6“44 sin20 ,

E; e =T'5
(ESTT) = -(=57=) (m;-m;,) sin2@ + TeTyq €0S28, (40)
E- Ap’ T.+T

3 3 1 "2
== _1) = = ( )21T . (41)
poJ3 po 2 12

For (001)Si, (E5/p,97) (El/pon) = (E,/pd3) = 0. Eqns. (39)
" 1

and (41) reduce to Schlotterer's(1 ) Eqns. (5a) and (5c) in the

limit where T1=T2 and T6=0. In the above equations Mo ﬂ12’ LW

are the basic piezoresistance constants shown in Eqn. (25) and

referenced to the Si crystal axes.
We next solve for the stresses Tl,T2 and T6 from Eqns. (22).
Here the primes on the Cij's and the el's relate to 6=0 and hence
to the (&mn) matrix in Eqn. (38) and to the (LMN) matrix in Eqn, (37),
respectively. In accordance with our notation, the primes on the

stresses are to be suppressed. We obtain
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T1 = Cllel + C12€ + C..e

2 1273
T2 = €81 * Cq485 * Cy,e5,
T3 = C1af1 * Cpp85 + Cpyes
= - (42)
Ty = Cy48>
Ts = C4uCso
Te = Ca4%,
where EI, €,; and eé are applied thermal strains and €2 EZ’ and e¢
are Poisson reaction strains.
In accordance with our stress model, T3=T4=T5=0. We then
find that for this orientation of film and substrate, the reaction
strains EZ and Eg are zero. Solving for T, Ty, Tg» we obtain
the implicit relations
T +T,  C,,%+C..C.. -2c. 2
1 2 _ 11 "~117127 %12 [2-N 2N 2)e. & (v, 2an.2)e ]
2 2C11 1 2 1 1 2 3 a2
T.-T (C,,-C..)
1 "2 “7"11 “12 2 2
] - ] (Nl 'Nz ) (61'63)) (43)
Te = =2C44 NN, ()-¢5),
where N1 and N2 are defined in Eqns. (3) and (20) and given
numerically in Eqn. (37). The crystallographic axis strains
€ and 63 have been given in Section III and are
€, = (as-al)AT,
(44)

m
|

3 = (as-az)AT,
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where ag is the thermal expansion coefficient for Si and A, 0,

are the thermal expansion coefficients for A%,0, in directions
perpendicular and parallel, respectively, to the c-axis.

The stresses in Eqn. (43) can now be evaluated. For elastic

constant data for Si we use that given by Hearmon(ZO) For the Si

thermal expansion, an average value of as=3.9x10-6/deg c(11) was

employed. For our primary data on A2203 thermal expansion we use

21 a -
that of Austin( ) with a1=8.31x10 6/deg C and a2=9.03x10 6/dog C

Thus (al-a2)=-0.72x10-6/deg C for Alzos. Recent measurements(zz)

at this laboratory using a differential technique have given a

difference in thermal expansion coefficients a -a, of (-1.0810.12)x10'6/d%(

1

for the A2203 substrate. Calculations have been performed using both

sets of expansion data for A2203 as a means of determining the
sensitivity of the calculated results to the expansion data(zs).

The results are given below for AT=1100C deg.

. 1
Case 1; (0;-0,) = -0.72x10 6/deg c(21)
Ler sty = -0.9206x101° dyn/cm?

71+ T,

%(TI-TZ) = +0.2852x10° dyn/cm?

Tg = 0.0

Case 2; (al-az) = -1.08x10-6/deg c(22)
%(T1+T2) = -0.9105x1010 dyn/cm2
F(T;-T,) = +0.4278x10° dyn/cm?

T, = 0.0
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Substitution of these values for the stresses and values of 1

piezoresistance coefficients for Si from Smith(24'25) yields the

results shown in Table 1v,

Let us first consider the p-type Si results of Table 1V,

For this (001)Si orientation the p-type piezoresistance effects

(Apl/po, E3/p,d1, and Apz/po) are all quite small and would yield

variations in mobility much smaller than the experimental scatter

in data normally present in such measurements. For all practical

purposes then, piezoresistance in P-type (001)Si films can apparently
be ignored. On the other hand, we shall find that P-type piezo-

resistance effects for some other Si orientations are substantially

larger than the n-type piezoresistance effects.

Next consider the n-type Si longitudinal piezoresistance data

Api/po of Table IV. Since the mobility M can be related to the

resistivity p. by u=R,/p » Where R, = the Hall constant, the theo-
1Y H/ Pl H

retical mobility can be Wwritten

Case 1

- '1
WMy = [1+8p7/p ]

[1.441924-.044488 cos20]7 !, 1

(46)
Case 2

- -1
Wy = (14867 /p,]

[1.437032-.066732 cos26[ 1,

L N
e e S L K o A

where uo is the zero-stress mobility, Fronm Eqn. (46) we note that

the mobility will be a maximum along the [100]Si direction and

wWill be a minimum 90 deg away along the [010]Si direction.

The amount of anisotropy -- the parameter which can be most
conveniently and definitively extracted from experimental data

can be described conveniently by a parameter A which we define as
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A= (u yuA,where My = l/2(umax+u

= . is an approximate
max um1n ) PP

min
average mobility in the plane(26). In terms of these parameters

we find A = 6.17% and My = 0.694110 for Case 1 and A = 9,.,29% and

Ha =0.697u0 for Case 2 values of thermal expansion data. Y= thus
find an anisotropy in mobility of from 6.2% to 9.3% superimposed

on a substantial =30% overall theoretical reduction in mobility

for n-type (001)Si,

The theoretically predicted transverse piezoresistance effect,
corresponding to an electric field Eé in the plane of the film and
orthogonal to the current Ji direction, is also given in Table IV,
This effect is characterized by the magnitude of the coefficient
of the sin26 term which is +0.044488 and +0.066732, respectively,
for Case 1 and Case 2,

The longitudinal piezoresistance effect Api/po and the
transverse effect Eé/poJi have both been measured experimentally
and reported in Ref. (1). The values of the anisotropy parameter A
determined experimentally ranged from 7.6% to 11.7%, with an
average value of 9.5%., The measured transverse-effect data, due to
the smallness of the voltage being measured, exhibited more scatter
than did the longitudinal effect. A least-squares fit to the data
yielded a sin26 coefficient of 0.08. The theoretically predicted
longitudinal and transverse piezoresistance effects for Case 2
thermal expansion data are thus in reasonable agreement with
experiment., Thus, the conclusion in Ref. (1) was that the moht1lity
anisotropy and transverse effect could be substantially accounted
for in terms of substrate-induced stresses without recourse to
other phenomena. For a detailed disrussion the reader is referred

to Ref. (1).
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B. (221)/51/(11'2'2);\2203 (Mode II Epitaxy)

The case of (221)51/(1122)A2203 is an "off-orientatiou"

example of Mode II epitaxy as discussed in Section II. In calcu-

lating the piezoresistance effects for this film orientation, we f
shall adopt reference coordinate systems given as (X‘,Y%,Zé) and

(X2,Y2,27), respectively, in Table II under the (221)51/(1122)A220

s’'s’"s 3 é
heading. Z
The parallel relations in Table II lead to the following (LMN) ;

matrix relative to our reference axes:
V3 3
) -1/2 c N1 = 0.0 :

R T
NZ--Q93899, (47)
il 73 (ale)
2N 2N n

L i
where n is a normalization constant = (1+(a/c)2)2 and (c/a)=2.730159 E

was assumed,

AT AL HEEEY

The (&mn)” matrix incorporating the rotation about the Z% axis

is given by

+3cosB+sinb -3cosfB+sinb -4sinb i
(2mn)” = b -3sinb+cosH +3sinf+cosH ~4cosd | , (48)
7\ 23 22 /z

where 8 is measured from the [IIO]Sf direction toward the [114]Si

L ALY > i A o P e 1

direction. Using this (&mn) " matrix and the transformation properties
of the 7m's, the (221)51//(1122):‘\2203 piezoresistance equations

become
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We next solve for the Stresses T

1 T2 and T6 from Eqns. (22)

and for this film/substrate orientation obtain

Ty = Cppep *+ Cl e + C13€3 * €l e,,
Ty = Cipep + Chyey + C2383 * Coyey,
T3 = Ci3€) *+ Chpey + C3385 * Cue4,
- - - - - - - - - (50)
Tg = Cigep * Copey + C3483 * Cyuey,
Tg = Cggeg + Cs6€q0
Te = C56%5 * Cogten

where the primes on the Cij's refer to "rotated" elastic coeffi-

cients using (&mn) of Eqn. (48) with the angle 6=0 and the trans-

formation table of Ref. (14), This System of equations is suffi-

ciently complicated to render an analytic solution of Eqns. (50)

in terms of the applied st:ains ¢ €, and €¢ impractical. We

have therefore simply solved the equations numerically, using the

elastic constants for Si,

Using Eqns. (21) and the (LMN) matrix in Eqn. {(47) we obtain

e = (as-al)AT, 85=(as-a1)AT + 0.8817095 (al-az)AT, and €6=0.

Again setting T3=T4=T5=O, and solving for T1 and T2 we find the

following implicit relations:

11T, 11 2
5 = [22.338504(as-a1)AT + 9.2261599(a1-a2)AT]x10 dyn/cm®;
(51)
T1-T, 11 2
5 = [1,4106208(as-a1)AT - 4.64325004(a1-a2)AT]x10 dyn/cm®;
T6=0
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We note in Eqn. (51) that the thermal stresses would be
anisotropic even in the limit 0y =05, in which the thermal expansion
is isotropic; this is in‘contrast to the (001)Si case in which the
stress anisotropy depends solely and directly on the thermal expansion
anisotropy.

The stress equations evaluated for Case 1 and Case 2, our

two sets of thermal expansion data, and for T=1100C deg yield

Case 1

% (T,+T,) = -1.156712x10" dyn/cm?,

2 (T,-T,} = -0.3165467x10%dyn/cn’,

T, = 0.0

(52)

Case 2

> (T,+T,) = -1.149017x10%dyn/cn?,

1 9, , 2

3 (T,-T,) = -0.1047437x10%dyn/cn?,

T, = 0.0.

The average stress (T1+T2)/2 is approximately the same in the
two cases., However, (Tl-TZ)/Z decreases substantiully for the
larger (al-az) case and reflects competing origins for the stress
anisotropy, as is apparent from Eqns., (51).

Substitution of the above stresses yields the data for

Apl/po, Ez/poJ1 and hs/poJ1 shown in Table V. The remaining
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piezoresistance effects, Eé/poJ% and Ap%/po, are also non-zero for
this (221)Si orientation and can, if desired, be evaluated using
the information given.

One general characteristic of the data of Table V compared
to the data for (OOI)Si/(Oliz)ASLZO3 should be noted. For (001)Si,
the anisotropy in mobility and the transverse effect Eé/poJi both
depend directly on the anisotropy in A2203 thermal expansion and
are thus relatively different for Case 1 and Case 2 expansion data,
However, for (221)Si an important contribution to the piezoresistance
effects is independent of the anisotropy in thermal expansion.
The data in Table V thus show little relative change between Case 1

and Case 2 expansion data,

We next consider the transverse effect Eg/poJI data in

Table V. This effect depends principally upon the term(ﬂll-ﬂlz-ﬂ44),
which is numerically similar for n- and p-Si. Thus all Eg/poJi

data in Table V are substantially identical. This effect involves
the generation of a field Eg, normal to the Si film plane, induced
by the current Ji in the plane of the film. Whether this field is
of practical significance is not clear and no experimental studies
have been performed. 1In principle, if the zero-stress resistivity
and mobility are functions of z-cocrdinate position (depth) into
the film -- as is always the case to some degree in thin hetero-
epitaxial films -- then the field generated could be non-uniform

in the z-direction and act to produce a modified charge carrier
distribution in the film.

1°
data in Table V are similar for the reasons given above., For

We next consider the transverse effect E;/poJ Again, all
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n-type Si the coefficient of the sin2 term is +0.,21227 for Case 1
and +0.2314387 for Case 2. These results are in good agreement
with those of Ref. (2) in which a least-squares fit to experimental
data yields a coefficient of +0.2,

We next consider the longitudinal piezoresistance Api/po

and the associated mobility. Using u = RH/p, where R, is the Hall

H
constant, the mobility u/uo=1(1+Api/po). The characterizations of
the mobility in terms of Hoaxe Moin? Mo and A are given in Table V.
Mobility data derived from the exponential order non-linear model
arealso shown in Table V and denoted by uzax’ u;in’ u: and A°,
This notation will be used also in subsequent discussion and employs
the superscript e to denote the use of the exponential order non-
linear mobility formulae of Eqn. (33).

The general conclusion of the theory is that for p-type (221)Si
a substantial mobility enhancement should result from thermal
stresses, and mobility anisotropies approaching 50% should be obtained.

However, no experimental data is available and comparison of theory

with experiment cannot be made.

For n-type (221)Si a mobility maximum occurs along the [170]Si
direction and a mobility minimum occurs 90 deg away along the [114]Si
direction. The theory predicts that at an angle of ~36.6 deg from
the [110]Si direction the effect of thermal stress on the mobility
is zero, so that u(36.6 deg)=uo, the unstressed mobility, The
difference between the bulk mobility and the value of mobility

measured at this angle thus represents the mobility degradation due

to causes other thau thermally induced stress.
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Experimental data for n-type (221)Si mobility measurements

are given in Ref. (2) and indicate an average value of Ho the

unstressed mobility, of 600 cmz/V-sec and an average anisotropy of

A=39%. The fact that Ho is so much smaller than the bulk mobility(27)

strongly suggests that thermally induced stress is not the dominant
mechanism in lowering the mobility in epitaxial films. The average
experimental anisotropy of 39% is in good agreement with that
predicted theoretically and lends confidence to the theoretical
model employed.

The enhanced mobility predicted for some current direction
suggests that the (221) plane of n-type Si/AR,ZO3 may yield superior
electron mobilities. 1In comparison with (001)Si and (111)Si grown
at this laboratory, the (221) plane has indeed yielded higher
mobilities(z).

(B (111)Si/A2203(Mode IT, IYI, IV Epitaxy)

There are at least three substrate orientations and different
modes of epitaxy yielding (111)Si growth. In terms of our model
and piezoresistance calculations, these different modes differ
only in the substrate-induced thermal strains and can therefore be
treated all at the same time.

Following taie procedure illustrated in the {(n01)Si and (221)Si

applications, the (an)‘ matrix for (111)Si is

V3 cosO +sin® -V/3 cosB +sin® ~2sinb

[[EAN

(2mn) cosf -v3 sinb cosf +V/3 sind -2co0s6

V2 V2 V2

1
/e

(53)
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where the angle 6 is measured from the [1I10]Si direction toward 1
- the [115]Si direction. The piezoresistance equations, for (111)Si

and explicitly involving the angle 6, become

! T +T,  (2m) +4m, )  T,-T, (%,,-m. . +2m,,)
; PO | 11 "44 1587, S0 iy 5% el g
: Apy/py = (=) 3 (=) 3 cos26
? (my,-m.,+2m, )
: 11°"12%2Tgq)
3 *Te 3 sin26
g (TI-TZ) “11-“1 +2T
: = : 2 44
: E3/pgd] = [-—5—— sin26 +T cos28] ( s ),
| T 5
Eg/pJd; = [(—5—) sind *Tgeos8] —= (M, 1=T,,-T,,) , (54)

El/poJ

1
lTl
\
'O
C-;

3 1 : ’
T, -T
] . . 172 . V2
; E3/Pod5 = [(—75) cosb -Tysinb]-% (m) -7 ,-m,,) ,
.":: T
} - 2 V2 (28)
! = -
Boglog = (=775 (T)1#+27)5-Tyy)

The stress equations (Eqn. (22)) are then solved next, subject
again to the boundary condition T3=T4=T5=0. The form of the
elastic constant matrix is similar to that for the (221)Si case

but numerically simpler. The reaction strains €, and €] are

3 4
non-zero. Eg is non-zero unless eé is zero, as will be seen to
be the case for some substrate orientations.

The results for the stresses Tl’ T2 and T6’ given in terms

of N1 and N2 relevant to the particular substrate orientation, are

D=Lk
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T +T, 3, 0C; +2C

( ] )_
¢ C11+2C12+4C44

]
12 20y 2 2, 2

[(2-N;7-N,%) (ag -a)AT+(N;“+N, %) (a -o,}AT]

T, -T C, ., (C )
1
L2y, 3 44 11 12 (le_sz) (o)-a,)8T
117%12%C44 ,
C. (C. -C,.)
L C4a(Cqy-Cyy
Te = 3 ¢ c3¢C NNy (@)-a;)AT .
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Data for (111)Si Mwde II, III, IV epitaxy are given in
Tablz2 VI, The values of the substrate transformation direction
cosines N1 and N2 are shown, and the resulting stresses calculated
for Case 1 and Case 2 expansion data are also given.

In Table VI only the longitudinal piezoresistance effect
Ap{/po has been considered and the mobility derived from this is
shown. Because the anisotropy formulae aill involve functions of

cos26and sin26 there will be four mobility extrema, with two maxima

and two minima, Adjacent maxima and minima are separated by 90 deg.

For n-type Si the mobility maxima for Modes II and IV occur at 6=0
which is along the [1100] and [l?lO]ASLzO3 directions, respectively,
For Mode III, 2 maximum mobility occurs at 06=38,242 deg, which is
also along the [liOO]ASLzO3 direction.

The [1100], [1210] and [1100] directions for Modes I[I, III,
IV, respectively, all are perpendicular to the C-axis or [0001]
direction. These directions thus pertain to directions yielding
the minimum ASLZO3 thermal expansion lying within the plane of the
film, Clearly the mobilities in these directions should represent
relative extrema. Whether a given extremum direction yields a

maximum or minimum mobility depends upon the sign of the relevant

piezoresistance coefficients. Thus, the mobility maxima and

D-k5
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minima locations in the plane are interchanged for p-type Si as
compared with n-type Si,

The effects of stress on mobility for n-type (111)Si are
small, as indicated in Table VI. The average mobilities are close
to the unstressed mobility, and the anisotropies range from a low
of 2.46% (Case 1, Mode IV) to a high of 9.63% (Case 2, Mode III),
The Case 2, Mode III, anisotropy is, however high enough that it
should be considered in employing the mobility as a means of
evaluating the eftects of change in growth parameters,

The effects of thermal stress on p-type (111)Si are much
more significant than for n-type (111)Si. A substantial overall
mobility enhancement approaching = factor of two is predicted.
Based on the (001)Si and (221)Si data, Case 2 thermal expansion

data would be most applicable. For this case, the anisotropy

factors A range from 6% up to 15% and thus could be of experimental

significance in measurements of thin film mobilities,

i i g e
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VI. APPLICATION TO AN OFF-PLANE (111)Si ORIENTATION

In the previous section the piezoresistance and mobility
anisotropy were calculated for Mode III epitaxy with a (11§O)A2203
substrate orientation. An examination of Fig. 4 of Ref. (5),
showing a stereographic projection illustrating Si/A!LzO3 epitaxial
relations, indicates that a (11§O)A2203 substrate orientation is
either on or close to the boundary between Mode II and Mode III
epitaxy. Therefore, in order to insure good quality Si film growths
of only one orientation
the ASLZO3 substrate is often intentionally cut a few degrees off
the (1120) orientation(zg). In this section we shall apply the
theory developed in this paper to a substrate orientation which
is ~5 deg off the (1120) plane. This application illustrates some
of the formalism developed in Section II and also provides infor-
mation on changes in mobility to be expected for slight off-plane
Si/AJLZO3 film growths,

The question of equivalent orientations and internal mathe-
matical consistency was briefly discussed in Section I1I. This
problem arises naturally in the characterization of some off-plane
z(ll?O)AJLZO3 substrates used in this laboratory to obtain good
quality ~(111)Si film growths.

The determinations cf the substrate surface orientation and
of the film/substrate parallel relations both involve the identi-
fication and labeling of certain principal x-ray reflections from
the Si film (e.g., {311}) and from the AJLZO3 substrate (e.g., {11201}).
The ambiguity in labeling these reflections--three choices each for

Si and AQZOS—-leads to different but equivalent coordinate systems

and characterizations of substrate surface and parallel relations.
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The question of mathematical consistency comes in when sub-

strate surface orientation characterization and letermination of the

parallel relations are not made with an identical la eling of x-ray

reflections., In this case, care must be taken to insure that

the pole diagrams selected to characterize the film and substrate

surfaces are consistent with the parallel relations assumed to ?
3 hold for the film/substrate composite., ;
i Pole diagrams for one substrate orientation'of interest
é are shown in Fig. 1, Figures la, 1b, lc are equivalent in
:

terms- of describing the film and substrate surfaces, but as shown

1 relate to different parallel relations. The orientation

7;
shown as Fig. la applies to the parallel relations previously ‘

adopted in Section II and will be employed in the subsequent

calculations,

The substrate orientation indicated in Fig. la was

A
3
.

cut +5 deg from the (1120) plane toward the (0110) plane and along

the zone indicated. The axis of rotation for the cut is the [0001]

direction. For this mode of epitaxy, the (111)Si plane isl] to

the (11§O)A2203 plane. However, the relevant crystallographic

zones in AQZO3 and Si are not exactly parallel so that the Si

axis of rotation is only approximately the [Oil] direction. The

pole diagram shown for Si is thus only approximate and will not

T o TN L g Tty © = e o™

4 be used to generate the (&mn) matrix for Si required to calculate

piezoresistance effects.

The rotation in A2203 of Fig. la is about the hexagonal

c-axis which is the Cartesian z-axis. If (B) is the rotation

matrix acting upon a column vector, and which, for 6=+30 deg,

roctates the Cartesian vector related to [1120] into the Cartesian
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| vector related to [01i0], then the (LMN) "matrix for this off-plane

substrate is given by (LMN)” = (LMN) (B), where (B) is the transpose

of (B) and (LMN) relates to the "on-plane" (1120) case. Since

: the rotation is about the z-axis, the direction cosines N1 and N
4

2
which define the thermal Strains are constant and independent of

bt et

the angle of rotation

From Section II, the (fmn) matrix associated with the off-

plane Si film is given by (&mn) "= (LMNY(SF) = (LMN)(Eﬁ(SF), where

(SF) is taken from Table II, For (&mn) " we obtain (6=+5 deg)

h 1/V2 o 0 +1.052475 -0.9428301 +0.0580268
1 (tmn)2{ o 1/V6 0 *1.0716329  +1.078041 -1.920788 , (56)
7 0 0 1/V/3/\ +0.8742111  +1.041838 +1.0724898

where the normalization factors used were chosen to facilitate

comparison with the on-plane simple (111)Si/(11§0)A2203 case,

From the third row of Eqn. (56) we sec that the Si film surface

lies approximately along the zone between the (111) and (011)si

planes.

The above discussion relates to an off-plane substrate

orientation which is +5 deg away from the (1120) plare, Calcu-

lations have also been performed for a -5 deg rotation yielding

an off-plane substrate surface which lies betwten the (1120) and
(1070) planes.

Although perhaps of less experimental interest,
this latter -5 deg rotation data coupled with the on-plane data
and the +5 deg rotation data provide insight into the sensitivity

of piezoresistance and mobility to small changes in substrate

orientation for this mode of (111)si epitaxy.
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The formulas for the longitudinal piezoresistance for
8= +5 deg are rather lengthy and will net be given. We note only
that there are contributio:ls to the anisotropy in piezoresistance
which do not vanish in the limit, T1=T2, of stress isotropy. This
result is similar to that found for the (221)Si films, as one would
expect.

The stresses Tl,T2 and T6 are numerically different for
these various orientations, even though the direction cosines
Ny and N2 determining the thermal strains are independent of
rotation angle, since the Si elastic constant matrix is itself
different for the different orientations. Numerical results for
the (1120)+5 deg, (1120), and (1120)-5 deg orientations are shown
in Table VI. The average stress (T1+T2) is nearly constant,
However (TI-TZ)/Z and T6 vary appreciably,

Numerical data for the mobilities derived from the longi-
tudinal piezoresistance Api/uo are given in Table VII. Values

fov o U, /ug,®

T --the angle from the reference axis at
max min u

max

which the mobility is a maximum--and the anisotropy factor A are
given for both linear and exponential models. Since the formulae
evaluated involve cos26 and sin26 terms, adjacent maxima and minima

are separated by 90 deg and equivalent maxima and minima are

separated by 180 deg. Exact comparisons of the angles © are

umax

somewhat (less than +5 deg) ambiguous since the reference axis is
different in each case.

The results for both n and p-type Si are different in the
various cases and reflect competing phenomena in establishing the

total anisotropy. As expected, the effects of stress on n-type

D-50

T EL e 1 T PR




Si Hall mobilities are much less than for p-type Si. The maximum

mobility Miax Varies by +7.5% and the anisotropy A° changes by ~15%
for p-type Si and a +5 deg change in substrate orientation., Thus
the mobility, based on thermal expansion stresses, would be expected
to be a sensitive function of substrate orientation.

The dependence of p-type Si mobilities on orientation suggests
that proper selection of substrate orientation can lead to enhanced
mobilities. Of course, physical phenomena other than thermal stress,

may also play an impor-
tant role and have to be considered in selection of optimum sub-

strate and film orientations,
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VII. APPLICATION TO THE GENERAL (XX1) Si ORIENTATION

The applications of tlie thermal stress-piezoresistance model
have thus far been limited primarily to film and substrate
orientations which are of current experimental interest, In this
section we shall apply the model in a predictive sense to general
Si film orientations of the form (xx1) to determine the effect of
thermal stress on the mobility for other Si orientations which
have not been researched experimentally.

Workers in the field of Si epitaxy have long recognized that
Si film quality depends upon a number of physical
phenomena. The use of thermal stress model mobility data to
determine Si orientations of possible experimental interest thus
focuses attention on only one part of the epitaxy problem. None-
theless, the effect of thermal expansion stress on Si film
mobilities is substantial and the use of/%ﬂgrmal stress model to
predict Si film orientatjons of potential experimental interest

is an important and useful new theoretical tool.

Extensive computer calculations for the (xx1)Si film orien-

tation have been performed. By varying x from zero to infinity,

several Si film orientations of the form (xx1) lying along the
(221)s1

zone(s) defined by (001)Si, (111)Si,/and (110)Si were treated and

numerical data obtained, Since Si film quality is usually highest

for (001) and (111) types of growth, this general treatment is

expected to encompass the orientations of major interest.

In the theoretical treatment, the four modes of Si/A£203

epitaxy and the mode of Si/MgAszO4 epitaxy defined in Section II
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B

are all included. The procedure is to assume

for purposes of the calculation that each given mode exists
for all Si orientations lying between (001)Si and (110)Si. In
reality this is not true and boundaries between the various modes
must be considered. 1In general, in proceeding away from the
"natural" plane for a given mode--say (001)31//(0112);\1203 (Mode I)--
the quality of the film deteriorates and the Si film may become
multimoded or defected. An adequate number of growth parameter
studies have,however, not been directed specifically toward this
question. Thus, the exact relationship between film quality and
the number of degrees off of the orientation of a pure mode is not
known in detail, although some general information has been estab-
lished by earlier workers (%), Tpe (221)Si//(1122)AL,0, is an
example of an orientation that is =16 deg off the "natural"
(111)S1//(1124)AL,0, plane and yet yields good quality £ilms(2).

The reference axes for all of the (xx1)Si plane calculations
are assumed to be X£=[li0], YE=[1,1,§X] and ZE=[xxl]. The (&mn)

matrix for this choice of axes is then

b -b 0
1
(&mn) = ——ro 1 1 -2Xx s
V2b

V2 V2 V2

where b=(l+2x2)%. The substrate surface orientations associated
with the (xx1)Si plane can be obtained from the row vector (LS’MS’NS)
in the (LMN) matrix by using Eqn. (6) and the (SF) transformation
matrices given in Section II. The ability to mathematically treat
general Si/A!LzO3 ocrientations of the above and other arbitrary

forms is, of course, the main reason a general mathematical
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description of Si epitaxy was sought, developed, and presented in
Section II,
The mobility has been determined from evaluation of the

longitudinal piezoresistance Ap;/po for four modes of Si/A220

epitaxy and one mode of Si/MgA2204 epitaxy. Calculations were v
performed for twelve values of «x in (xx1)Si ranging from (001)Si)

through (110)Si, and both n and P-type Si were treated. For the

Si/AQZO3 modes, Case 2 thermal expansion data (al-a2=-1.08x10-6/deg C)
Was employed. For the case of MgA2204 an average (isotropic)
expanjion coefficient of 8.1x10-6/deg C was employed(lo). A
temperature difference of AT=1100C deg was assumed for both cases.
The numerical data obtained are given in Tables IX-XIII,
In the tables, the first column lists the value of x in (xx1)Si.
The second column shows the number of degrees the subject plane is
from the (001)Si plane and toward the (110)Si plane. The remaining
columns list the maximum mobility ratio umax/“o’ the minimum
mobility ratio umin/“o’ and the anisotropy parameter A. For pP-type
Si, mobilities calculated from the linear and exponential models

differ markedly. Three additional columns have therefore been

e e e i
added to Tables IX-XIII for “max/“o’ umin/uo and A” data based upon §

the exponencial non-linear correction term., However, in applications :

s
A
and discussion, only the non-linear data will be employed. ﬂ

Before discussing the numerical data, it may be useful to

G

B

again comment briefly on the various origins of the anisotropy in

mobility, Basically it is the anisotropy (in the plane of the Si
film) of the piezoresistance coefficients, of the elastic constants !
and of the substrate-induced thermal strain that leads to aniso- !

tropies in carrier mobilities.
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With respect to the Si film, the carrier mobility anisotropy
originating in the Si piezoresistance coefficients and in the elastic
constants can be considered as intrinsic to the Si and the mobility
anisotropy originating in substrate thermal expansion anisotropy as
extrinsic to the Si. 1In general, the calculated mobility anisotropy
will represent an admixture of intrinsic and extrinsic effects and
no useful subdivision is possible,

For Si/MgAEZO4 (Mode V) the substrate thermal expansion is
isotropic and thus extrinsic motility anisotropy is zero. The Si
Piezoresistance coefficients and elastic constants are isotropic
for the cases of (001)S: and (111)Si. Thus the intrinsic mobility
anisotropy is also zero for these two orientations,

For the Si/A2203 modes of epitaxy, the calculated anisotropy
for [001)Si and (111)Si is extrinsic and smaller than the intrinsic
anisotropy for most other orisntations. Thus the anisotropy
parameter A as a function of orientation would 1 expected to exhibit
local minima for the (001)Si and (111)Si orientations, The data of
Tables IX-XIII illustrate this point with local minjma in A occurring
at or near these two orientations,

The therma: stress mobility data in Tables IX-XIII are extensive
enough to permit a Systematic investigation of theoretical mobility
as a function of orientation in the defined zone. We first discuss
those characteristics which are qualitatively similar for n- and
p-type Si films,

The maximum mobility data, p /u_or u® su

nax’ o max’Mo> show that both

n- and p-type mob.lities are minimum for (001)Si and increase as
one proceeds across.the defined zone toward (110)Si. A local

minimum in the maximum mobility is evident near (111)Si. The
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theoretical maximum mobilities for the (001), (111), and (221)si
Orlentations thus can be ranked with umax(001)<umax(lll)<umax(221).
Films grown in this laboratory appear, on the average, to confirm
this prediction(l’z).

- E T e e .

The minirum mobilities, umin/uo or umin/uo’ are also quali-
tatively similar for n- ard P-type films and exhibit minima for
(001) and (110)Si and maxima near (111)Si. The fact that the
maxima in umin/uo or u;in/uo and the minima in y

e/u

/uo O Upax )

max
mobilities are near (111)Si is, of course, due to the minima in
the anisotropy parameters A or A® which occur near (111)Si,

Although the n- and P-type mobility data do exhibit quali-
tative similarities, there are marked quantitative differences,

Lev us consider the n-type Si mobility first, The maximum mobility
umax ranges from ax30% reduction in mobility near (001)si up to a
*25% enhancement in mobility near (110)Si, as compared with the
zero-stress value Mo+ The minimum mobility umin is always less
than uo by amounts ranging from ~30-40% near (001) and (110)Si

down to perhaps 5% near QLIaNsE.

For p-type Si films, the effect of stress is always to
increase the mobility, and both u;ax and u;in are greater than uo
across the entire zone. The stress enhancement of the maximum
mobility is minimal for (001)Si and increases rapidly in going
across the zone. Values of the maximum mobility ratio u;ax/uo
are in the range 1,06-1.09 for (001)Si, 1.80-1.9¢ for (111)si,
2.10-2,27 for (221)Si and 2.32-2,44 for (110)Si, Thus, as compared
to (001)Si, substantially larger theoretical mobilities can be

achieved by choice of film/substrate orientations lying within

the zone,. .
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The anisotropy parameter A® for P-type Si films is also a
strong function of orientation and is in the range 0-5% for (001)Si,
6-16% for (U1%)$6., 454552 Bor (221)Si, and 74-89% for (110)Si.

The predicted anisotropy along most of the zone is large enough
that orientation direction within the Plane of the film should be
taken into account in experimental mobility measurements to
¢valuate the effect of changes in fiim growth parameters. The
general characteristics of both n- anq¢ P-type Si are illustrated
in Figs. (2) and (3) where thh shaded regions indicate the range
of mobilities associated with Modes 1-1V,

The theoreticaltmobjlity data presented in Tables IX-XIT11
and Figs, 2 and 3 are the results of a "model" and the assumptions
of this model must be borne in mind in employing this data to
estimate experimental mobilities,

The first point concerns the assumptions underlying the
(001)-(110)Si "continuous-zone" celculation, Mathematically we
have assumed that a}] modes of epitaxy hold across the entire zone,
Realistically, howcverlesssignificance should be attached to
robility data for points in the zone which are far removed {ronm
zonal regions in which the medal relations have been shown experi -
mentally to hold and good quality filnps obtained.

The basic assumptiions of the thermal stress-piezoresistance
model already have been discussed. For the case of n-type Si,
comparisons between theor& and experiment for the mobility anisotropy
and the transverse fieid effect have been made for (001) and (221)si
orientations. Substantial agreement was obtained, thus lending
confidence to the thermal Stress model(l’z). This suggests that

the continuous-zone theoretical predictions for n-type Si should
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be useful for zonal points in the vicinity of the (001) and (221)
orientations for the appropriate modes of epitaxy.

For p-type Si, no mobility anisotropy measurements have as
yet been performed and comparec with the strcss model calculations,
Nonetheless, we believe the calculated effects of stress on p-type
mobilities are relevant and significant and that the zonal calcu-

lations are useful in a predictive sense to indicate ncw orientations

worthy of experimental study.

e o kb
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VIII. DISCUSSION AND CONCLUSIONS

The principal objective of the present investigation has been

the theoretical determination of the effects of thermal-expansion-
induced stress on the carrier mobility in n- and p-type Si/AQZO

3
films,

A mathe-
matical description of heteroepitaxial relations was developed in
Section I1, and while original, is mathematicaily straightforward.
The main utility of the formalism is in mathematically treating

"off-orientation" Si/A!LzO3 films,

A model for calculating thermal-expansion-induced anisotropic
stresses was developed in Section I1I1. Within the framework of a
thin-film-thick-substrate approach, the model rigorously includes
and treats the anisotropy in thermal expansion coefficients and
the u.isotropy in the Si stresses.

A few points concerning the thermal stresses calculated for
the Si/A2203 orientations treated in the paper should be mentioned.

The average stress, (T1+T2)/2, ranged from ~-0.83x1010 dyn/cm2 up

10

to ~-1.20x10 dyn/cmz, depending upon mode of epitaxy and orien-

tation within the mode. These values are consistent with available
experimental estimate5(4’5).

The second point concerns the existence of shear stresses in
the Si films. Apparently it is cenerally assumed in the literature
and by workers in the field that there are no shear stresses in
thin Si/AILzO3 films(SO). On the other hand, a non-zero shear
stress To in the plane of the film arises naturally in our aniso-

tropic stress model and will be discussed briefly.
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In the thin-film-thick—substrate model, the Si film stress

is characterized by Tl’ T2 and T6 evaluated for some choice of

reference axes with x and y in the plane of the film. It turns
out that the existence of the shear stress T6 is a consequence of

the stress anisotropy and will he present unless T =T2. The

1

argument is as follows. Let the stress terms (T,-T,)/2 and T. be
I "2 6

defined for the veference axes. Then rotate the coordinate system

by 45 deg. From Eqn. (36), (Ti-TEYZ-T6 and Té=-(T1-T2)/2 and the

two stress terms have interchanged. Thus, (TI-TZ)/2 and T6 arc
Physically equivalent and hence it is only for the isotropic case,
I 2,that there is pPhysically no shear stress,

For the calculations performed, the values of (T|-T2)/2 and T6
ranged from zero up to *10% of the average stress. Vaiues equal to
5-7% of the average stress were more typical for most orientations
and modes of epitaxy. The relative magnitudes of both (Tl-TZ)/Z and
T6 are strong functions of the mode and of the film orientations
and vary appreciably,

The basic piezoresistance effect was discussed 1n Section 1V
and formulae employed in the paper were presented. The major
emphasis was upon the linear piezoresistance model. However, a
non-linear correction proceedure was also developed which attempts
to account for higher order stress effects. The resulting non-
linear model was employed extensively for p-type Si
data for which the linear model is believed to overestiwvate the
effects of stress on the resistivity,

For both the linear and non-linear models, it was further
assumed that the thin Si film is thick enough that bulk piezo-

resistance coefficients and bulk coefficient transformation proper-
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ties are applicable. Thus any device situation in whicih surface

conduction is important could lie outside the framework of the model,

per se, and would have to be examined on an individual basis,

The Si1 piezoresistance coefficients nij are functions of the ]

carrier concentration. Assuming that this relationship is approxi-

mately the same in Si/A!lZO.S and in Si films of the same carrier

concentration, coefficient data such as that summarized in Ref. (11)

indicate the numerical calculations of the present paper are

applicable for concentrations up to z1017/cm'3. For higher concen-

trations different and, with the exception of T4q» 8enerally smaller

coetfficients would he applicable.

Application of the thermal-stress-piezoresistance model to

the discrete (001), (221) and (111)Si orientations was made in

Section V, In general, the longitudinal effect Ap /p_ leads to a
8 1" %o

mobility variation of the form (u/uo)=[a-bc0526]~l, while the

transverse effect leads to a field variation of the form E5/00J1=bsin20

The zero-stress mobility, Mo and resistivity, Py» 8re not know: and

cannot be determined directly from experimental data. They are thus

essentially derived parameters and would be expected to be a function

of growth conditions and to vary slightly from sample to sample,

The anisotropy parameter A and the angular orientutions in

the Si plane yielding mobility maxima and minima are independent

of H, and thus permit direct comparisons between theory and experiment,

—

These parameters, rather than the mobility, per se, should therefore

be emphasized, Similarly, the orientations of maxima and minima in

the transverse field are basijc in directly correlating the trans- 1

verse field data.

D-C1
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(221)Si(2) gave good agreement

(111)51/(1120)A220z and (111)51/(1014)/\2203 films,

The mobility
anisotropy factor A, averaged

OVer a number of samples, was =30%
for [111}51;(1&14}AE203 and =16% for {111}51;(1120}A2203. These
anisotropy factors are 5ubbtantially Ereater than ths

Se predicted
from the thermal S5tress mode] and

indicate, inp contrast to the (001)si

and (221)si cases, that other phenomena are required in €xplanation,

Application of the thermal stress-

off-plane

The

model was employed in-g
Predictive sepse to determine the effect

of thermal Stress on the

" g ————
.
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mobility for other Si orientations which have not vyet been
researched experimentally. 1In these calculations, twelve Si
orientations lying along the zone(s) defined by (001)Si, (111)Si,
(221)Si and (110)Si were treated and numerical data obtained for
the four common modes ot Si/Afle3 cpitaxy and for one mode of
Si/NgA2204 epitaxy,

The mobility data are rather similar numerically for the
various modes and indicate only a wecak dependence upon the
pParticular mode of epitaxy. The n- and pP-type maximum mobility
data, umax/uo oY u;ax/“o’ are qualitatively similar in that the
mobility is a minimum for (001)Si and increases as one proceeds
across the defined zone toward (110)Si. B~th n- and P-type maximum
mobilities exhibit a slightv local minimum in the vicinity of (111)Si.

For n-type Si, the effect of thermal stress on the maximum
mobility ranges from a~30% reduction in mobility for (001)Si up to
a ~25% enhancement in mobility near (110)Si. The ratio of (110)Si
to (001)Si mobilities Hna /uo is ¥1.7-1.9 which represents a sub-

X

Stential and significant increase in theoretical mobilities,

(1’2’3}n these laboratories tend to support this general

Mcasurements
characteristic in that n-type (221)Si films have yielded higher
mobilities than (111)51‘/(11.‘20)/\5120z films, which in turn have
yielded higher mobilities than (001)Si films.

For p-type Si, the effect of thermal stress is always to
produce an enhancement in both maximum and minimum mobilities,
um:x/uo and U;in/uo' The maximum mobility u;ax/uo is ®1.07 for
(001)Si and increases, as one Proceeds across the defined zone, to

2.4 for (110)Si. These results indicate that the thermal ctress

cffect on mqbility has a strong orientation dependence and
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that substantial:v larger mobilities may be achieved by choire of

film/substrate orientation.

Collectively, the theoretical thermal stress mobility data

for n- and p-type Si/A2203 suggest that it would be worthwhile to

experimentally explore Mode I epitaxial film growths in the range

of ~0-25 deg from (001)Si and Modes IT, III and 1V epitaxial film

growths in the range *+25 deg from (111)Si.

Summarizing,

A e pe—— oy T on—
B s o O g o

the effect of substrate-induced thermal expansion

stress on mobility in Si/A2203 films has been theoretically determined

within the framework of a thin-film-thick-substrate piszoresistance

model which incorporates the anisotropy i substrate thermal

expansion and in Si film stresses,

It is well known that Si/AiLZO3 film growth quality

dependsupon a number of factors including intrinsic stress, dislo-

cation generation and impurity or heavy ietal complexes, in addition

t to the thermal stress effect treated in this paper. All of these

phenomena could produce effects on mobility which are deper.

dent

upon crystallographic orientation. Although a formidable task,

additional theoretical and experimental work directed toward under-

standing these phenomena should be attempted,

The present study of thermal stress effects represents the

first systematic investigation of mobility as a function of

crientation,

We believe the model is a useful theoretical tool,

and,

in conjunction with experimertal investigations and additional

selected orientation growth studies, can lead to a better under-

standing and to means of optimizing Si/A!LzO3 films for some

applications,
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FIGURE CAPTIONS

T S

it
W

S = i

Fig. 1 Three equivalent pole diagrams character{zing an off-

orientation 2(111)S1 film growth. The parallel relations

associated with these thre2 pole diagrams are:

A) [110131//[2501]“:03 and (111)31//(1150)A2203;
B) [101131//[2501]A2203 and (lll)Si//(11§0)A220

33
C) [1I0131//[§021]A2203 and (111)31//(1510)A2203.

Although al} three diagrams are equivalent, only that

of Fig. 1A 1is consistent mathematically with the

parallel relations assumed in Section II and has been

employed in the calculations,

Fig. 2 The mobility ratio (u/uo) for n-type s1 isg plotted

versus orientation in the (xx1)sS1 Zone., The shaded

regiols indicate the collective range in mobility for

the four modes of Si/A2203 epitaxy. (Data for the

individual modes isg given in the tables.)

Fig. 3 The mob1lity ratio (ue/uo) based upon the exponential

non-linear correction factor for P-type Si is plotted

versus orientation in the (xx1)s81 Zone. The shaded

regions indicate the collective range 1in mobility for

the four modes of Si/A2203 epitaxy. (Data for the

individual modes is given in the tables,)

Preceding page blank
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Table I.

Mode

II

II

III

IV

Orientation Planes

General Silicon-Sapphire Orientation Relationships

Orientation Direction

D-T0

Silicon//Sapphire Silicon//Sapphire
(001)//(0112) [100]//[2110]
(111)//(1124) [110]//([1100]
(110)//(1120)

(221)//(01122) [110])//([11c0]

(111)//(1120) [110]//([2201]

(112)//(1103%)

(111)//(1014) [110])//[1210]
[112)//[20321]
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Table II1,

Comparison of Linear and Non-Linear Mobilities

(W/u) (u/u) (w/u)
Linear Second Order Exponential Order
0.70 0.658 0.651
0.80 0.780 0.779
0.90 0.895 0.895
1.00 1.000 1.000
1.10 1,095 1.095
1.20 1,180 1.181
1.30 1.256 1.259
1.40 1.324 1,331
1.50 1.385 1,396
1.75 1.508 1.535
2.00 1.600 1.649
2.50 1.724 1,822
3.00 1.800 1.948
4,00 1,882 2.117
5.00 1.923 2.225
6.60 1.946 2,301
8.00 1.969
£ 2.000




TABLE 1V

(OOl)Si//(OlI2)A1203

Case 1 N-type Si

A°i/°o = +.441924 -.044488 cos26
Ez/ooJl = +.044488 sin26

Aog/oo = -,924320

Case 1 P-type Si

Aoi/oo = -,060424 +.002186 cos2H
Ez/ooJl = -.002186 sin26

Aog/oo = +,010440

Case 2 N-type Si

A°i/°o = +,437032 -.066732 cos26
Ez/ooJl = +.066732 sin26

Aog/oo = -,983323

Case 2 P-type Si

A°i/°o = -,059755 +.00328 cos26

E2/°oJ1 = -,00328 sin29

Aog/oc = +,010325




TABLE V
(221)Si[|(11§2)AR,01

Cusg_l n-type Si

E3/p,J] = -.1532308 sing

1

E;/poJi +.2122694 sin29

Api/c0 = +.0618867 -.21220694 co-"7§
e
] = Q = 7 .
bmax 1.1770u0, umin 0. 8483u0, umax
= 2 = 9 . ,®
My 0.9809bu0 A 39.98 PoHa
Case 2 n-type Si
hs/.oJl = -.1646888 sing
E:/COJI = +,2314387 sin26
Ari/oo = +.0058804 -.2312447 co0s26
e
= 9 ] . =0, 9: ;
Umax l.l.81u0, um]n 0.770 Zuo, Umax
, - 5 . = 4z o . . e
A 0.98452 ;A 43.39 s oMp

Case 1 p-type Si

~
@]
N
n
]

1406087 sing

.2425342 sin2o

m
[ £ 2NY
~
O
o
[
-\
n
+

A:I/LO = -.5280124 -,2425342 cos26

. 11 - . e
u = 4.3696“0, e Bl = 1.4007uo, “max

=
"
[ 2]

( . = o‘, . 'e =
.884)u0 ;A 102.9 5oV

.1se 2 p-type Si

-

m
NN
~
he)
oa
L=
|
1]

-.15112285 siné6

: d 4 = ,) .
Lz/poJ +.2281746 sin26

Api/oo = -,5210478 -,228174 cos2f

.. 3 - 3 e
umax = 3.9876u0, “min = l.4142uo, umax
& - . - 3 e =
Mg = 2.7009u ;A = 95,28% T

3]

- o} -
= 1,16234 Umin = 0.76()21\10

o’

=0.96125 ; A = 41.83%

= 1.1798u_; us, = 0.74294y
o] min 0]
=0.96137u ; A = 45,445
= 2.1022u ; u, = 1,3312y
o] min o]

1.7467u A = 47.57%

= 2.1153uo; u l.3403uo

1.7278uo i AT = 44.85%

T TRy T

e




TABLE VI

(111)S1/A9,203

Mode TII Mode III Mode 1V
N, 0.0 +0.618993 0.0
N, -0.80673 -0.785396 -0.618993
" Case 1
(1,+T,)/2 -1.1671x101%  _1.1987x10'0 -1.1425x1010
(Ty-T,)/2 +0.34343x:0°  +0.12333x10° +0.20220x10°
Te 0.0 +0.51312x10° 0.0
Case 2
(T, +T,)/z -1.1513x10%%  _1.1087x101° -1.1150x10'0
(Ty-T,)/2 +0.51515x10°  +0.18499x10° +0.30330x10°
T, 0.0 +0.76968x10° 0.0
n-type Si Case !
. L T 1.013 1.025 1.005
] /Uy 0.972 0.961 0.9804
A (%) 4,18 6.42 2.46
n-type Si Case 2
T 1.024 1.042 1.011
Mein/ Yo 0.962 0.946 0.974
A (%) 6.27 9.63 3.69
p-type Si Case 1
LT max/“o 2.604 1.851! 2.851 1.914 | 2,442 1.s05
mln/“ us. fug 2,227 1,735} 2,219 1,732 | 2.234 1.737
A (%) ; A® (%) 15.60 6.50 |24.91 9,98 | 8.92 3,81
R;type Si Case 2 | |
P umax/u 2.662 1.867 | 3.069 1.962 | 2.416 1.797
mln/“ ue. Jug 2.114 1.694 | 2.103 1.689 ! 2,122 1.697
A (%) ; A (%) 22,96 9.73 |37.37 14.94 : 12.96 5,73
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Case 1

(1,-0,)=-,72x10"%/°C

(T1+T2)/2
(Tl-Tz)/2
Te

Case 2

(2

(T1+T2)/2
(Tl-Tz)/Z

Te

TABLE VII

(1120) 45°

(1120)

e LA WD

(1120) -5°

~1.19666x10"

+0,25722x109

+0.69159x107

-a2)=-1.08x10-6/°C

-1.197500x10
+0.31262x10°

+0.94029x10°

0

10

~1.1987x101°

+0.12332x10°

+0.51312x10°

~1.1987x10%0

+0.18499x10°

+0.76968x10°

~1.19272x101°

-0.004171x10°

+0.35984x10°

~1.19197x10%0

+0.06398x10°

+0.62468x10°




PR S c i w1 T T TRy}

n-type Si Case 1
umax/uo
umin/uo
6]
u
A3
n-type Si Case 2
umax/uo
umin/uo
]
Hmax
A%,
p-type Si Case 1
e
umax/uo' uré\ax/uo
Hnin/ Mo Hmin”Yo
61-'
max -
h(s) i AT (%)
p-type Si Case 2
e
Hmax’ Yol Mmax Mo
. e
umin/uo' Mmin Mo
e}
Mmax 5
A(%) i AT (%)

TABLE VIII
(1120)+5° (1120)
1.0147 1.0250
.9636 9612
101.82 38.24
5.15 6.42
1.0099 1.0422
.9707 . 9465
79.55 38.24
3.95 9.63
3.624 2.063| 2.8510 1.9141
1.872 1.593] 2,2195 1.7323
120.97 128.24
63.75 25.68 | 24,91 9.97
3.945 2,110 3.0694 1.96Z2
1.808 1.563| 12,1030 1.689
122.30 128.24
74,29 29.74 | 37.37 14.94
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(1120)-5°

1.0625

.9127
30.46
15.16

1.0762

.9008
31.96
17.75

2.6495

2.2265
186.15
17.35

2.6210

2.2318
161.90
16.04

1.8637
1,7347

7.16

1.856
1,737

6.65
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APPENDIX 5

BIBLIOGRAPHY

ELECTRON MICROSCOPE IN SITU
NUCLEATION AND GROWTH STUDIES

Introauction

A search of the technical literature involving the electron microscopic
In situ observation of the nucleation and growth of thin films has been perforined.
The resultant bilbliography, it is hoped, includes all previous research of
interest to <omeone undertaking such a task. Pertinent literature in all major
electron microscopy conferences listed in section G has been included, as well
ds numerous articles from the general scientific literature. Insofar as is
possible for someone in the physical sciences on a limited time budget, the
biological literature was searched for information on hydration or environ-
mental chambers. A1l articles encountered concerning auxiliary pumping sys tems
or improvement of the contamination rate were included, primarily in section

£20-39. The author would appreciate i:.7crmation concerning any pertinent
t article not included.

To date, no one has yet examined in situ the nucleation and growth of a thin
1 solia film from a gaseous, molecuTar phase onto an electron transparent substrate.
1 In particular, the excellent works of Pashley et al, and Poppa (references C1-C8
and D1-D11) refer specifically to physical vapor deposition, not chemical vapor
deposition. The experiments 1isted in section concern either (a) oxidation of
a thin filu., (b) growth of solid whiskers from pyrolysis of a gaseous phase,
or (c) decomposition of a solid phase into a different solid phase plus a gaseous
phase. hone concern the growth ofa thin solid film from the pyrolysis of a
gaseous phase, an in situ experiment which the author is undertaking. The
references citea have been valuable chiefly for their collective wealth of ideas
and experimental techniques.




BIBLIOGRAPHY: ELECTRON MICROSCOPE IN SIT
NUCLEATION AND GROWTH STUDIES

Experimental Techniques: Chemical Vapor Deposition and Gas Reactions

Al.

A2.

A3.

A4,

AS.

nb.

A7.

A8.

A9.

A10.

Al1.

H. Hashimoto, T. Naiki, T. Eto, K. Fujiwara, M. Watanabe, an Y. Nagal ama,
p 181 in reference G2 (6th Int'l, Kyoto, 1966), "Specimen Chamber for
Observing the Reaction Process with Gas at High Temperature."

H. Hashimoto, T. Naiki, T. Eto, and K. Fujiwara, Japan. J. Appl. Phys. 7,
946 (1968). "High Temperature Gas Reaction Specimen Chamber for an
Electron Microscope."

H. Hashimoto, K. Tanaka, and E. Yoda, Japan. J. Electronmicroscopy 6,

8 (1958). "A Specimen Treating Device at High Temperature for the
Electron Microscope."

T. Tto and K. Hiziya, Japan. J. Electrommicroscopy 6, 4 (1958). "A
Specimen Reaction Device for the Electron Microscope and its Applications."
(JEM) See also Reference BS5.

T. Gabor and J. M. Blocher, J. Electrochem. Soc. 114, 214C (1967).
(Abstract only, see reference B8 for details.) "Tn-Situ Transmission
Electron Microscopic Study of Crystal Growth by Chemical Vapor Deposition."

U. Valdre, p 131 in reference G11 (27th EMSA, St. Paul, 1969). "Special
Specimen Holders for a High Voltage Electron Microscope."

H. Hashimoto and T. Naiki, J. Appl. Phys. 37, 3936 (1966) (24th EMSA).
"High Temperature Gas Reaction Specimen Chamber" (Abstract only, see
references Al and A2).

G. Shimaoka, J. Phys. Soc. Japan 17, 306 (1962). Suppl. B11, Proc.
International Conf. on Magnetism and Crystallography, Vol. II. "Electron
Diffraction Specimen Holder for the Study of Gas-Metal Reaction at
Elevated Temperature."

J. R. Fryer, Siemens Review XXV (2nd Special Issue) 13, (1968). "The
Direct Observation of Gas-Solid Reactions Inside the Electron Microscope."
(Siemens, see also reference Al4).

D. L. Allinson, p 169 in reference G1 (7th Int'l, Grenoble, 1970).
"Environmental Cell for Use in a High Voltage Electron Microscope."

J. C. Mills and A. F. Moodie, Rev. Sci. Inst. 39, 962 (1968). "Multi-
purpose High Resolution Stage for the Electron Microccope."
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A4,

A5,

Al6.

R17.

A18,

A19.

A20.

A21.

R22.

J. Escaig and C. Sella, Compt. Rend. 268, 532 (1969). "Nouvelle Micro-
chambre Pour Observation en Microscopie Electronique a Hau*e Température
et sous Atmosphére Controlée."

J. Escaig, Compt. Rend. 262, 538 (1966). "Porte-objet Permettant
L'Observation au Microscope flectronique de Spécimens Placés dan une
Atmosphere Contrflée."

J. R. Fryer, Ph.D. Thesis, U. Glasgow (1969). "Heated Gas Reaction
Chamber for Siemens Electron Microscope."

P. Sung, Rev. Sci. Inst. 42, 1731 (1971). "Hot Stage and Environmental
Cell on a High Voltage Electron Microscope."

G. Dalmai-Imelik and C. Leclercq, p 359 in reference Gl. (7th Int'1,
Grenoble, 1970). "Etude de L'Evolution de Catalyseurs au cours de
leur Preparation et de Reactione Catalytiques."

J. Escaig and C. Sella, p 177 in reference G2 (6th Int'1, Kyoto, 1966).
"Cellule Porte-Objet Permettant L'Observation de Specimen Chauffes Sous
Atmosphere Controlée."

J. L. Kenty, p 624 in reference G15 (30th EMSA, Los Angeles, 1972).
"Preliminary EM6 Modifications for In Situ Chemical Vapor Deposition."

P. R. Swann, in reference G17 (5th Euvopean, Manchester, 1972). "Side
Entry Single Tilt Specimen Holders for Heating and Stress Corrosion
Crac ing of Electron Microscope Specimens."

D. L. Allinson, A, W. 0. Gosnold and M. S. Loveday, in reference G17
(5th European, Manchester, 1972). "Modified Environmental Cell for
use in a High Voltage Electron Hicroscope."

G. L. Price and J. A. Venables, in reference G17 (5th European, Manchester,
1972). “Apparatus for In Situ Nucleation Studies in the T.E.M."

P. R. Swann and N. J. Tighe, p 436 in reference G17 (5th European,
Manchester, 1972). (See also ref E36) "Voltage and Pressure
Dependence of the Electron Transmission through Various Gases."
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B. Results: Chemical Vapor Deposition and Gas Reactions

B1. H. Hashimoto and M. Ishii, p 515 in reference G2 (€th Int'l, Kyoto, 1966).
"Metallic Oxide Crystals Grown in Heated Thin Filns of Copper and a-Brass."

B2. H. Hashimoto, T. Naiki, T. Eto, and K. Fujiwara. p. 495 in reference G2
(6th Int'1, Kyoto, 1966). "Electron Cinematographic Observations of
Whisker Growth of Molybdenum Oxides and Copper."

B3. H. Hashimoto, K. Tanaka, K. Kobayashi, S. Shimadzu, T. Naiki and
M. Mannami, p 477 in reference G4 (4th Int'l, Berlin, 1958). "Cinemato-
graphic Study of the Growth Process of Oxide Crystals in the Electron
Microscope."

B4. H. Hashimoto, A. Kumao, T. Eto, and K. Fujiwiara, J. Crystal Growth 7,

113 (1970). "Drops of Oxides on Tungsten Oxide Needles and Nuclei of
Dendritic Crystals."

B5. K. Hiziya, H. Hashimoto, M. Watanabe, and K. Mihama, p 80 in reference G4
(4th Int'1, Berlin, 1958). "Gas Reaction on the Specimen."

B6. H. Hashimoto, T. Naiki, M. Mannami, and K. Fujita, Structure and Property
of Thin Films, Ed. C. A. Neugebauer, J. B. Newkirk, and D. A. Verymilyea
(Wiley, New York, 1959), o 71. "Electron Microscope Study by Cine Film
on the Formation of Thin Oxide Films."

B7. T. Gabor and J. M. Blocher, J. Appl. Phys. 40, 2696 (1969). "In-Situ
Electron Microscopic Study of the Growth of Iron Whiskers by Chemical
Vapor Depositions."

B8 T. Gabor and J. M. Blocher, J. Vac. Sci. Technol. 6, 73 (1969). "Non-
equilibrium Chemical Reactivity of Polycrystalline Iron Foils."

B9. T. Gabor and J. M. Blocher, J. Vac. Sci. Technol. 6, 815 (1969). Errata:
J. Vac. Sci. Technol. 6, 969 (1969). "In-Situ Transmission Electromicro-
scopic Study of Crystal Growth by Chemical Vapor Deposition."

B10. R. K. Hart and J. K. Maurin, p 539 in reference G2 (6th Int'l, Kyoto,
1966). "Growth of Oxide Nuclei on Iron."

B11. R. F. W. Pease, A. N. Broers, and R. A. Ploc, p 389 in reference G6
(6th Int'1l, Kyoto, 1966) (3rd European, Prague, 1964). "Scanning Electron
Microscopy of the Growth and Subsequent Sectioning of Sputtering of Iron
Oxide Films."

B12. S. A. Jansson, p 73 in reference G6 (3rd European, Prague, 1964).
"Continuous Observation in the Electron Microscope of the Oxidation of
20 Cr-35Ni Stainless Steel."
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B17.
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Be2.

B23.

B24.
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B27.

MY DAY R D s
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d 1'etude de Quelques Problemes d'Oxydation et de Depot par Decomposition
Thermique en Phase Vapeur,"

J. Escaig and C. Sella, Compt. Rend. 271,84 (1970). "Nucleation of
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N. Sasaki and R. Ueda, p 479 in reference G4 (4th Int'], Berlin, 1958).

"Electron Microscopic and Diffraction Study on the Progress of Reduction
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J. F. Goodman, Proc. Roy. Soc. A247, 346 \1958). "The Decomposition
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Experimental Techniques: Physical Vapor Deposition
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APPENDIX 6

ELECTRON SCATTERING BY GASEQUS ATOMS

The presence of a gas phi.se near the specimen in an electron microscope
causes unwanted electron scattering of the primary beam, resulting in a

loss of resolution. More importantly, there is an intensity loss in the
transmitted beam and, also, a background-intensity increase and partial
destruction of contrast information because of multiply-scattered electrons,
i.e., electrons originally scattered out of the primary beam but rescattered
into the transmitted beam,

The beam intensity loss due to gas-phase scattering has been calculated
and used in determining the upper limits of the gas pressure and gas
layer thickness which can be tolerated in an in situ CVD experiment.
These two related variables determine the dimensions of that portion of
the specimen chamber whicl. contains the substrate and the surrounding
reactant gases, and through which the electron beam must pass.

The electron scattering for a single molecule is a function of the electron
scattering cross-section o for the molecule, which varies strongly with the
energy of the incident electrons, and the number and distribution of electrons
in the molecule. The total cross section for a volume cf gas containing

N atoms/cm” is

Q = No, (1)
where Q has the units cmzlcm3. For a gas of molecular weight M and pressure
P (torr) oN PON

0 o
Q = = 5 (2)
M RT ’

where No = 6,025 x 1023 molecules/mole and R = 62,400 torr-cm/deg K-mole.

The product Qt determines the amount of scattering, where t is the thickness
of gas through which the electron beam passes. The intensity lost from the
primary beam, i.e., the beam intensity scattered outside the objective
aperature, is

-(Pt)oN

I = Ie = Ie o 3)

RT

where Io is the electron beam intensi*y incident on the gas region under
congideration,
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The major uncertainty in Equation (3) is the proper value to use for Q
(or 0). Experimental values for Q or 0 are known for only a few elements
and compounds and do not agree well with theoretical values. The values
for SiH, and 0, used for these calculations were obtained as follows.
Measured o values* (for 65KV electrons) for thin solid films of Be, C,
510, Cr, Ge, Pd, Pt and U were plotted versus the number of electrons per
molecule (Z) on a log-log plot, A linear relationship was obtained by
least-squares curve fitting, as follows:

¢ = 0.14 x 1018z, (4)

Equation (4) can be used to estimate g for SiH4, 0,, and other gases of
interest if the somewhat doubtful assumption is mage that the electron
scattering depends linearly on the number of electrons present in the
molecule, independent of the number of atomic nuclei present. This assunpt ion
is valid to a first approximation only, for it is unlikely that the scattering
for Si(Z = 14), for example, is 7/3 times that of C(Z=6) or 14 times that

of H(Z=1). Nevertheless, the assumption does permit determination of an
interrelationship between the two parameters . and t.

The use of Equagion (4) yields 0 = 2,5 x 10-18cm2 for SiH, (Z=18) and
o =2,2x10°1 cm2 for 02(Z=16). These are the best avaiiable estimates
of 0 for these materials but may still be in error.

The intensity loss which can be tolerated in practice before a noticeable
resolution loss occurs in the electron microscope is not well known., At
higher magnifications the limit to proper focusing is frequently provided
by the low intensity of the electron beam, so scattering losses become
more severe in that range of operation. An intensity loss of 50% is
clearly unacceptable, and a loss of 10% is more likely a reasonable upper
limit., An intensity difference of 1% is not noticeable in electron micro-
graphs, so a loss of this magnitude is unimportant. Thus the maximum

tolerable intensity loss due to gas-phase scattering appears to be between
1 and 10%,

*C. E, Hall, Introduction to Electron Microscopy (McGraw-Hill, New York,
1953), p. 246,
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APPENDIX T

Reprinted from:
“30th Ann. Proc. Electron Microscopy Sec. Amer.”
Loy Angeles, Calif., 1972. C. J. Arceneaux (ed.).

PRELIMINARY EM6 MODIFICATIONS FOR IN SITU CHEMICAL VAPOR DEPOSITION*

J. L. Kenty

North Ame:ican Rockwell Corporation, Electronics Group, Anaheim, CA 92803

An AE! EM6 electron microscope is being modified for in situ chemical
vapor deposition. The objective is to observe the nucleation and growth
kinetics and structure of silicon deposited by Sill4 gas pyrolysis on
substrates of sapphire (single crystal n-ARZUS).

An Edwards DCF2 thermoelectrically cooled baffle has been instaled using
a simple adapter which permitted attachment without drilling or cutting
of the [M6 frame or vacuum system. Prior to installation the mcasurcd
contamination ratc was 24OR/min; afterward the contamination rate was
less than IOOR/min.

An auxiliary pumping system is mounted to the ler't rear of the column

and attached by a special stainless steel flexibie bellows to the pumping
port at the rear of the specimen chamber. The auxiliary system has an
ultimate presure <1 x 10-% torr, bgt the measured pressure in the specimen
chamber was no better than 1 x 107" terr, due primarily to the high out-
gassing rate of the beam deflector coil immediately above the specimen
chamber. Future modifications planned include completion of the differ-
ential pumping system by addition of an impedance tube between the
specimen chamber and beam deflector stage and a permanent aperture between
the specimen chamber and objective lens.

The bottom of the plate camera has been modified to accept a transmission
phosphor screen of aluminized P-11 phosphor material. A 16 mm motion
picture camera has been mounted directly below this screen so that
sequences of in situ growth may be photographed. Normal operation of the
microscope is not affected.

A CVD microchamber, Figurce 1, has been constructed which sits in the
objective lens at the normal 4 mm focal length position. A new center
post, brazed into the extensively modified base of a standard APl speci-
men holder, acts as one clectrode. The center post contains a 100um dia.
hole which serves as a gas limiting aperture. An outer cylindrical
electrode is fastened by screws to a fired lava insulator, which is
similarly fastened to the base. A gas-tight seal is obtained by lapping
the insu’ator, base, and ouier electrode base flat. Once assembled, the
outer electrode need not be disassembled to load the specimen. A
removable disc containing a 100um dia. aperture is held tightly in place
by a threaded cap. The specimen is Lold between two resistively heated
200-mesh stainless steel grids attached to the eclectrodes by two #80 NM
screws. The holder is inverted for loading permitting the specimen and
removable aperture to be aligned with the fixed aperture. Gas is admitted
to the microchamber through a flexible nickel bellows, flows through the
annular space between the electrodes, and ~xhausts through the apertures.
The space between apertures is 2 mm, which at.a Sil pressure of 2.9 torr
corresponds to a mass thick?isszof 0.55 pg/cem”, giv’ng a 10% intensity
loss assuming 0 = 2.5 x 107" "cm*.

*This research sponsored by ARPA under Order 1585, monitored by USAMICOM,
Redstonf Arsenal, AL, under Contract DAAHO1-70-C-1311.

\

G-1



Reprinted from:

“30th Aun. Proc. Electron Microscopy Soc. Amer.”
Los Angeles, Calif,, 1972, C. ]J. Arceneaux (ed.).

Figure 1.

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

C, outer electrode; D, heating grids; E, sample; F, removable
aperture; G, aperture cap.




