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18. A^»TWACT 

The resuJ.ts of a three-year research program are described. The overall objective 
ot  the program was to carry out a fundamental study of nucleation and film growth 
mechanisms in heteroepitaxial semiconductor thin films. The specific technical 
objectives were l) investigation of various aspects of the mechanisms of hetero- 
epitaxial film growth, to establish technical guidelines for the preparation of 
better films; 2) preparation of improved, high-quality, device-grade heteroepitaxia! 
films of Si and GaAs on insulating substrates by chemical vapor deposition (CVD) 
methods; 3) development of new or improved methods of characterizing heteroepitaxiaJ 
semiconductor films j and 1+) design and fabrication of selected thin-film devices 
c ring .Advantage of the unique properties of heteroepitaxial films. The program 
-Lavolved both theoretical and experimental investigations of nucleation and growth 
mechanisms and development of improved techniques for film and substrate preparatioi 
and characterization. The CVD method of growing semiconductor films was emphasized 
because of its importance in the semiconductor device induatiy. Main emphasis was 
on the Si~on-Al203 system, with attention also given to the Si-on-MgAlo0, and 
G^As-on-Al203 systems. The work was divided among seven subtasks: l) theory of 
^pitaxy and heteroepitaxial interfaces; 2) deposition studies and film growth-  • 
3} analysis and purification of CVD reactants; k)  preparation and characterization 
of substrates; 5) studies of in situ CVD film growth in the electron microscope; 
6J evaluation of film properties; and 7) design and fabrication of special devices. 
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Principal technical accomplishments include 1) experimental discove'ry anc 

o?PSi M 0 ?nf"f2^1011 ?f ^f*^  ani^otropy in the electrical properties 
of Si/Al203 films of several crystallographic orientations, and theoretical 
explanation of the effects in terms of a model that combines thermally-induced 

Sl^PrLunJt/^T10"/06^101!^ differences with the piezoresistance effect in 
Si 2) delineation of preferred substrate orientations, deposition temperatures, 
film grovth rates, and carrier gas atmosphere for optimized film properties 
in the Si/Al203 ^ Si/MgAl 0^ systems; 3) identification of the influence of 
surface-state conduction on measured electrical properties in Si films with 
carrier concentrations <10lbcm-^ k)  identification of the role of the Alo0, 
oHrn^ArpS^/f ^ P^01^10 decomposition of SiH,, in the formltLi 
nolff Ji^ I  ? ; 5l  devel0Pment of gas-phase etching and improved mechanical 
polishing techniques for preparing surfaces of A120, and MgAlpO, substrates for 
the heteroepitaxial growth of semiconductor films; K) developleät of an ion-beam 
sputtering technique for preparing ultrathin (<50oS) regions in Alo0, substrates 
for transmission electron microsccpy; 7) observation of the in sitH |rowth of 
Si by physical vapor deposition (PVD) and CVD on Al^ and a^s^Ts carbon 
substrates in the electron microscope; 8) observation and characterization of 
the transport of photoinjected electrons through single-crystal A120,; 9) measure- 
ment of carrier lifetimes in Si heteroepitaxial films on A120_ and^relation 
of lifetimes with various experimental parameters; 10) dete?m?nation of surface- 
state density distributions in Si heteroepitaxial films on Alo0o; and 11) the 
successful fabrication in Si/Al?0 of charge-coupled devices ix&bitlng good 
charge-transfer efficiency at hlgfi frequencies. Details of these and other 
results and investigations are given by means of data tabulations, graphs photo- 

«Sn^wr™^6: ^ eXten3iVe bibli°^Phy of electron microscope n^tu 
se^ra^e parts!   8    3tUdie3 i3 ^ included- The rePort ^ boLdTnlhFee 

-: 

iiV S«citritsr Clattification 

~''~™~yim*iieMM!Mmma*m*>immKi*****«*' 
^,^^^,^,l.W^.^.!t-x.n^JLJ.,;JJ»^ajiJJtl...:.,..       ■-   ^..  8.rf.^^^a..^aJim<^,.^,1..,,J^^^.^ii^.mi^i.^^..«™.-.-^..^..•..-;.:■...^,  i 



' 

ABSTRACT 

•nd flln growth mechfnlsmrin heteroeo?tavLfU    T"'!1 8tUdy of nu^tlon 
The specific technical objectives ^r 6 1?!^«^  '^""f thin film8' 
of the mechanisms of heteroenltaxll? f^i investigation of various aspects 
guidelines for the preparation of h^f^f^'^v'0 e8tabli«h technical 

hlgh-quallty.  device'!^:;:!0 e    e      Llfm's2 fPSlParr.i0; ^ ^^ 
Ing substrates by chemical vaoor dpno^J?      /mmx      Si and GaAs on insulat- 
of new or Improved methods of charac^'r ^ raeth0d8J 3) d^elopment 
fllmsj  and 4)  design and Lbrica    on of    e^ erthS'fT^ 8riCOnduCt0r 

advantage of the unique properties oflL^itaxlarful'"1"8  takin8 

film and substrfte preparation andlJOP?ent 0f impr0Ved techniques for 
growing semlconducto"?": ^L elhasi-d b  Zati0n% ^ ^ method of 

semiconductor device industrv      ^       t    because of its Importance in the 
«1th attention also given    7;he1i!on!M^o WaS.0" ^ ^-^ ^^ 
The work was dlvided'among seven s^btasks'    2?t %    GaAs:On-A1203 ^s^' 
epitaxial Interfaces;  2) deposition stud! ^  ■„ «T* 0f epit^ and heter°- 
purlficatlon of CVD reactanLrl) prepäratiorid S ^^l 3)  analysls and 

strates; 5)  studies of in situ CVD fif™ ^    ^ ?    ^«acterization of sub- 

properties of Sl/Al 0    film* J ?!,       f      anisotropy in the electrical 

theoretical expla^^io3n      " he^e f::"^^^'^"^^ ^r^^ ™* 
thermally-induced stresses dul tnt ? 0f a model that combines 
the Piezoresistance effec    in Si    IFZliT IT^^ dlffe^" with 
orientations,  deposition temoera^rL^63'1011 0f Prefe"ed substrate 
atmosphere for op'ti^d fil'" op"    Ls"i^ lllTuZT ^f^ *** 
Bystema;  3)   identification of the influence nf c    ^    203 and Si/MgAl 0. 
measured electrical properties in SlfiZl    f*™**™'*™* conductU on 
<10l6cm-3.  4)   Identification of thfrileof^H    ^n^ concen"atlons 
for th. pyrolytic decomposition of Si"    in th^f    201 surfa" as a catalyst 
5)  development of  gas-phase etchlL^ ! formation of Si filras by CVD; 
nlques for preparing surfaces of ^ f^Zlo^^1 POllShin8 'ech- 
epitaxial growth of semiconductor fh^Sid^^A 8ubstrate8 *<>* the hetero- 
sputtering technique for preparing ultrathinf<änfrnt ? ** i0n-beam 

Ptrates for transmission elect-on J.-! (^    ?)  re8ion8 ln ^ A *"*- 
growth of Si by physical vannrT "^f °sc0PyJ  7)  observation of thl In situ 
carbon substraÄthe "     ro^ o^co ^.^ ^ ^ ^ andTm^ous 
tlon of the transport of photoinWed f^'  8)  observation W characterize- 
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correlation of lifetimes with various experimental parameters;  10) determina- 
tion of surface-state density distributions  in Si heteroepitaxial films on 
A1203;  and 11)   the 
devices exhibiting 

11)   the successful fabrication in Si/Al20„ of charge-coupled 
ibiting good charge-transfer efficiency at high frequencies. 

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 
is also Included.    The  report  is bound in three separate parts. 
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. 
PROGRAM SUMMARY 

The overall objective of this three-year program was to carry out a funda- 
mental study of nucleation and film growth mechanisms in heteroepitaxial 
semiconductor thin-film systems which would lead to new knowledge and under- 
standing of these processes, and then to apply the results to the preparation 
of improved semiconductor thin 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 objactives involved the study of the funda- 
mentals of heteroepitaxial semiconductor film growth on insulating substrates 
as the primary activity, with specialized device fabrication used as a means 
both of 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-O system, with attention also given to the 
Si-on-MgAlpO. and GaAs-on-Al^CL systems.  The work was divided among seven sub- 
tasks: 1) theory of epitaxy and heteroepitaxial interfaces; 2) deposition studies 
and film growth; 3) analysis and purification of CVD reactants; A) 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 Rockwall. 
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films on A120_, Excellent agreement was obtained between theory and experi- 
ment in the first two cases; the amount of anisotropy and the directions (in 
the plane of the film) of maximum and minimum carrier mobility were correctly 
predicted. In (lll)Si (on two different A1203 substrate orientations), however, 
the theoretically predicted effects were too small to account for the experi- 
mental observations, indicating that other (not yet identified) phenomena are 
rno re important in determining anisotropy in the (ll^Si/Al-O,, system. 

Extensive calculations were made for the general (xxl)Si orientation (O^x«»), 
which defines all Si orientations along the zone that includes (001), (111), 
(221), and (110)Si and thus all of the Si/Al^O. epitaxy modes of major interest. 

ct 
imum mobility near (110)Si. For p-type 

For n-type Si/AUO , the predicted stress 
r''r (001)Si to a -25% enhancement in naxii 

effects ranged from a -30% reduction 

Si films, the predicted stress effect is always a mobility enhancement, with 
the maximum mobility ranging from ~l.(J7y for (001)Si to -2.4y for (110)Si, 
vhere Mo is the zero-stress mobility. 1? is significant that ?he Si film orienta- 
tion most used in commercial devices - (001) - is the one showing the lowest 
mobilities of all those investigated. Thus, considerable improvement in perfor- 

-.e of certain types of devices could be realized by exploiting these predicted 
t- «acts, which have major significance for heteroepitaxial device technology. 

Subjtask_2; Deposition Studies and Film Preparation. A major part of the work 
of this subtask consisted of preparing a variety of Si and GaAs heteroepitaxial 
lilm samples for use in other parts of the program. Experimental investigations 
of the effects of various deposition parameters upon the properties of Si and 
CqAs films continued throughout the program, including examination of the follow- 
ing: 1) dependence of electrical properties on growth temperature, growth rate, 
and crystallographic orientation of substrate (including the (1120) orientation, 
not previously used for heteroepitaxy studies); 2) variations in Si film prop- 
erties with thickness; 3) formation and properties of p-type Si/Al90„ films; 
A) effects of autodoping (at temperatures above -1050C) in Si films on A1„0- and 
MgAl20 • 5) effects of reactor configuration on film properties; 6) characteristics 
of early-stage growth of Si films on Al 0 ; 7) growth of Si films by SiH pyrolysis 
at reduced pressures (1 to 10 torr); 8) growth of Si films in gaseous atmospheres 
other than pure H2; 9) effects of annealing during growth on properties of Si 
films (no significant improvement in film properties observed); and 10) growth 
of GaAs films on Al^O^ and MgAUG, .  These studies revealed the strong inter- 
relationships that exist among the various parameters involved in optimiiing Si 
growth on insulators. Evaluation of the electrical properties of Si films:: on 
AI^OT demonstrated that growth conditions U) must be optimized for the particular 
suBslrate orientation chosen; (2) differ for those AU0» orientations which pro- 
duce the same Si orientation; (3) are dependent upon reactor geometry and gaseous 
atmosphere; and (4) must be optimized for the particular film thickness desired. 

Based on electrical properties of the films grown, the preferred substrate for 
Si heteroepitaxy was identified as one that produces (111)Si growth rather than 
(100)Si growth, namely .0.120)A120 or (lll)MgAl 0,, the highest mobilities 
being obtained on (lll)MgAl20,.  0£tiiaum growth temperatures varied with sub- 
strate orientation: ''••" ' 
1075-11000; (lll)Si 

Jjjtliaum growth'temp«  
i: (100)Sifon (0112)A120„, 1050-1075C; (lll)Si on (10i4)Alo0Q, 
ii on -(1120)A1203, 1075-1100C; and (lll)Si on (lll)MgAlX. 

1025C. The preferred growth atmosphere appeared tc be either U- or a He^H 
. 

vil 
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Ml  ML n 8    «n (0112 Al 0 or ~(1120)A1 0  but both (1014)A1,0, and 
hLi o8^??^ ^?arentiy need a He-rlch atmosphiri (.90% He-10% Hj ^r3obtalnlng 
high quality fUms  For essentially every orientation studied, frowth rates from 

on (0ll2)M 0 ^^ n Were f0Und S"fficient' alth0^h B-d growth'was also ach "d 
on (0112)A1 0 at lower rates.  These growth conditions are optimum for the reactor 
system used. t?ut should be useful guides for CVD film growth in systems wJth other 

s!/A O0 ^T'*1**-    yheSe observations should lead to definite improvements in 
C7/AV2°3 ,,  ProPe.rtles and thus to Improved performance ar.J reliability In 
bi/Al203 devices and circuits. 

Subtask 3; Analysis and Purification of CVD Re.*c.t™r*.     since  the impurity content 
of the various reactants used tor CVD of SI and GaAs heteroepitaxial films probablJ 

selves^a^: T'   limLt/ti™  0n the -hlevable Impurity leveL in the filL' hem- ' 
TllZ nf\u      y^  U,?d?rtaken to £tten>pt to Identify and establish the concentra- 
P oner es If'!" P ^^  ^ the reactants that might influence the Him 
properties If they were to become incorporated Into the films during growth  Dur- 
ing the first year, techniques . • gas chromatography were developed for a^aiys^ 
of the reactants used for SI and GaAs heteroepltaxy by CVD, with silicone oil and 

llrroL^T5 ^  'r the ch—tography. Several extrLeous impu "y p Ls 
were observed in the chromatograms of SIH samples, and dlborane (BIHJ was tenta- 
tively Identified as a significant Impurity (.10 ppm), although not2c^fI"ed bj 
mass spectrometer techniques.  Small quantities of purified SIH,, free of^iborane 
were prepared by successive Injections In the Chromatograph, bu^the quantities 
were too small for use In laboratory CVD experiments. Vgi^ning in thTsecond year 
of the program, samples of SiH and of trlmethylgallium (TMG) used for Si and Gals 
CVD experiments were analy.ed for Impurity content by sensitive mass spectrometr^ 
techniques.  Disilane and trlmethylsllane, together with several other Impurities 
of less concern, were found in the SiH, samples. impurities 

Significant. Impurity concentrations in some of the reactants (especially SiH ) 
at times limited the accuracy of the study of the effects of deposition pa deters 
on SI film properties.  Cooperative efforts with vendors for preparation of 
improved-purity reactants continued throughout the program, as did analyses of 
reactants by mass spectrometer techniques.  It was Läl clear   that significant 

trZT^u  0CCUrred n the PUrity 0f reaCtant trials; 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 ^or 
he same tank of reactant and the differences ^ detection limits for the same 

element or compound that different laboratories possessed, making it difficult 
to determine which results were the most reliable and which supplier of gases 
was best  A use test" still appears to be the most reasonable way of evSu- 

mate8]*^ F  V0' th* inte?ded ^plication. The analyses demonstrated the ultl- 
W t-irt < Understanding of the role °f Impurities In epitaxial film growth 
and the minimum requirements for the analytical methods that should be used In 
detecting these Impurities. An extensive collaborative study Involving the 
reactant supplier, the analytical laboratory, and the ultimate user is needed. 

To examine some of the fundamentals of the chemistry and reaction kinetics of 
the CVD processes used for growing heteroepitaxial films of Si and GaAs. Investi- 
gations of the reactions Involved In the formation of Si by SiH, pyrolysis and 
of GaAs by the trlmethylgallium (TMG)-ASH reaction were undertaken.  The influ- 
ence of the A1203 surface on the mechanist of decomposition of SIH, as a function 
of temperature, and the decomposition modes and reaction products ^f TUG and 
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AsH3 as functions of temperature, concentration ratio, and H partial pressure 
(to attempt to determine the requirements for lormation of opfimum-quality GaAs) 
were examined.  It was found that the surface of single-crystal Al-0 does 
catalyze the thermal decomposition of SiH., whereas the pyrolysis Is3homogeneous 
over a Si surface. No effect of preheating the Al 0 to temperatures as high 
as 1200C was found. A variety of observations made on the TMG-AsH system 
included the following, among others: 1) GaAs, does result from the reaction of 
TMG with AsH3, and an excess of AsH should be used in any application of the 
process; and 2) both CH4 (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 for 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.  Earljr in the second 
year a much improved technique for mechanical polishing of (1014)A190„ was 
developed, and very good surfaces in this previously troublesome orientation 
were then obtained. Gas-phase etching/polishing procedures using SF, and various 
fluorinated halocarbons in the 1350 to 1500C ten^erature range were found to 
produce essentially scratch-free surfaces on (0112) and near-(1120)Al 0 sub- 
strates.  Extensive gas-phase etch-rate data were obtained as a function of 
crystallographic orientation in this temperature range.  The technique was 
further developed for (1) thinning A1.0 substrates; (2) evaluating the effects 
of prolonged etching on (0112), (OOOlJ, and ~(1120)A1 0 • and (3) assessing 
the subsurface damage caused by various mechanical polishing procecares. 
Evaluation of mechanical polishing methods for MgAl-0, surfaces Indicated that 
surface fill-in occurs for this material, just as for\i 0 .  Some exploratory 
gas-phase etching experiments with MgAl 0 surfaces were also carried out during 
the second year of the program. 

Ion-beam sputtering techniques were developed for preparing ultra-thin 
(~200A)Al2O3 wafers for use as substrates in the in situ CVD experiments with 
Si. Wafers successfully thinned to ~50ym or less by mechanical polishing tech- 
niques were subsequently thinned by ion etching to the point of perforation 
in some areas, resulling in adjoining regions of thicknesses suitable for 
transmission electron microscopy as applied in the in situ experiments. Three 
different A10C orientations were successfully thinned by this method - (0001), 
(1014), and t0ll2). 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 (Subtask 5). 

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

VnZ  fl\    ^   T dT-  WaS f0^d t0 increase for various orientations in the following order: (1014), (1120), (0112), and (0001). 

A technique utUizing the photoelectric process in a metal-insulator- 
semiconductor structure, consisting of an A1?0, substrate with a Si or GaAs 
film grown on one surface and a semitransparlnl! Al film on the other, demon- 
strated that photoexcited electrons from either the semiconductor or the 
metal film can be transported through single-crystal A190,, of several mils 

h.r n W.  ^er StUdy 0f the Charge transP0" Proceis
Jalso established 

.In) i  r?,  2P3 USed Eor substrates for growth of heteroepitaxial semi- 
tZt  t%  It S traP leVelS aPProx^t^y 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 10-5. 

Routine characterization of substrate surfaces at various stages of preoara 
tion continued throughout the program, utilizing various standard echniques 

sln^L^c^o1:^;;? diffraCti0n analySiS ^ —^ ^ electrof^ncL^Ing 

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 situTvD 
experiments were carried out in the second year, with both AFa^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 Hie 
pyrolysis of SiH4.  The nucleation and early growth of Si on both amorphous 
carbon and single-crystal A120 substrates was observed, leading to the 
following conclusions: 1) the pyrolysis of SiH to form Si films by CVD 
inside the electron microscope is feasible; 2)^the in situ study by trans- 
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mission electron microscopy of the post-nucleation and early growth stages 
of a semiconductor film grown by CVD is feasible; 3) the nuclLtion and 
early growth processes for CVD Si are fundamentally similar to those of 
metal films grown by PVD, although some specific differences exist: 4) 

nunfirCfyStal I1  8Tth 0n (0112>A1203 results P^arlly from the growth of 
and not roVthl'r60 0rief at,ion at ^e ^V*™* <>*  randomly orientfd nuclei, 
and not from the large nucleation rate of these favorably oriented nuclei: 
^ u! T    sPutterln8 Process can produce electron-transparent Al 0 

suitable for use as substrates for in situ CVD film growth experiments? 3 

Subtask 6: Evaluation of Film Properties.  From the beginning of the 

UTT'  rUtine evfuatlon of fil" Properties was carried out by established 
and electric ^ electron/iff^^^ ^alysls, metallographic analysis! 
ev^.^Mn ^ ^as"rements of transport properties.  A new technique for 
evaluating the characteristics of the interfacial region of heteroepitaxlal 
films was developed involving measurements of photoflectron emission from 
monochromatically-llluminated films in the MIS configuration on insulating 
suostrates (see Subtask 4). Photocurrents due to electron transport through 
the single-crystal Al 0 substrates were measured as a function of photon 
CTAIU!  Permitt±n8 determination of various parameters in the Si/A10(L and 
aff^Vlfr^ ^e" meas;;ref»ts gave values of l.OeV for thi Electron 
affinity of Al 0  3.15eV for the barrier height at an Al n -Al interface 

b^diL ?' ^ ^A *nterfaCe barrier hel8ht. ~0.37eV2f^r the band-  ' 
bending m Sx near tie  Sl-Al 0 interface. .O.lOeV for the band-bending in 

12^ i    Ti   "'fof' ^203  i^-^ce. and electron escape lengths of aAeast 
12pm in Si and 23Mm in G^As.  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 oeams injected in channeling directions in heteroepitaxlal semi- 
conductor films was investigated as a means of measuring the density and the 
locataon of structural defects in the films.  Experiments indicated that 
i/insulator filn.s have less imperfect interfacial regions than So GaAs 

fnms onrrniT?Ul n   fSt Structures of those examined were found in (100)Si 
films on (0112)Al 0 substrates and in (lll)Sl films grown on near-(1120Ul 0 
substrates.  Infoption on the early growth .tages of Si on All  was also2 3 

obtained by conventional transmission electron microscopy of ve?v3thin Si 
films grown on ion-thinned A120 substrates in a conventional (atmosphere- 
pressure) vertical-flow CVD ria^tor. These experiments showed that the growth 
of a single-crystal Si film by CVD is the result of coalescence processefin 

iL63: L8"^? S.ta8fS fnd n0t 0f -l-tlon Phenomena alone p^odu'ng 

caJriefiiiia::^^ hi-ier incidence of d^ ^ ^^y ^ 

TZitrTnTi311:!011  0f.data ^ e:lectrical Properties of the films was very 
aZ thirl III      COndUCt 0f fllm 8r0Wth exPe"^nts. especially in the second 
and third years; measurements of film conductivity type, resistivity, carrier 

en^i f i0n,rd Carrler mCbility Were made "utinely'on a majori
y; ^ ^ 

m^hS   T?leS  Prepared 0n the Pr08rani' utili^ng 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/Al^ and Si/MgAl^ film properties, and provided 
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cüiisiderable insight into the factors which most strongly influence film 
quality so that identification of the conditions for optimized film growth 
could be made. 

It was determined that the electrical properties of undoped n-type hetero- 
epitaxial Si films »rown on various orientations of Al-O  (and also MgAl-O.) 
by the pyrolysis of SiH^ are dominated by surface-state conduction for   4 

carrier concentrations of ~1016cm"J 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 electrical properties of Si/Al 0 with temperature, 
and some of the observed effects were attributed to high defect densities 
(e.g., deep-lying donor levels) or inhomogeneous 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 (every3 

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 
difference 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)A120 and about 9% for (001)Si/0ll2)Al 0 . 
Results of theoretical calculations (Subtask 1) agreed well with the experi- 
mental data.  The calculations and the experimental results indicated that 
(22i)Si exhibits higher electron mobilities than other more commonly used 
orientations. Measurements of anisotropy at 77K were also consistent with 
the corresponding increases in piezoresistance coefficients at that tempera- 
ture.  Data analyses predicted zero-stress 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 (lll)Si on (1120)A1 0 and on (1014)A1 0 
gave experimental anisotropies averaging 16% and 30%, respicEively, much    2 3 

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/MgAln0, system. 

2 h 

The surface-state density of thermally oxidized Si films on Al 0 was deter- 
mined late in the program using the MGS 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 03 were also undertaken, early In the program, to obtain drift mobility 
aata lor some of the films. 

Subtask 7; Design and Fabrication of Devices.  In 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 Sl/Al 0 films as a means of evaluating their 
electrical properties were not successful and were not pursued further.  In 
the second year the design of a Schottky-barrier type of FET was completed 
for use in fabricating experimental FET structures in GaAs/insulator films 
for operation at 1 GHz.  Most of the device-oriented effort centered about 
the determination of carrier lifetimes uslug 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/Al.O . 

Recent device efforts produced Schottky-barrier diodes (in n-type 3i/Al 0 
samples) having good reverse but unsatisfactory forward characteristics? 3 

The Schottky-barrier FET structures were still not satisfactory.  Preliminarv 
work on fabricating and evaluating Schottky-barrier photovoltaic cells using' 
illumination from the back side was begun, and charge-coupled devices (CCD's) 
in Si/Al203 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- 

^n-io"' Sq that  Very Sh0rt llfetdmes typical of heteroepitaxial systems 
(10  -lO-^sec) could be measured.  Carrier lifetimes and values of surface 
recombination velocity were obtained for As-doped n-type Si/Alo0_ samples 
and for As-doped n/n+-type S1/A120 samples grown by CVD on thts3contract, 
as well as for some commercially-obtained Si/Al 0„ samples that were P-doped. 
Lifetimes for As-doped (lOO)-orlented Si varied from -IQ-IO Sec for films 
l-3Mm thick to ~5 x 10-9 sec for films ~10ym thick; the particular P-doped 
films measured exhibited lifetimes nearly an order of magnitude longer. 

/?1nif
ar dePenderice of "Retime on As doping concentration or on Si orientation 

((100) and (111) were_^tudied) was detected. It was found that an underlying 
n+ layer (~3 x lO-^cm ) sienificantly enhanced the lifetime in a 3Mm top 
layer of As-doped MO^cnT ) Si for a given total film thickness, the enhance- 
ment being greater the greater the n*- layer thickness (T-lysec for 18ym total 
thickness); the n+ sublayer evidently acts as a "getter" for the trapping 
centers that tend to lower the lifetime In the n-type material. 

Since CCD's had previously been fabricated in Si and showed good charge transfer 
and since other Si/Al 03 devices had exhibited good high-frequency and radiation- 
re ■. { mt    t. iracterlstlcs It was determined that fabrication of CCD's should 

The devices were successful, with good transfer be undertaken in Si/AKO . 
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ItimT^.tnlt    ^"encies'   fo^-phase 8-mil-per-cell CCD's were operated 
at  2MHz with 0.99 efficiency.     Low-frequency operation,  however,  was  found 
to be  limited by  the short  carrier  lifetime which allowed  charge-up of  the 
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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 metaKic lattice. The 
electrons are assumed to move freely along the lines between nearest ;ieighbors. No 
electron-electron or electron-nucleus force is included in the model calculations (except 
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 crystal, are found to ha.'e 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 
finite potential barrier at the surface of the crystal. Bulk electronic wave functions can 
pencrale this barrier and decay exponentially outside the crystal. The only parameters 
required by the model arc 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 agreement between the mo .el calculations and experiment. 
For the alkali metals, lithium through sodium, the best value of the barrier height is 
about 50% of the sum of the ionizatioi; 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. 

1. Introduction 

The free electron molecular orbital method (FEMO) has been successfully 
applied by Kuhn1) and by Rudenberg and Scherr2) to the treatment of 
n-electron systems in conjugated molecular systems. As in the case of Hiickel 
theory3), the free electron orbital method is directed towards the develop- 

• Research supported under NSF Grant #GP-28722X and North American Rockwell 
Corporation PO #AOWV-52l328M3. 
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ment of a "relative" internally consistent theory for these complicated 
systems. In the case of Hlickel 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 it-systems, and have been useful for making semi- 
quantitative estimates concerning the chemical and spectroscopic properties 
of 7i-systems. 

Recently Montroll and hiscoworkers') 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 parameterized, 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 method 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 developmem. 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 dilference 
between the energy of a free electron in vacuum and the lowest level of the 
conduction band. This parameter is invariant to crystal orientation and 
could in principle be determined from measurements on a single crystal plane. 
All refinements, such as exchange ai 1 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-quantitative 
account of the variation of work function with crystal orientation, once the 
adjustable parameter is determined, by using the experimental data 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- 
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 electron wave function is chosen to be nonzero only along the lines 
connecting the first nearest neighbors in the metallic lattice. This is equivalent 
tc requiring that the potential be infinite everywhere within the crystal except 
on these lines. The electrons are assumed to move freely, i.e., we do not 
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 theorem 5) 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 eqs. (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 effected by the electronic double layer«) which in turn depends on 
crystal surfte. One of our main tasks will involve calculating the strength of 
this doub!.; layer. 

As long as an electron remains on a line joining two nearest neighbor 
atoms insi.e 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 yB (FB>0). The surface barrier VB 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 ofthe severe approximation already 
contained within the network model itself), we assume that it is 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 /? (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: 

VV = («2-Ä2)^ (1) 

in which «2=2mK/A2. /.? = 2m*f//,', and ^ is the electronic wave function, 
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HI the mass of the electron, KE the energy of the state described by i//, V the 
potential, and /; is Planck's constant divided by 2K. Clearly V (and a) equals 
zero tor positions along bonds in the bulk, while K= Vn on the dangling 
bonds. The solutions of eq. (1) for the surface and bulk bonds, respectively, 
are. 

tAs = asexpI-(a2-A;!)! .v},       0 s? .v < + co , (2a) 

iAB = oB cos [kx + ()„}, 0 < .v «S K , (2b) 

Each i// 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 follows2): 

MO) = MO) = ^(0) = ... = ^ (0), 

IC' = 0. 

(3a) 

(3b) 

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

site (/, /», ir), eqs. (3a) and (3b) require, for a body centered cubic lattice, the 
following relationship: 

8 cos(ÄK) </)(/, m,«) = (£(/+ 1,;,, -f |, „ + |) + ^(/+ \^m _ ], „+ [) 

+ ^ (/ - 1, HI + I, n + I) + ^ (/ - I, m - I, A + 1) 

+ <H/+ 1, HI + I,/;- !) + (/.(/+ l,,„- i,,,- i) 
+ </>(/- l.iii + 1,«- !) + (/)(/- j.iii -I,«- 1). 

(4) 

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

4>{l, m,n) = <l>(l + N, m,n) = (j>{l,m + N, n) = ${1, m, n + N).   (5) 

A possible solution to eqs. (4) and (5), which also satisfies Bloch's theorem, is: 

... . f2iti . 
(/)(/, m, n) = A cxp {Is, + mx2 + nsi)}. (6) 

where v,. ,J2, si=\, 2, 3, 
priute collection of terms, yields: 

cos(AK) = cos 

N. Substitution ofeq. (6) into (4), with appro- 

nsÄ      f2ns2\      flnsA 
cos       -    cos  -        = E. 

N \ N \   N 
(7) 

A-). 
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Since the energy of an electron depends on A", and si,s2, and s, are indices 
denoting possible states of the system, eq. (7) determines the density of states 
for network. The density of sets (.v,, s2, s3), satisfying eq. (7) in the range d£, 
has been derived, in another context, by Jelitto7) (see fig. 1). The density-of- 
states function is symmetric about cos(A/?) = 0, and it follows that the Fermi 

1000.0 

750.0     _ 

IU 

z 
T3 

500.0     _ 

250.0     . 

0.0 

-1.0 -0.S 1.0 

Fig. 1.   The density of states, dA^/df, for a body centered cubic lattice plotted as a 
funct.on of E, where E Is defined to be the cosine of the reduced momentum wave vector, 

kR. This graph is given by Jelitto7). 

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

Hr = //2/32 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 eq. (4)] which 
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applies to either bulk or surface sites. Thus, we have: 

8 cos (AR) ^(/, m,n)- 0(/+ 1,/n -l- I, H + I) - </.(/+ 1, »i - 1, « + 1) 

- (/)(/- 1, »i + 1,/; + I) - (/)(/- I, »/ - 1,/; + I) 
- (i>{l + lYm + 1, «- I)- (/>(/+ 1, »i -I,/)- I) 

-</>(/- l.m+ 1,«- I)-(/.(/- I,m - I,/;- 1) 

= H{l,m,n), (9a) 

<A(/+ N,m,i!) = (j)(l,m + N,n) = 0(/, m, /;), (9b) 
where 

//(/, »», H) = [<5„., + ön,,vJ [4cos(AR) - 4/1 (AR)] (/)(/, m, /;) 

-^n. i [</>('+ I-'" + 1, N:) + <t>(l + I. )JJ - I,/V.) 

+ 0(/- 1,/n + 1,/V:)+ (/>(/- I,)« - I, /VJ] 

- «V/v.OC + I, /" + i, I) + </)(/ + 1, in -1,1) 
+ (/>(/- l,m + I, !) + (/)(/- I, »i - I, I)], 

,,    v     r(aR)2-(AR)2"li 

and the cVs are Kronecker delta functions. An equation of this general form 
was introduced by Montroll') although he did not specifically treat the case 
in which an abrupt barrier of finite height Vn 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= I and z = N., respectively. 

Because of the finite extent of the crystal in the z direction, we can no 
longer demand that 0 satisfy the Bloch theorem in that direction. However, 
this requirement may still be applied to the x and y directions. A solution to 
eq. (9a), which satisfies the Bloch theorem in these directions, is: 

<t>(l,in,n) = Asxpi      [sjl + s2mn<P{n}, 

^,^ = 1,2,3,...,/V. (10) 

If we substitute this into eq. (9) and collect terms, the result is 

2FB*(«)-*(n+!)-*(«-1) = W8(H), (li) 

in which 

'h («) = b\.. + 'V *.] n* (") - '5n,, * (Ag - 6„t v. * (1), 
/■"B = cos(AR)/[cos(2^1/A') <:oi(2nx2/N)'] , 

il = [cos(AR)- /l(AR)]/[cos(2ol/Af)cos(2ni2/A)], 
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A difTerence equation having the same form as eq. (11) has been solved by 
MontrolM) using an appropriate Green's function, g{n). In terms of g, this 
solution may be expressed as: 

N; 

(12) 

where the Green's function is defined as: 

.  ,        I    r    cxp(2jrii7i/iV.) 
2N: L F|,-cos(2ni/Nr) 

(12a) 

For the !/•„!> I, </'(") decays exponentially as /; refers to sites further from 
the surface, i.e., deeper in the bulk of the crystal. Therefore, this range of F,, 
is the range for surface states; and by substitution of the solution in this range 
back into eq. (11), it may be shown that the following relation holds: 

[cos2(Ä/?) - A2{kR)\{ = cos(2iu,/A/)cos(27«2/iV). (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 functions may be normalized as follows. First, the square of 
the wave function (square of the modulus) is integrated over each individual 
bond, yielding a quantity proportional to the fraction of electrons 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 electrons is then 
taken into account at a later step by multiplying the density of states function, 
eq. (16), by 2. The integral for the square of the wave (unction on a dangling 
surface bond is, according to eq. (2a): 

'1 Os = l«/'s(0)|2     exp(-2/V.v)d.v = 
l^(0)P 

2/' 
(14a) 

In the above equation, /i = (a2-A-2)i and ■ '-,(0)1 is the value of the wave 
function at the surface node. The integral for the square of the wave function 
on a bond connecting two nearest neighbor lattice sites is, from eq. (26): 

R 

D. = j cos2(A-.v + (5H)=    {R+ 
sin [2(A« -HSB)] - sm(2«5B) 

TA- 
(14b) 

where R is again the distance between nearest neighbors. It should be noted 
that although both the above integrals depend on the kinetic energy of the 
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electron, Ds is also a function of the surface barrier height, while £)„ 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 rim each interior site has only four bo.ids on the average. 

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

4BB\aB\2N3+---+OiN1)=\, (15a) 

where A'3 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: 

|flB|2 = I/4DDW3 
(15b) 

It turns out that for reasonable values of the barrier height, KB, surface 
states on the (0, 0, 1) plane have energies above the Fermi level and are 
consequently unoccupied. As a result, 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 Jelitto7). 

This density of states in reduced momentum space is: 

pikR) = CNsm{kR) d/Ve 
d£ ' (16) 

where d/VB/d£ has been expressed rigorously by Jelitto in terms of elliptic 
integrals. It may also be approximated using more elementary functions 
as follows: 

dNB 

d£ a 2[1 - |£|]W Inf-jiijI  [16.679 + 3.63641£| + 2.48801£|2] ; 

an expression good tc four significant figures over the range 0.005 ^ |£| < 1.0; 
E=cos{kR) d'.td CN is a normalizing constant such that the total number of 
quantities in the region O^kR^n is A'3, i.e.. 

J p{kR)dkR = Ni. 
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Because the expression for p{kR) is rather complicated, the above integral is 
evaluated most conveniently by numerical means. Unfortunately, the value 
of diVB/d£ is infinite for |£| = 0, and the numerical integration cannot be 
performed over the entire integral even though the integral converges. The 
density of states function, pikR), is symmetric on the integral about the 
point kR = {n, and consequently the numerical integrations need only be 
performed from kR = 0iokR = u, where M<i7t. There will be some uncertain- 
ty about the exact value of CN, depending Ow 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 
dNRldE is known to be reasonably accurate over this range of integration, 
and (2) the value of CN differs by only a few percent from the value assumed 
when the upper limit on the integral is changed from 0.485 it to 0.49999 jr. 

3. Estimation of surface charge 

The charge on each dangling surface bond may be calculated in a straight- 
forward manner, being proportional to Z)s. Multiplying 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{(xR): 

i" In 

G(aK) = 2p(AR)Dsd(AK) = 

cos 
\2~ 

(SB) 

[{<xR}2 - (AK)2] 
2H 

{p{kR)\ 
[iN* ) 

1 + 
sin[2(A-« + (5B)]-sin(2(5B) 

~2kR~ 

d{kR). 

(17) 

tan((5B) = I'/O^H^cos2^). 

In this equation, Ds is defined by eq. (14a) and: 

coi(kR)- 1 
sin (A/?) 

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 n 
instead of ^Tt. 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 

- -----   -.MiMm,. ■-   ...>*^^****mMiu*^^ ■-'— iliiMn  in«   i hi 



^«...m,,,«^,,,^,,,»,^.,^^»...,..,^^^^ 

WORK FUNCTIONS AND SURFACE DOUBLE LAYER POTENTIALS 589 

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

t^«/;(^)(^|e. (18) 

where /(5 is the number of dangling surface bonds and {NJA%) is the number 
of sites per unit area, while e is the charge on an electron. 

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 crystal surface, the 
field acting on any electron is perpendicular to the surface and has an inten- 
sity: 

f(.x) = ff(A-)/eo, (19) 

where E0 = 8.85X 10-12 C2/(N-m)2 and (T(.V) 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: 

<7{x) = ns 
N. 

u 

o  1 + 

cos2(c5n)cXp(--2/?.Y) 

[joiRY-kR^ p (AR) 

sin[2(AR+ <)„)] -sin(2.5,,)   2iVj 

2A;R  ' 

d(AR)        (20) 

in which we have combined eq. (17) with (2a). The work performed against 
the double layer is then: 

Wv=Ka\ F(/)d/. (21) 

in this equation, d/ represents distance along the direction of the surface 
bond, and ^G is a factor such that ^{id/ is the distance normal to the surface. 
The integral in eq. (21) is most conveniently evaluated in terms 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 surface. 
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 factors: (I) the number of lattice sites per unit area of surface, (2) the 
number of dangling surface bonds at each site, and (3) the geometric factor 
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5. The work function 

As indicated earlier, the work function is defined as work necessary to 
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 
Wr is defined as; 

WE = VB VF-WD (22) 

whereas before KB is the surface barrier, /iF is the Fermi level, and now we 
denote the double layer potential by tVD. 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 H^. 

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

WD(aR) = AJiaR), (23) 
where 

/„x   /„x   /,Vs, —mm 
and is only a function of the nearest neighbor distance and surface geometry, 
while /(a/?) is an integral which depends only on the product a/?. The values 
of I{(xR) for various aR have been listed in table 1. In table 2, the densities of 

TABLE 1 

0.6 
-   --- 

HaR) 

0.10553 

<xR HiR) 

0.01447 1.2 
Ü.7 0.05890 1.3 0.01207 
0.8 0.03944 1.4 0.01025 
0.9 0.02879 1.5 0.00882 
1.0 
I.I 

0.02215 
0.01765 

1.6 0.00767 

TABLE 2 

Element Density        Near"t nei8hb»'- 
.   .      .                      distanrp /I ..(001) /< i,(011) 
(g/cm-1) (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 4.937 15.88 11.23 
Cesium 1.873 5.349 14.67 10.37 
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the alkali metals and their first nearest neighbor distances are given, as well as 
the values of /I, for the (001) and (011) planes. 

The surface barrier Vh may be estimated by the following expression: 

lB%/ + // + //F. (24) 

Here / is the ionizalion potential for an atom in gas phase, // is the heat of 
sublimation per atom, and //F the Fermi level which can be estimated from 
eq. (8). Eq. (24) approximates an equation given by Wigner and Bardeen«) 
and has its origin in comparing certain electronic integrals which occur in the 
expression for K,, with integrals which also occur in expressions for /and H. 
The barrier height may also be estimated by adjusting Vn so that the value 
predicted by the network theory agrees with experiment. This was done for 
the alkali metals using the work function calculated for the (001) plane. 
The experimental heals of vaporization, ionization potentials, and work 
functions have been compiled from various sources by Wigner and Bardeen"). 
In table 3, we compare the barrier heights estimated from eq. (24) with those 
obtained through adjustment of Vn 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 
simplicity of the network model, the results are not very disparate. 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 dilferent sur- 
faces. Bardccn8), using the free electron model, calculates that the surface 
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 Vn which brings the theoretical 
and experimental work functions into register) as compared with an experi- 
mental value8) of 0.15 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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APPENDIX-2 

Anisotropy in electrical properties of  (001) Si/[0li2jAI203 * 

A. J. Hughes and A. C. Thorsen 

S^tZ!^tmrpu""ic""3J70Min"oma Avenue'Anaheim-Ca,ifornia92m 

10011 SyiOl I2| AljOj nims. A specially designed Hall bridge pattern has been used to obtain 

rSTh meaS,lremen,S or mobili,> as a f""c'ion of current d.rection in the  plane of the film 
The data show an an.sotropy in the mobility of approximately  9%, with a maximum in mobZ 
occunng along the (100) Si direction that is parallel to the (21.0) A,^ direction In ttpSte 

1 /„^ !,,        , i0r " f0Und ,0 be a co"set<ue"". 'hrough the pie.oresistance effect, of 
he amso.rop.c thermal contract.on of Al.O, on cooling from the deposition temperature, which 

leads to an amsotropic   thermally induced stress in the Si. 

INTRODUCTION 

The Hall mobility in epitaxial semiconductor films is 
usually considered to be a good criterion of film quality 
and has been used extensively in the optimization of the 
film growth process. It is therefore important that the 
properties of the film be homogeneous and uniform over 
the plane of the film if a realistic electrical parametei- 
is to be deduced from a particular measurement. In 
most cases it is tacitly assumed that the mobility is 
isotropic in the plane of the film and does not depend 
upon the direction in which the measui -ment is made. 
We present results in this paper of a detailed investiga- 
tion of the electrical properties of w-type {001} Si/ 
{0112} Al203 and show that for this system an assumption 
of isotropy is not justified.' The mobility is found to 
vary with current direction in the plane of the film and 
has a maximum value along the particular (100) Si direc- 
tion that is parallel to the (2110) Al203 direction in the 
plane of the substrate. 

The experimental anisotropy in mobility reported in this 
paper will be explained theoretically in terms of the 
piezoreslstsuice effect and anisotropic substrate-induced 
thermal stresses. While we believe this to be the prin- 
cipal mechanism behind the observed mobility aniso- 
tropy, phenomena associated with surface electric fields 
and surface quantization can often play a role in current 
conduction in some other measurement or device 
situations. 

Surface quantization and surface transport in semicon- 
ductor inversion and accumulation layers are reviewed 
briefly by Stern2 and a number of recent references are 
listed. Sato et al.' have investigated the mubility aniso- 
tropy of carriers in /,-type and in «-type inversion lay- 
ers on oxidized Si surfaces in MOSFET device configu- 
rations. These references compare field-effect mobili- 
ties in each of two perpendicular orientations for a num- 
ber of different surface plane orientations. For some 
orientations, sizable anisotropies were reported. How- 
ever, for the (001) Si orientation, the field-effect mo- 
bility is isotropic because of symmetry considerations. 

The work of Sato ei al. 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) Si/AljO, films, induced by surface charge 
and/or oxide layer impurities and taking the form of an 
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accumulation or inversion layer, the resulting Kurface 
component of mobility would also be isotropic, except 
for the fact that there is an anisotropy In the film 
btresses. The mobility or a surface layer would there- 
fore exhibit a small anisotropic effect which would be 
similar in relative magnitude to that found in bulk Si 
under similarly stressed conditions. It is unlikely there- 
fore, that a small component of surface conductivity 
could contribute substantially to the total mobility aniso- 
tropy that would be measured in (001) Si/A12GS films. 

The mobility anisotropy to be discussed in the present 
paper is believed not to be associated with either sur- 
face quantization or self-accumulation or Inversion 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- 
merically assess the magnitude of any possible surface 
effects present under these conditions, however, would 
require the measurement of electrical properties in a 
MOS device configuration, and this has not been done in 
this work. 

Collectively, the above arguments form the basis for 
our assumption that the mobility anisotropy reported 
here is a bulk effect and Is due primarily to substrate- 
induced thermal 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 experimental observations dis- 
cussed below, we have examined theoretically the effect 
of stress in the Si film on the electron transport prop- 
perties of the film. As is well known, transport proper- 
ties such as resistivity and mobility can be related to 
applied stresses through the piezoresistance effect   Nu- 
merous studies of the piezoresistance effect in bulk Si 
have been reported in the literature over a numfcav of 
years. Much less attention has been paid to stress and 
its effect on the transport properties of epitaxial fii'ms. 

Stress in Si films on sapphire (AljOj) has been examined 
by Dumin,4 and in Si films on spinel substrates both by 
Schlötterer5 and by Robinson and Dumin. 8 Schlötterer 
presents formulae for the fractional change in resistiv- 
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FIO.  1. Specially designed Hall bridge pattern tJermitting an 
independent measurement of electrical properties every 18 deg 
in the plane of the film. 

ity (Ap/po) in terms of plezoresistance coefficients irn, 
IT12, n« and an assumed isotropic stress a, in the Si film 
due to differential thermal contraction between film and 
substrate. Since he was dealing with spinel substrates, 
it was assumed that the thermal stress and the induced 
changes in resistivity were isotropic in the plane of the 
film. In this section we treat the anlsotropy in stress 
and piezoresistivity and present formulae which are r p- 
plicable to the anisotropic case. 

Before presenting the theoretical results obtained, wu 
will briefly sketch the method. A more detailed therret- 
ical discussion will be given elsewhere.7 The theoreti- 
cal determination of the effect of thermally induced 
stresses on film resistivity and mobility can be divided 
into three parts: (a) calculation of the piezoreslstance 
effect in terms of stresses; (b) calculation of these 
stresses in terms of the various coefficients of thermal 
expansion; and (c) successive transformations ot film 
and substrate coordinate systems to achieve the proper 
relative crystallographic orientation and to include an- 
lsotropy in the plane of the Si film. 

The resistivity and stress are related through the equa- 
tion8 £, =P„<4 + *„„./, ?;,, where E is the electric field, 
r the current density, p the zero-stress resistivity ten- 
tor, 7" the stress tensor, and IT the piezoreslstance ten- 
sor.  For cubic crystals such as Si, p(, is both diagonal 
and Isotropic and equal to p06,r, where p0 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 n.8 In this notation, T 
can be written as a 6-component column vector and n as 
a 6x6 matrix. Referred to the Si crystal axes, n has 
only three independent coefficients: ir,,, nl2, and nu; 
however, all 36 n coefficients may be nonzero when re- 
ferred to a Cartesian coordinate system having an aibi- 
Irary orientation with respect to the Si crystal axes. 

We first consider the so-called longitudinal piezoresls- 
tance effect for the case in which there is only one com- 
ponent of current (J,), and the field ^ is in the direction 
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of the current flow. Then £,
1/J5 = p0(l + ,ru7;), where p,, 

is the zero-stress Si resistivity and k is summed from 
1 to 6. Defining £,/./, as p,, the longitudinal piezoresls- 
tance Is then given by 

*P1/pn=Uh-fh)/nu=iEl/jlp,])-l = nlJk. (1) 

The longitudinal piezoreslstance effect can thus be cal- 
culated if the it coefficients and the Si film stresses 7V 
are known.  For a Cartesian coordim.le system with 
axes along the Si crystal axes, the nlk are particularly 
simple and the sum involves only )iu71 + iru(^ +■ r,).  For 
an arbitrary orientation of axes, which is of primary in- 
terest to us here, "rotated" n coefficients are given by 
Pfann and Thurston.'' These transformed tr coefficients 
an* given in terms of the direction cosines of the arbi- 
trary coordinate system with respect to the Si crystal 
axes. The determination of n coefficients appropriate to 
an arbitrary coordinate system is straightforward but is 
laborious. 

We next consider the determination of stresses in the Si 
film for the case of (001) Si on (0112) Al203. A state of 
compressive stress arises in the Si film due to the rel- 
ative thermal contraction of the Si and the A120., sub- 
strate. In order to calculate this stress, we consider 
the case of a thin film on a relatively (say 100—150 
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 materials. In addition, the 
thermal contraction is assumed to take place over a 

440 

430 

420 

410 

400 

190 

1 380 

18-2 T ■ 300 K 

0     20     40     60     80    100   120    140   160   180 
0(Degrees I 

Fl(... 2. Typical room-tcmpei-iUurp mobility data for two '001} 
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FIG. 3. Low-temperature (77 K) mobility data for one (001) SI/ 
(01T2) Al203 sample and corresponding least-squares theoret- 
ical curve. 

temperature range from room temperature to the growth 
temperature.10 

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 (01T2) AljOj. The x and y axes are in the 
plane of the film with x II [100] Si and II [2110] A120,. and 
yii[010]Si and ii[0in] AIP3. 

The six stresses T,, r2, T,, T.,T,T.{=T ,T ,T ,T ,T 
T^, respectively) completely define the stress in the Si 

and r5 are zero at the free film. The stresses ^,7;, 
surface of the Si film and if we further astume that the 
film is thin enough that all stresses are umtorm in the 
z direction, then T^T^T^ are zero everywhere in the 
film. r6 is in general nonzero, but for the relative ori- 
entation of film and substrate under consideration is 
identically zero. Thus only r, and T2 are nonzero. De- 
noting the elastic constants of Si by C(j and the stiffness 
coefficients by S(/, we find the following implicit rela- 
tions for the stresses JJ and IJ; 

i(r1 + T3) = [(C»I+CI1Cu-2Cj2)/2Cll][l. 287(0.-0,) 

+ 0.713(a3-a2)]Ar 

= [l/2(S11+SlJ)]ll.287(aJ-ai) 

+ 0.713(ffä-a2)]AT, (2) 

and 

1(7. - Tt)= (-0. 713)i(C11 -C^Ka, - a2)Ar 

= -0. 713[S11/2(S1I -S^KS,, + 25,3)1(0, - a2)AT. 

(3) 

Here Oj is the (Isotropie) Si thermal expansion coeffi- 
cient and a, and o2 are thermal expansion coefficients 
for the Al203 substrate, perpendicular to the c axis of 
Al203 and parallel to the c axis of Al-jO,, respectively. 
ATMs the temperature difference between growth and 
room temperatures and in Eqs.  (2) and (3) is understood 
to be a positive number. In the limit a, = o2, T, and ^ 
are equal, and Eq. (2) reduces to that given by 
Schlötterer.5 The thermal stresses in the Si film due to 

the substrate and required for calculation of the piezo- 
resistance effect have now boon 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/AljOj relations 
given. Using the results of Ref. 9, the 7rlt coefficients 
in Eq. (1) are then transformed to the same coordinate 
systems used for the stress. The piezoresistance (Ap{/ 
A,) thus obtained represents the change in resistivity 
due to stress for a current </, and field E1 in the x direc- 
tion 11 [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 TT'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 
current flow at an angle 6 from the [100] Si direction 
then beco;iies 

Aft/porrf,/,^-! 

= l2(Tl + T2){nu+„l2)+±(Tl.TlHnu-n12)Cos2e,   (4) 

where T, and r2 are given in Eqs.  (2) and (3). To avoid 
ambiguity in orientation, we repeat that the angle 6 is 
measured from that (100) Si direction in the plane of the 
film that is parallel to the (2110) A1203 direction in the 
plane of the substrate. Note that the term depending on 
6, which determines the amount of orientational aniso- 

A = 0.197 
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FIG. 4.  Plots of the normalized transverse field (SjA/jPj) for 
one sample at 77 and at ;i00 K. The transverse field'Ej, Is at 
right angles to the current flow J, and both are in the plane of 
the film. The least-squares Iheorctlcal fits to the data arc 
shown as the solid curves. 
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TABLE I. Anlsotropy data for {00l} Sl/{oiT2} AIjO,. 

Sample M.« »rt. »A A<%}        rma 
error 
(%) 

H 

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 .r)13 472 493 8.2        1.9 711 
3411-1 516 478 497 7.6       2.1 717 

1H-2 422 387 405 P.6       2.5 584 
31 451 401 426 11. y       2.2 614 
13 443 394 419 11.7       2.9 604 

(aver- (462) (420) (441) (9.5) (63R) 
age) 

Uquld- N, temperature (77 K) data 

18-1 1014 797 906 2»            5.7 1305 
31 1063 832 948 24            7.0 1367 

tropy in resistivity and mobility, also depends directly 
on or, - a,. That is, the anisotropy in piezoresistance in 
the (00!) Si plane depends directly on the anisotropy in 
thermal expansion coefficients of the Al203 substrate. 
Usingo.rrS.gxiO-VC,5 a^a.SlxlO-VC, a2 = 9.03 
xlO-Vc," AT^llOOT, and the known elastic con- 
stants of Si,12 Eqs. (2) and (3), yield stresses of 

2
i(r1 + r2)=-0.9206xl0,odyn/cm2, (5) 

Kr, - r2)= + 0. 2852 x 109 dyn/cm2. 

Substituting values of piezoresistance coefficients for «- 
type Si from Smith,13." Eq.  (4) becomes 

^i/Po^ 0-44192-0.04449 cos2e. (6) 

Since the mobility ß can be related to the resistivity p, 
by M = fiw/p1, where RH = the Hall constant, the theoret- 
ical anisotropy in mobility can be written 

M/Mo = [l + (ApI/p0)]-
1 = (1.44192-0. 04449cos2e)■,, 

(7) 

where n0 Is the zero-stress mobility.  From Eq.  (7), we 
note that the mobility will be a maximum along the [100] 
SI direction and will 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 /I = (u     _ u . )/ 
ßA, where ßÄ = l{ßma + ßmln) is an approximate average 
mobility in the plane.I5 The predicted mobility aniso- 
tropy is found to be /I = 6. 2% and the average mobility 
is found to be ßA = 0. 694 ß0. Thus we find a 6. 2% aniso- 
tropy in mobility superimposed on a substantial 30% 
over-all theoretical reduction in mobility for n-type Si. 

The theory also predicts a transverse piezoresistance 
effect corresponding to an electric field £2 in the plane 
of the film and orthogonal to the current J, direction. 
This transverse piezoresistance effect is also found to 
depend upon orientation and is given by 

SJAPO = " Hi; - T^Or,, - .T12)sin2ö= + 0.04449 sln2fl, 

(8) 
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and Is zero along the [100] SI direction and Is of maxi- 
mum magnitude along the [010] Si direction. The sign 
convention employed here is that £a is positive if J, xE, 
is out of the plane of the film and is thus in the + z 
direction. 

The transverse piezoresistance (fjAft,) associated with 
a field £, normal to the SI film was also examined and 
for (001) Si on (0112) AljO,, is found to be identically 
zero. 

Although the results described above were obtained ex- 
plicitly for «-type Si, the formalism is also valid for 
p-type Si providing that appropriate values for the ir co- 
efficients are used. The quantity if,, -TT,,, which is im- 
portant for the anisotropic 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 orientation 
under discussion, although other orientations can in 
general show pronounced effects. 

EXPERIMENTAL 

The films used for this study were grown by chemical 
vapor deposition techniques in two different reactor 
systems. One of these Is a vertical system18 and the 
other is a horizontal system. In both cases the films 
were formed from the thermal decomposition of sllane 
(SIHJ, with H2 used as a carrier gas. Intentional doping 
to concentrations of (l-6)xl016 cm'3 was achieved with 
the use of arsine (AsHj). Growth temperatures ranged 
from 955 "C in the horizontal system to 1075 "C In the 
vertical system, and film thicknesses varied from 1 5 
to 1.8 M. 

After growth the samples were annealed at 1100 "C in 02 

for 30 min followed by a N2 anneal for 2 h at 1100 "C in 
order to stabilize film properties and electrically neu- 
tralize any Al impurities in the film." The resulting 
oxide film was removed prior to making electrical mea- 
surements. 

Measurements of resistivity and Hall effect were made 
on each film using a specially designed Hall bridge pat- 
tern etched in the epitaxial layers. This pattern, shown 
in Fig. 1, consists of two wheel-shaped bridges. The 
five arms of a single 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 (Hall coefficient and resistivity) every 18 deg In 
the plane of the film. 

Electrical data were taken on eight samples of {001} Si/ 
{01T2} AljOj. For every sample, the orientation of each 
leg of the Hall pattern was determined with respect to 
one of the SI directions of the form (100) in the plane of 
the film. This was accomplished by obtaining a Laue 
back-reflection x-ray pattern for each substrate and 
from this locating a (2iro> ALjO, direction in the plane 
of the substrate that Is parallel to a (100) SI direction in 
the film plane. The mobility in each leg can then be 
plotted versus the angle B between the current direction 
and that particular (100> SI axis. Typical room-temper- 
ature mobility data from two samples are shown plotted 
in Fig. 2. The mobility can be seen to vary with angle 
and appears to approach a maximum at ^O* and a min- 
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imum at 6*90'. This Is consistent with the belnvior 
predicted by Eq.  (7) and suggests that the theoretical 
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 

ß/ßo=h-bcos2B)- (9) 

vhere a and & are constants.  Equation (9) cannot be em- 
ployed directly in analyzing the experimental results in 
that the zero-stress mobility ß0 is not known ind would 
be expected to be a function of growth conditions and to 
vary slightly from sample to sample or run to run. Ac- 
cordingly, we have fitted the experimental results by the 
method of least squares to a theoretical curve of the 
form 

ß=h' -t>'cos2e)-\ (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 independent of nB and is equal to 
2h/n = 21)'/a'. 

The electrical data taken on the eight samples of 
{001} Si/{011T2} Al203 were all fitted by least squares 
and analyzed in terms of Eq.  (10). The maximum mobil- 
"y ^m«. minimum mobility /imln> average mobility ju., 
and anisotropy parameter A were calculated. These four 
quantities are tabulated in Table I for the samples mea- 
sured. It can be seen that the anisotropy A varies from 
approximately 7. 6% to 11.7% with an average value of 
9.5^. 

The scatter in the mobility data, as evidenced by the re- 
sults shown in Fig. 2, is probably due primarily to in- 
homogenoities 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 ± 7^. Even though these dif- 
ferences are taken into account in calculating the mobil- 
ity 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 ('#) between the experimental points and 
the fitted theoretical curve for each sample is shown in 
Table I. The error i:i all cases is sufficiently small 
compared with the anisotropy to indicate that the fit, and 
hence the correlation between theory and exyerimen't, 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 tliis 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 Tin and ;r12 with tem- 
perature. Data for )ru as a function of temperature are 
available in the literature18 and indicate that IT,, in- 
creases by a factor close to 3 in going from room tem- 

perature to 77 K. Data on TT,, 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 in anisotropy at 
low temperature is consistent with theory. 

The last column in Table I lists values of ii0, the zero- 
stress mobility. As mentioned earlier, ß0 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 ß0 

and the average mobility ßA may be written as I5 

ß0=ßA(a2-b:fV'i!'ßAa (11) 

We then assume that Eq.  (7) holds and that « = 1.44192. 
The values of /i0 thus determined are given in the last 
column of Table I and range from a high of 717 to a low 
of 584, with an average of 636. 

The rather low value of ß0 compared with bulk mobilitiej 
in Si (> 1000 cm'/Vsec at these carrier concentrations) 
should be noted and strongly suggests that a consider- 
able mobility reduction results in these films from 
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. However, the 
small size of the voltage makes this determination'ex- 
tremely difficult. The voltage is measured across the 
same terminals as the Hall voltage, with no magnetic 
field.   As a consequence, 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 also 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- 
vention employed is that the transverse field is taken 
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 
shown in Fig. 4. A least-squares fit of these data to a 
sin2e term as suggested by Eq. (8) is shown by the solid 
curve in Fig. 4. The resulting coefficient of the siv.te 
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 p0 used in 
Eq. (8) is the value of ft, determined from the longitudi- 
nal mobility measurements 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 sln2e term is much better at 77 than 
at 300 K, due probably to the larger signal. 
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SUMMARY AND CONCLUSIONS 

Detailed studies of the electrical properties of {001} Si/ 
{01121- AljGj have shown the existence of a significant 
anisotropy in mobility. This anlsotropy can be accountci 
for through the piezoreslstance effect in terms of a sim- 
ple model of thermally induced stress taking into ac- 
count the difference in thermal expansion coefficients of 
Al203 parallel and perpendicular to the c axis. Both 
longitudinal and transverse piezoreslstance effects were 
considered and theoretical formulae developed which ac- 
count for the anlsotropic effects. 

The theory for the longitudinal piezoreslstance effect 
predicts an anlsotropy In mobility of about 6. 27c and for 
the transverse piezoreslstance effect predicts a sln2e 
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 AljG,. Recent measurements19 

at this laboratory using a differential technique have 
given a difference in thermal expansion coefficients 
a, -a, of (-1. 08±0.12)xlO-V0C for the Al203 sub- 
strate.  Using this value for al - a2 leads to a predicted 
mobility anisotropy of 9.3%20 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} Si/{0ir2} AljG, 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 evaluating 
changes in film-growth processes somewhat difficult. 

Second, for some Si film applications in which the mo- 
bility is important It would be desirable to orient the 
current flow (along the (100) Si direction II (2110) AljG, 
direction) to obtain the maximum mobility. 

The third and final point concerns the interpretation of 
the origin of the mechanisms determining mobility in 
these heteroepitaxlal 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,Gj 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 carrier 
mobility. Our results, however, Indicate that the aniso- 
tropy can be adequately explained without recourse to 
these effects. Gn the other hand, the rather low average 
value («636 cm'/Vsec) deduced for the zero-stress mo- 
bility ß0 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 

an important role in determining heteroepitaxial Si film 
mobilities. 

At any rate, these studies of mobility anisotropy have 
yielded more detailed information than has previously 
been available from studies of mobility. This also sug- 
gests that additonal detailed investigations, which ex- 
amine the variation of anisotropy with film thickness, 
growth conditions, and temperature, may well prove 
valuable in better understanding and improving Si/ALG, 
films. 
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Anisotropy in the electrical properties of n-type (221) Si/(1122) Al O t 

A.C. Thorsen and A.J. Hughes 
North Amertcn Hock*,,,, Corporation Biectronics Group. 3370 »Mom, Avenue. Anheim. California 92803 
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Studies of the resistivity and Hall effect in n-tvoe (221) Si/mwi AI n  m       u 
t^t the eiectron .„„biiity is a .trong functi^Taz'Sh^di -Ictio 2^ Sa^f8 rfli. 
Typ.cal variations in mobility between high- and low-mobility directions Leapnlimate   ' 
40^    I he anisotropy in mobility is explained on the basis of pieZoreLum" ef   '• s in t 

bs^raStereSSeS indUCed ^ thC d,fferüntlal thermal COntraCtl " ^woen tl e Si   nd   h ^  ü3 

An implicit assumption that is usually made in the elec- 
trical characterization of silicon heteroepitaxial films 
on sapphire (Al^) substrates is that the electrical prop- 
erties are Isotropie in the plane of the film. Although 
this assumption is approximately correct in the (100) Si 
growth plane, l 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 in Si 
associated with stresses induced by the differential 
thermal contraction between the Si and the Al.,03 
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 «-type film for 
which the carrier mobiiity exceeds that of bulk Si, and 
other directions for which the mobility is less than the 
bulk value. As a consequence, it is possible to separate 
the contribution to mobility degradation in the Si/AljOj 
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/AljOa films. 

The data reported in the present paper are from mea- 
surements taken on Si grown by chemical vapor deposi- 
tion on a AljOj orientation ~3C from the (1122) plane, 
although nearly identical effects are observed on the' 
(1122) plane or on other planes near the (1122) plane. 
Previous orientation studies2 have shown that (221) 
Si 11 (1152) Al203 and that [llOj Si «[llOOj AljOj in the 
plane of the film. The reactor system and methods of 
growth are similar to those described previously,3 and 
utilize the pyrolysis of silane (SiH^. 

For this experiment. As-doped films, having thick- 
nesses from 1. 9 to 2. 5 /im and net donor concentrations 
of (2 -7)x 10" cm"3, were grown at 1100°C at a growth 

rate of approximately 2 Mm/min. After growth the 
samples were annealed at 1100 C in 02 for 30 min, fol- 
lowed by a N2 anneal for 2 h at 11001: in order to'stabi- 
lize film properties and electrically neutralize any Al 
impurities present in the film.4 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 (M) every 18' in the plane 
of the film. 

Plots of Hall mobility (M) vs angle (6) measured from 
the 1110] Si direction are shown for representative sam- 
ples in Fig. 1. For each sample, a least-squares fit of 
the data to the equation (n)-'-: « 4 &cos2e was obtained 
(see below). An anisotropy factor A can be defined ac- 
cording to /U m(ß mu - naJ/uÄ = 200/)/«, where 
ßmwi and Mmlll are the maximum and minimum mobilities 
determined from the least-squares fit,  respectively, 
and ^|(Mrau+ ixmin). Table I shows the values of thes' 
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 SO?. 

In order to explain this behavior, we have calculated the 
reduction in mobility due to the piezoresistance effect 
resulting from the difference in thermal expansion co- 
efficients of Si and Al203. For the sake of completeness 
we have also taken into account the difference in thermal 
expansion coefficients in AIA parallel and perpendicu- 
lar to the [0001J axis. The details of the calculations 
will be given in a more complete account of this work5- 
however, using the data of Smith6 for the piezoresistance 
coefncientsU1I=-102xlo-12,  ^ 54x lO"12, ^„=-14 
* 10   , in units of cm2/dyn), values of elastic constants 
^„=16.5x10",  0,2=6.4x10",  ^=7.93X10"   in 
units of dyn/cm2) from Hearmon,7 the thermal ex'pan- 

TABU; 1. Anisotropy parameters of several (221) Si/(1122) Al203 films. 

Sample No. 
Temperature 
CK) 

A 
(%) 

HJ-1 
HJ-58 
HJ-58 
HJ-16 
HJ-lb 
HJ-0 
HJ-6 
HiI-25 
HJ-2ä 

300 
300 

77 
300 
300 
300 
300 
300 

77 

30.4 
32.2 
84. 9 
35.5 
39.5 
40.1 
40.: 
48.6 

108.ü 

Mmu 
(cmVVsec) 

671 
700 

1900 
690 
686 
679 
737 
708 

1680 

(cmVVsec) (cmVv sec) 
rms error 

494 
506 
769 
483 
1G0 
452 
460 
431 
497 

m 
597 
«15 

1250 
600 
585 
575 

607 
575 
900 

2.7 
3.3 
3.8 

2.3 
2,8 
2.6 

3.4 
3.5 
6.0 

579 

C-l 
^«W«Vt.KW«-a..«.-"V.ii>»IÄl*.cw^»v« 

ivtiW^M^..^.,, ,.,.-.^.,- ■^.■l^,....^,,..^:: ,.....^...I.^„.,.,,»,,.,..,.,...>...,...^.^^UK^ 

Appl. Phys. Leu., Vol. 21, No. 12. 15 December 147: 

liiMriii '(iriiiii i r^'^^^^ 



5B0 A.C.   THORSEN  AND  A.J.   HUGHES 

o 
>- 

60     80    100   120 

9 (DEGREES) 

140   160   180 

FIG. 1. Variation of Hall mobility with angle from the [llo] Si 
direction for two (221) Si/(1122) AljOj films. 

sion coefficients asl = 3. 9x 10"8/nC,8 aM&03 (lie) = 9.03 
x lO-'/C, Q!A1 03 (ic) =8. Six lO"6/ C,0 and a temperature 
difference of 1100 "C, over which the thermal contraction 
takes place, we find that (uZ/ip)*^ 1.06375-0.21891 
x COS2Ö, where M0 is the mobility in the absence of 
stress and 8 is defined as above. The theory predicts an 
anisotropy factor of 41%, in good agreement with the 
experimental values given in Table I. 

An interesting feature of the piezoresistance in this 
plane is that the mobility is predicted to be larger than 
the unstressed mobility for 0° <e<37c, and smaller than 
the unstressed mobility for 37° < 6£90o (if we consider 
only the first quadrant). The theory predicts at 37° the 
effect of thermal stress on the mobility is zero, so that 
M(37°)=Mo. the unstressed mobility. The difference 
between the bulk mobility and the value of mobility mea- 
sured at this angle thus represents the mobility degrada- 
tion due to the causes other than thermally induced 
stress. The fact that the value of /i0«600 cmVVsec is 
much smaller than the bulk mobility10 strongly suggests 
that thermally induced stress is not the dominant 
mechanism in lowering the mobility. 

The piezoresistance theory also predicts an electric 
field orthogonal to the current direction independent of 
any externally applied magnetic field. This transverse 

Appl. Phys. Lett.Vol. 21,No. 12, I 5 December 1972 

field (ET) is given theoretically by ET/jp0= 0.21227 
xsin2e, where; is the current density and p0 is the re- 
sistivity 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 ET/jp0 plotted for two samples in Fig. 2. The 
quantity p0 is found from ß0=RH/ß0, where RH is the 
Hall constant and Mo, 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 
sin2e of 0.2, in good agreement with theory. 

The temperature dependence of the anisotropy has not 
been examined in detail, although measurements on 
selected samples at 77 0K show a much larger anisotro- 
py, as evidenced by the data in Table I. Such an in- 
crease is consistent with what might be expected for the 
variation of piezoresistance with temperature. Although 
detailed measurements of all of the piezoresistance co- 
efficients have not been carried out, jru appears to be an 
order of 3 times greater at 77 °K than at 300 0K. " 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 factoi1 of 2.4, consistent with that predicted. 
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FIG. 2. Variation of transverse field ET with angle from the 
[llo) SI direction. 
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The enhanced mobility predicted for some current di- 
rections suggests that the (221) plane of Si/Al203 may 
yield 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 >i- and />-channel devices, 12 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 film properties. In addition,  the high donor 
concentrations in the films tend to mask contributions to 
the electrical conduction from surface effects. Experi- 
mentally, we have seen no significant effect of ambient 
or surface chemical treatments on the conductivity. 
However, to quantitatively assess the magnitude of iws- 
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 anisotropy 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 film 
thickness, growth conditions, or other variables may 
well prove valuable in determining the relation of stress 
to these variables. 
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APPENDIX 1* PREPRINT 

STRESS   INDUCED   ANISOTROPY   IN   THE 

ELECTRICAL   PROPERTIES   OF   Si/A£„0   * 
^ 3 

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/A£203 has been theoretically determined. 

The stress model developed and employed is based upon the differen- 

tial in thermal expansion between Si film and ML  0     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/A£203 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-C-1311 
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I.   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/M  0     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)Si(1), (221)Si(2) and (UUSi^ 

heteroepitaxial films grown on A«,203 and would probably occur in 

all orientations of Si/AÄ,^.  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/A£ 0  films. 

Si/A£203 epitaxy has been actively pursued for a number of 

years now and is -f 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/AJ^O  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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y   anisotropies.  It 
"late substantaally to experimental mobility ani: 

lS o„r vie« that the room temperature stress ^ ^ fi]Bs ^ 

Predo.inantiy ^  to ther^ axpa,lsio„ Bismatch stress rather thaa 

to lattice-constant n,ia„tch or other growth stresses.  This view 

coupled with the fact that thermai stresses appear much more 

—ie to theoreticai treatment than do growth stresses, dictated 

that an investigation in ter^s of a „odel combining thermal expan- 

-on stresses and piezoresistance effects would be a useful step in 

better understanding a„d improving Si/A«^ fllms.  This is the ba5i 

approach of the paper. 
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II.  MATHEMATICAL DESCRIPTION OF HETEROEPITAXIAL ORIENTATION RELATIONS 

In the present paper, the treatment of the piezoresistance 

effect for Si/AJl^ heteroepitaxial films will require that various 

Physical property tensors, e.g.. piezoresistance TT. elastic constant 

C, stress T. and strain e. be transformed for rotated coordinate 

systems in the Si and in the AÄ^ which correctly embody the relative 

orientations of the film and substrate for the different growth modes 

of Si/AÄ203 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/AÄ^ 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 AJl^ 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/A*^ is presented in Table I and is taken from 

the work of Manasevit. Nolder and Moudy^.  The relationships 

shown for (221) Si//(1122) A*^ in Table I were not given in Ref. 6 

and have been recently obtained by Moudy^.  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 A*203. the direction [h.k.i.*] is not normal 

to the plane (h,k,i,Jl) unless Z   is zero. 
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The information in Table 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 D>£,   D>f. D>f for 
■L £i J 

the Si film (f) and these are parallel, 
^s . 

respectively, to DjS, D^5, 

D3  in the A*203 substrate (s).  D>f, D^, D>f are mutually ortho- 

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

Dl ' D2S' D3S in the substrate.  Thus far, the ü>f,   D^, D>f and 
n>s  n>s  n>s     u 12    3 
ul   >   u2   '   D3  are abstract vectors.  In order to proceed further 

toward a mathematical theory of epitaxial orientation relations, 

specific coordinate systems in both Si and AÄ^ must be defined 

and employed. 

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

in the film and denoted by (Xf
0, Yf

0, Zf
0).  In Si, these are 

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

be defined in the suhstrate and be denoted by fX 0  Y 0  Z 0i 7 >• s '  s '  s J ' 

The Cartesian set of axes (x/, Ys
0, z/) is referenced to the A£.0 

hexagonal axes a],   a*. a>, a*, with X^ along the a> axes; Y/ 

90 deg from the aj axis and toward the a^ axis; and Zs
0 along the 

C (or a>) axis.  In general, (Xf
0, Y£

0, Zf
0) and (X^, Y^, Z 0) 

differ in relative orientation.  The relative orientation between 

these two coordinate systems embodies the experimental parallel 

relation information of Table I and determines the relative crys- 

tallographic orientation of Si film and A£203 substrates.  The 

important determining constraint is that D^ in the Si film be 

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

2U3 
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Let (SF) denote the matrix transformation between fX 0  Y 0  Z 01 
s     s '   <? 

and (Xf , Yf
0, Zf

0).  Consider the coordinate axes to be spatially 

coincident;    (SF) will, therefore, simply be a rigid body rotation 

matrix.  The matrix (SF). therefore, is orthogonal and (SF) = (SF)"1 

We then have 

(SF) and = (SF)  /YS
0 

(1) 

Now let the 'parallel direction vectors D>f and D>s for i - 1 2 ^ 

be expressed in Cartesian components relative to their respective 

coordinate systems.  We then form the matrices (Imn) and (LMN): 

1. 
(lmn) = / V i    and (LMN) 

h        m3       n3 

Ll   Ml   Nl 

L2___M2___N2 

L3   M3  ^3 

(2) 

where 1^ ^ ni .= D^   ^   D£   ^   ^   ^   _=  „^ ^s  ^^ etc> ThuS) 

(Imn) is •■omprised of row vectors relating to the Si film and 

(LMN) is comprised of row vecto rs relating to the Ail203 substrate, 

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

assumed to be orthogonal and normalized to unit magnitude. 

The matrices (Imn) and (LMN) then define new primed coordinat. 

systems (X^. Y fl   Zf') and (X ' . Y ', Z ') 
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(Imn) and (LMN) (3) 

The primed vectors (Xf
,, Yf', zf

,) must 

to the primed vectors (X^. Ys', Z ').  Using Eqn. (1), we have 

f « 'f » ^f J "lust be parallel and thus equal 

(LMN) (SF) 

(4) 

which yields the following relation between (Imn) and (LMN) matrices. 

(Imn) = (LMN) (SF) and (LMN) = (Imn) (SF) , 

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 

mode of epitaxy.  If (imn) and (LMN) are known, then (SF) can be 

determined from 

(SF) = (LMN) (Imn) and (S^) ^ (TiTn) (LMN). 

Next, suppose we operate on (X..', Ys' . Z,.') and (X^, Yf' , z^) 

in Eqn. (3) with the same transfomation natrix (a) yielding 

(5) 

(6) 

= (a) and (a) (7) 
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The matrix (a) thus yields new (Imn) and (LMN) matri 

(Imn)  = (a) (Imn) and (LMN)  = (a) (LMN) 

ces 

(8) 

»If 

Since (Xf , Yf , Zf ) were parallel, respectively, to (X ', Y ', Z '), 
it     it     M S      S      S 

(Xf , Yf , Zf ) must also be parallel, respectively to 

CXs ' Ys ' ^"^  We obtain 

s*** 
(SF) = (LMN)  (Imn)  = (LMN) (a) (a) (imn) 

= (LMN) (imn) = (SF) . 

(9) 

Thus, a rotation (a) simultaneously applied to both (X '  Y '  Z 'I 
•    i    i , s    s '  s ^ 

and (Xf , Yf , Zf ) yields new matrices (LMN)' and (Imn)' which leave 

(SF) unaltered and thus relate to the same mode of epitaxy as the 

original (LMN) and (Imn) matrices.  Extensive use of the rotation 

(a) and Eqn. (8) will be made in subsequent sections.  There (Imn) 

will relate to reference axes in the plane of the Si film and (a) 

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 but 

which does change the form of the transformation matrix (SF) .  New 

(Imn), (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 (a,,) represent a symnorphic symmetry operation for Mi   0 

Initially (af) can be considered to operate on (Xf
0
> Yf

0, Zf
0) and 

(as) to operate only on (X.,0, Y^0. Z^) .  Analogous   to Eqn. (3) 

we obtain 

= (Imn) (af) and (LMN) (a ) 

U^,ü^,i:>,.,^:u.l.,^a**^*L^^^ 
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netting (SF)  be the transformation which now connects (X ° Y 0,Z 0) 

and (X0. Ye
0. Z °)> we have 

^>^ 
(SF) - (as) (LMN) (Imn) (af) =. (c^) (SF) (af) . 

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 (Imn) rather than 

(xf • Y
f , Zf ) and (as) to similarly post-multiply (LMN), we have 

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

(Imn) and (LMN) (a,.) is symmetry-equivalent to (LMN).  A prescription 

has thus been given for obtaining all equivalent sets of (Imn). (LMN) 

and (SF) matrices from an original arbitrarily 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 afferent but equivalent pole diagrams.  However, only 

one of these pole diagrams is mathematically consistent with the 

previously determined parallel relations.  The inconsistency here 
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is, in effect, the simultaneous use of different coordinate 

systems. 

The reason for emphasizing equivalent film/substrate 

orientations Is that Information obtained from crystallographers 

characterizing a mode of epitaxy 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 plezoresIs tan 

for SI films grown on AÄ^ substrates of arbitrary surface orien- 

tation.  We shall Identify the third row of the (LMN) and (Imn) 

matrices with directions normal to the substrate and film surfaces, 

respectively.  Thus, if a substrate is cut "off-orlentation," a 

modified set of matrices is required.  Suppose the direction vector 

characterizing the original substrate surface is taken from the 

third row of the (LMN) matrix and written as a column vector.  Then 

a matrix operation (y) acting on this vector yields a new vector 

characterizing the off-or lent at ion substrate surface.  Thus, 

ce 

M3  \  = (Y) M, 

\ 

J 
(12) 
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The (LMN)  matrix associated with this substrate surface orienta- 

tion is then given by 

(LMN)' = (LMN) Cf). 

Now let a similar sort of transformation be defined for the Si film, 

(Imn)  = (Imn) {&) , 

with the proviso that (y) and (3) are to be compatible and preserve 

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

Therefore, 

(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 

CT) = (SF) (7) (SF) 

and (6) and (y) are related by a similarity transformation. 

The utility of the above relationship between (Imn), (LMN), 

and (Y) and (&) lies in the fact that, for an arbitrary substrate 

orientation, the crystallographic zones in film and substrate are 

not exactly parallel in general.  Thus, in particular cases, the 

substrate (film) orientation 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 (Imn)  and (LMN)  matrices as indicated above. 

(13) 

(14) 

(15) 

(16) 
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Since the operations (y) and (3) in Eqns.(13) and (14) 

preserve the original identical mode of epitaxy, it must be 

possible to represent both of th 

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

em in terms of an operation (qi) 

*^ 
(a) (LMN) = (LMN) (y) ; a = (LMN) (7) (LMN) 

(a) (Imn) = (imn) ("3); a = (lmn) ^ ^^ ^ 

Using Eqn.(16), we find that Eqns. (17) are consistent and an 

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

(Y) and (ß) as indicated. 

The parallel relations assumed and the transformation matrices 

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

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

spinel (MgA£204) is also treated in Table II. 

In Table II, the Zf' and Z..' parallel directions are given 

in terms of normals to film and substrate planes.  X '  Y ' and 
.   »    1 f '  f 

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 Kl^s^   substrate are given both in a 

hexagonal four-index notation and in Cartesian coordinates. 

The orientation relations (111) Si//(1124) A*^ and 

(221)Si//(1122)A£203 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 

Clll)Si//(ll24)A£203 parallel directions and transformation matrix 

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

(17- 
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transformed to a (221)Si surface plane.  The associated (LMN) 

matrix for (221) Si//(1122) A£20_ 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, Z   for 

(221)Si//(1122)AJl203 is 0.(1122) while the transformed Zs  derived 

from (lll)Si//(1124)AÄ203 is j.(l,l,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 (lll)Si or (221)Si orientation 

determinations.  We shall, based on a low-index argument, assume 

that the (lll)Si orientation   relation is the more fundamental and 

take this Si/AA?0_ 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 

sect ion. 
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III.  STRESS AND STRAIN IN Si/AÄ^Oj EPITAXIAL FILMS 

The principal objective of the present paper is the theoret- 

ical determination of stress-induced anisotropies in carrier 

mobility for Si/AÄ-O, films.  In this section we shall discuss 

briefly the origin of stress and strain in Si/AA203 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^ and by Chopra1-  .  These authors 

both divide the stresses in epitaxial films into two categories: 

(1) intrinsic stresses and (2) thermal stresses. 

For the case of Si/AJ!,203 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 films 

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/A8,203 is 

due to the combined constraints of strong film-substrate bonding 
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and  dissimilar   coefficients   of  thermal   expansion  and  contraction 

for   film  and  substrate. 

One   formula  often  quoted^   is 

Tth   =   (VVATEp, (18) 

where Tth is the thermal stress. af an average film expansion 

coefficient, and as an average substrate expansion coefficient. 

AT is the temperature differential betwee:. growth and room temperate 

and EF is an appropriate Young's modulus of the film. 

Equation (18) has been 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.  Jefkins(10)has presented formulae for the stress 

in Si films on A£203 substrates based on an isotropic simple elast: 

model.  These formulae indicate that for films of interest 

[~2Mm-thick Si, 10-20mil-thick  AÄ^] the stress relief due to 

bending is slight and the isotropic (average) stress calculated 

usin« 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. 

;ic 
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(001) and ClU)si films.  However  in ^ 
«owever, m the context of this paper 

—^y »m be taken t0 refer prinariiy ^ the ^^^^^ o- 

^ Phxuca: property upon angular orientation ^ the 
a ^ {n*/substTate composlte_ in this sense ^^ ^^^ ^ 

^   Cl3)   U   iso^opu  and yields  „„  lnfornation  ^  ^^^^ 

stresses   in   epitaxial   fiims. 
ipic 

The  question  of  anisot: 
opy  has   apparently  not  been  treat ed 

ln the literature.  Schlötterer C1 ^  ^, 
terer    employed a formula similar to 

fcqn. (18) in treating str^QQ i^ c- c* , 
The ,., 8   eSS ^ Sl fllmS 0"MgAV4 substrates. 
Ihe fUm orientation was properly taken ir,tn 
,. P  y taken lnt0 ^count in calculating 

6 aPPr0Prlate Y0Ung■3 — *.     —er. the a!!plled therBal 
--s and the rosuUing stress ^^ ^^^^ ^ is 

thermal straSs anlsotropy „as not treated_ 

Al2„3 substrates, in general. yleld a therBai ^^^ ^^^ 

is intrinsically anisotropic because nf .n 
P  because of an amsotropy in thermal 

expansion. 

m . i  uj 
The thin-film thick-substrate 

model whlch we have employed 
. ,   . P  y expUcitly treats substrate 
induced anisotropy. 

0Ur „o^e, is based upon tHe reiative tHer.ai expansion bet„ee„ 

S  ^„ an. «2„3 substrate ana tbe strain i„ particular dlrections 

I r  thl; —" —  —in, NyeC-) tbe tber.ai expansion 
botb Si and «203 is .escribe. by  second-ranK s^etric tensors 

referenced to Cartesian coordinat e systems. 

^t a5  be the expansion coefficient for Si and let a, and a 

**  tbe tbermal expansion coefficients respectively perpendicular and 

Parallel to the (0001, axis (ore-axis,  (orMo   Th    , 
ror AJi'203-  The relative 

thermal expansions between film and substrate are then 
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0 0 

0  as 0 

0   0 a 

AT 

a,  o o 

0    a1  0 

0 ex. 

AT 

(a,.-^) 0 0 

0 (as-a1)o 

0  0 (as-a2), 

AT (19) 

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

along the cubic axes.  For AÄ^ the x-axis is parallel to aj, the 

y-axis is at 90 deg from the aj axis and toward the a^ axis. 

The z-axis is parallel to the AÄ^ c (or a^-axis. 

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

thermal expansions a...  For convenience we now switch to the so- 

called "engineering" thermal expansions (12) ei given by e  = 

ail' e2 = a22' e3 = a33' e4 = 2a23' e5 -   2al3' and e
6 = 2^. 

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

^ = (^-a^AT. e2=(as-a1)AT = c1.c3=(as-a2)AT1  ^ = 0. e^O,   and e^O. 

For application to the Si/A£203 system we shall require the 

thermal expansions for an arbitrary film/substrate orientation. 
t i i 

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

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 (Iran) 

coordinate transformation.  Therefore the relative thermal expansion 

matrix on the right hand side of Eqn. (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 y z 

X' Ll Mi Nl 

y L2 M2 N2 

z' L3 M3 N3   • 

(20) 

The engineering thermal expansions in the arbitrary surface plane 

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

d-V )e 
e^ = (1-N2')e 

= (l-N-0)e 

-2N2N3(e 

e^ = ^NjNjCe 

^N^^e 

+ Nl e3 

+ N22e3 

+ N
3
2E

3 

-e3) 

-e3) 

-e3) 

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 

E'  e' and e' given in Eqn. (21) are to be regarded as applied 

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 e^, e^ and e^     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^ e^  and ^  The model 

(21) 
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will be in terms of the engineering stresses as given by Nye 0-3) 

«Here T1 = Tll ^ ^   ^   ^^   ^^   ^^ 

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 ej, ^ and ^ 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, and the elastic properti 

of the substrate need not be considered. 

The stresses in the Si fiim T!. are then given in terms of 

the Si elastic constant matrix elements c!. and the strains e! by 

es 

12 '13 '14 15 16 

12 

13 

14 

'15 

(22) 

"66/ 

where e[,   e', e' are the applied thermal strains and e', e', e' 

are Poisson reaction strains to be determined by boundary conditions. 

The Si filn, surface is a free surface and must have no stresses 

on the z surface.  Thus T3. T^   T5 are all zero at the free surface of the 

Si fi^.  Since the film is thin, we assume the stresses are approxi- 

mately constant in the z direction.  Continuity then allows us to 

set these three stresses to zero throughout the Si film.  This is 

the second basic assumption of the model. 
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The Si elastic constants Cj\ (i-l, 6; j=l,6) for the arbi- 

trary Cartesian coordinate system can be obtained from 

those for the original crystallographic system along the Si cubic 

axes by suitable transformation.  Wortman and Evans ^^ have worked 

out the       tedious transformation based upon the fourth rank elastic 

tensor properties and we have employed their results for the Si 

matrix elements CT . . 

Assuming the CT. to be known for the desired coordinate 

system, and the applied thermal strains £[, e^ and e^ to be known 

from Eqn. (21), the reaction strains ej, e^, e'  not given by 

Eqn. (21) can be determined by matrix inversion.  The determination 

of the thermal expansion stresses Tj, T^ 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/AA203 films of interest 

(1.5-2ym-thick Si, 10-20mi1-thick  AA203) 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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IV.   THE PIEZORESIST'.NCE 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.  In this section the formax 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/Ajl.O  films 

are also presented and employed. 

The linear piezoresistance effect has been discussed by various 

authors   '  '   •  These authors begin by assuming that the electric 

field components. E.', are functions of the current density components. 

Jr and the stress components. T^.  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 

E.'= 0 .".     J' + IT '      T^T' 
i   Pij 3        ^ijkJl Jj Tkr (23) 

For cubic crystals the resistivity tensor p.". is diagonal for zero 

stress and has only the components P^P^.. where po is the zero- 

stress resistivity and 6.. is the Kronecker delta.  For these 

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

from the 7^^.  Then 

TT/ 

i   po LOij    po   'i^J Jj , (24) 

where   (^-j^/P^   are   the  piezoresistance   coefficients   as  defined 
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and employed by most authors in quoting experimental values for 

the coefficients.  In 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 

[U-l, 22-2, 33-3, 23-4, 13-5, 12^6] U5' 16 ^ .  The double-subscript 

IT'S then can be displayed as ?.  6x6 matrix, which for Si and for a 

Cartesian coordinate systen directed along the cubic crystal axes 

is of the form 

\ \ 

"ll IT 
12 IT 

12 0 0 0 

^12 IT 11 TT 
12 0 0 0 

"12 TT 12 IT 11 0 0 0 

0 0 0 
"44 0 0 

0 0 0 0 
44 0 

0 0 0 0 0 TT 
44 

(25: 

The three constants 7r11, 7r12, TI44 then completely characterize the 

bulk piezoresistance 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) 

(17 ) 
and Thurston1-   have presented tables listing all / coefficients 

for rotated (transformed) axes.  In terms of the primed (rotated) 

coordinate system, no elements of the TT' matrix are required to 

be zero and the matrix is, in general, asymmetric in that some 

TT'J.'S differ from the TT'.-'S by a factor of two. 
•l j j i 

For an arbitrarily oriented coordinate system (X^Y-.Z") or 

(X^.X^.Xj) in which X' (X^) and Y' (X^) are in the plane of the 
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Si/A£203 film and Z'CX^ is normal to the Si/A*^ film, the 

Eqn. (24) then becomes 

E2/Po = Jr^lTl%^2T2-66T6). 

E3/po = j;KlT;-52T2-5V6). 

El'/Po = J3(^1T1-5V2-56TP. 

E2/po = J3KlTl%%2T2 + %6T6^ 

E3/Po = J3f1 + SlT;-32T2 + S6V- 

The TTJ. include the resistivity po and in some cases a factor of 

two in the definition.  In Eqns. (26) we have assumed that the 

stresses Tj, Tj and T^ are the only non-zero stress components 

in the Si as discussed in Section III.  m the first three of 

Eqns. (26) it was assumed that the current flow was solely in 

the 1 direction (only Jj 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 mobility.  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 pj and p^   be the resistivities in the 1 and 3 coordinate 

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

resistivity p , 
o 

(26) 
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Jlpo 

Pl   _   po+Apl 

p3        po+Ap3 
J,p 3^o '0 

Ap: 

■, — - vv V;2T2+ ^Ve J 

Ap. 

'0 *'ZIT?   ^2T?^36T6   ' 

(27, 

The Hall mobility y in a given direction can be related to the 

resistivity p by vi = R,,/p, where R,.= the Hall constant.  Thus 

1 ,_      1 
V^o l+ApJ/po 

; y3/yo 1+Ap5/po 

where Ap'/p  and Ap'/p  are as defined in Eqn. (27).  Our primary 

interest in the Hall mobility will be in mobilities for current 

flows J' in the plane of the Si film.  In subsequent discussion, 

a mobility y without a subscript will be taken to relate to y.. 

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

resistance model, all connections between mobilities and resis- 

tivities will assume y=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/M^O     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 

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

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

simply consider corrections to the longitudinal piezoresistance 

(28) 
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Pj   =   EJ/JJ   and  p^   =  E^/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. 

Schlötterer has   related  the  change   in  resistivity  to  the 

stress   using 

^  =   kT.k^T2   . p 1        2 

following Mason, Forst and Tornillo^ \     The latter authors 

employed a Si many-valley model and considered the effects of a 

uniaxial stress.  No direct use was made of the -n. ,   coefficients. 

Schlötterer then assumed, based upon the work of Sanchez and 

f 191 7 
Wrighf- J,   that for practical use the relation k^O.5 k^  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 Schlötterer would, in our case of 

anisotropic stress, yield mobilities 

(29) 

and 

1 

V^o 

M7/y 

i+K-.Tn+HK.Tr) ij j ij j 

3 f0    i^.Tp^.Tp2 

(30) 

where the implied sum on j includes j=l,2 and 6 for Si/AA20- films 

The primes on IT and T signify that TT 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 

larger stresses in Si/AP. n  pj i ^/M203   fums may require the lncluslon of 

which is i„ the spirit of  Eqn. t29) but „Mch lncludes M 

order terms. 
gher 

*e   consider E,„. (23, for j.!.  „!„,„„. iating „.^ 

t0 TkÄ we obtain 
respect 

Schlättererf1" presents a graph of ... coefficient, f 
r      y ^-uerricients for a range 

of carrier concentration.;   ru^ 
tratxons.  The exper.mental TT'S are approximately 

constant for moderate chanPe<; in .„  • 
cnanges in carrier concentration.  This 

digests to us that the terms C^^, i„ Eqn. C31) are 

approximates constant for moderate changes in resistivity p' 

We shall assume this to be the case   »„,-   .u     .       " 
tne case.  Noting that (ET/jrjSp' -p- 

Eqn, (31) integrates to yield '  '   U  '' 

pr = o0    e ♦cwr.r) 

in the contracted subscript notation. Here p-(Tr=„)=p is the 

-ro-stress (scalar, resistivity. The longitudinal mobilities 

for   this   model   are   then 

f3 1) 

(32) 

•V^o 
O    0 

+ (frC.TCl 3J y 

^. (28), (30, and (33, thus represent mob i 1 it i es based on 

-car (1st ordet,. second, and exponential order stress models. 

(33) 
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respectively, and are all „tuall). consistent to within their 

respective orders. 

Numerical data for comparison of mobilities in the linear 

and non-linear model s are given in Table III.  The lin ear 

ability   is   taken   as   the   independent   variable   and   the  non-lin 

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

ear 

In this paper, the linear nodal „ill be used in all analytic 

expressions and for.olae presented for the various orientations 

of P- and „-type Sl/A^O, fu.s studied,  In most ^ ^ ^ 

resulting linear and non-linear numerical «obilitias differ sig- 

nificantly, both the linear and exponential order mobilities „ill 

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 

dosed form.  It thus appears to be without profit to further 

pursue this approach at this time. 

In concluding the discussion nf „„r, i- 
B     discussion of non-lmear piezoresistance 

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

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

ously correct.  Nonetheless, in those cases where linear and non- 

linear mobilities differ markedly, it is felt that the nonlinear 

mobility (in particular the exponential order mobility) is mUch 

more accurate than the linear mobility and must be employed. 
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A prime was used in all piezoresistance formulae presented 

thus far.  The prime signifies that the IT'S and T's are referenced 

to an arbitrary fixed coordinate system.  We now wish to become 

specific to the case of Si/AJl20  films.  For a given Si/AJl.O, 

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 X y'Z  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 (ilmn) as in Eqns , (3) or (8). 

Now let (a) be a matrix representing a rotation about the Z 

direction.  Then 

/ co: s int 

(a) = 

0 

•s inO  cosO    0 

^ 0      0      1 

(34) 

where the sense of the rotation is that a positive angle 0 rotates 

the X' axis toward the v' axis.  Following Eqn. (8), the (£mn)' 

type matrix explicitly involving the angle 6 and referenced to 

the X'Y^Z ' axes is 

(£mn)  = (a ) (Ämn) . (35) 
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This rotation could also b e applied to the AJl^ substrate 

coordinate system.but for present purposes this is unnecessary. 

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

will be interpreted to refer to a coordinate system at an angle 9 

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

and Z normal to the Si film plane.  The , COefficients are then 

obtained using (Ämn)'in Eqn. (35) and the table in Ref. (15). 

The TT  coefficients will then be explicit functions of 6 the 

angle of rotation.  The stresses T{,   T;  and tr are similarly 

interpreted and are given by 

1   -^     2     -1 + (—2 ^ cos2e + T sin2e. 

Tl+T2. ■f-      r   i  -c   ,^1~ 2 
'2 -^     2  J " f—2—^ cos2e " T sin2e, 

TrT2 
T6 = "(—2—)sin2e + T cos2e, 

(36) 

where now T'T: and I'  are the stress \-n   th« ^-, 12     6     L,ie stresses m the film at an angle 6 

from the reference anH T  T  T      ^ erence and Tj.T^Tg are the reference stresses at 6 = 0, 
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V.   APPLICATION TO (001). C221). and (111)31 FILM GROWTH 

In this section the calculation of mobility anisotropy for 

Si film growths of three different orientations. (001). (221). 

and (HI), win be discussed, 

and calculated theoretical result 

Measured experimental anisotropies 

:s for (001)Si(1) and for (221)Si(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.  C001)Si/(0112)A*203 (Mode I Epitaxy) 

The case of (001) Si//(0112) A*^ is an example of Mode I 

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

of the piezoresistance and mobility anisotropy for this orientation 

we shall adopt reference coordinate systems given as (X^Y^.Z^) 

and (VYs'Zs^ respectively, in Table II.  The (LMN) matrix 

relating this coordinate system in th e A£203 substrate to the 

ongxnal Cartesian crystal axes is then given by (Eqn. (3)) 

Z1 0   0  \ 

(LMN) a 
en 

l_ 

n/I 

N  n/3 c / 

o o 

0   +.535703144  -.8444063841 | , 

0   +.8444063841 +.535703144 
(37) 

where n is a normalization constant = (1/3+(a/c)
2)^ and a (c/a) 

ratio of 2.730159 has been assumed for Ai^. The Umn) matrix 

relating to our reference axes in Si and the (Amnf matrix in 

porating the rotation about the Z' axi 

cor- 

s are both trivial and are 
given below( 
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(Jlran) 
cos6  sine   0 

(Ämn) = I  -sin6  cose   0 

0    0    1 

Employing the (£n,n)' matrix in Eqn. (38), the TT' transformation 

table in Ref. (15), and Eqns. (.i6) we find the piezoresistance 

equations (Eqns. (26)) become 

(38) 

El Apl 
O    1 Ho 

T   +T 
1 ^2 T   -T 1   12. 

=   f—2 ■>      (Tril+7ri2)   +   C—2 3    (^11-Tr12)cos2e 

+   T67r44   sin2e 

T -T 1  2 (P77) = "(—T-) ^11^12) sLn20 + T6
Tr44 coS2e> 

(39) 

(40) 

0 3 
-1) 

Apg Tl+T2 
p-~ = C-T-)27Ti2- (41) 

For (001)Si. (E^/p^) = (E-^p^) = (E^/p^) = 0.  Eqns. (39) 

and (41) reduce to Schlötterer's(11) Eqns.(5a) and (5c) in the 

limit where T =T  and T =0.  in the above equations TT, , , TT   TT 
1112*44 

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

referenced to the Si crystal axes. 

We next solve for the stresses T1,T2 and T6 from Eqns. (22). 

Here the primes on the C-.'s and the e^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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Tl = Cllei + C12e2 + C12e3' 

T2 = C12eI + Clle2 + C12e3' 

T3 = C12eI + C12e2 + Clle3. 

T4 = C44e4' 

T, = 

C44e5' 

44 6» 

(42) 

where ej, e^ and e^ are applied thermal strains and e:, el,  and e 

are Poisson reaction strains 
3' "4' 

In accordance with our stress model, T =T.=T-=0.  We then 
OHO 

find that for this orientation of film and substrate, the reaction 

strains e' and e"   are z 

the implicit relations 

er o.  Solving for T^ T2, T6, we obtain 

VT2 . Cll +C11C12-2C122 rf 2        2 2        2 
—-—  ~-   2C ■ [(2-Nj -H2

l)e1   + CN1
2 + N2

2)e3], 
11 

VT2   fCirC12)    2   2 
-ir-=-—V^ fNi2-N2 ) cere3)' (43) 

^ = -2C44 N1N2 (e1-e3). 

where N1 and N2 are defined in Eqns. (3) and (20) and given 

numerically in Eqn. (37). The crystallographic axis strains 

ei   and e3 have been given in Section III and are 

el = («s-0!)^. 

e3 = (as-
a2)AT' 

(44) 
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where a  is the thermal expansion coefficient for Si and a,. a„ 
s 1'  2 

are the thermal expansion coefficients for A£203   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^20^.  For the Si 

thermal expansion, an average value of a =3.9xl0"6/deg C^11^   w as 

employed.  For our primary data on Ai^Oj thermal expansion we use 

f 2 11 
that of Austin    with 0^ = 8. 31xl0"6/deg C and a^. 03xl0"6/dog C 

Thus (a1-a2)=-0.72xl0"
6/deg c for A£203.  Recent measurements

(22:) 

at this laboratory using a differential technique have given a 

difference in thermal expansion coefficients ou-ot of (-1. 08 + 0 . 12) xlO"6/d^C 

for the AA203 substrate.  Calculations have been performed using both 

sets of expansion data for AÄ.203 as a means of determining the 

sensitivity of the calculated results to the expansion data^23^. 

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

Case 1; (cxj-c^) = -0.72x10  /deg C (21) 

10 
j(T1+T2) = -0.9206xl0lu dyn/cr 

|(T1-T2) = +0.2852xl09 dyn/cm: 

T6 = 0.0 

Case 2; (ctj-c^) = -1.08xl0"6/deg c(22) 

I(T1+T2) = -O.SlOSxlO10 dyn/cm2 

|(T1-T2) = +0.4278xl09 dyn/cm2 

T6   =   0.0 
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Substitution of these values for the stresses and values of 

piezoresistance coefficients for Si from Smith(24f25) yie]ds the 

results shown in Table IV. 

Let us first consider     the p-type Si results of Table I V. 
For this (OOl)Si orientation th e p-type piezoresistance effects 

CApJ/Po, E^/P^J, and Ap^/p^ are all quite small and would ^^ 

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 C001)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/P0 of Table IV.  Since the mobility y can be related to the 

resistivity Pl by y^/p^ where ^ = the Hall constant) the theo_ 

retical mobility can be written 

Gase 1 

M/M0   =    [l + Ap'1/po]-1   =   [1.441924-.0444 

Case   2 

88 COS28]"1, 

-1 
y/M0 = [l + Ap^/pJ"1 = [1.437032-.066732 cos2e[-1, 

where Uo   is   the zero-stress mobility.  From Eqn. (46) „e note that 

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

will 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  =   ^max^min^V"11616  yA  =   1/2 ^max^mi^   is   an   approximate 

average  mobility   in  the  plane126-'.      In  terms   of  these  parameters 

we   find   A   =   6.17%   and   y.   =   0.694y     for   Case   1   and  A  =   9.29%   and 
A O 

yA =0.697yo for Case 2 values of thermal expansion data.  We 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 E^ in the plane of the film and 

orthogonal to the current J^ direction, is also given in Table IV. 

This effect is characterized by the magnitude of the coefficient 

of the sin2e term which is +0.044488 and +0.066732, respectively, 

for Case 1 and Case 2, 

The longitudinal piezoresistance effect Ap'/p  and the 

transverse effect E^c^l 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 sin2e 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 mobility 

anisotropy and transverse effect could be substantially accounted 

for in terms of substrate-induced stresses without recourse to 

other phenomena.  For a detailed discussion the reader is referred 

to Ref. (1) . 
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B.  (221)/Si/(1122)AJl203 (Mode II Epitaxy) 

The case of (221) Si/(1122) AA,203 is an "off-orientation" 

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

lating the piezoresistance effects for this film orientation, we 

shall adopt reference coordinate systems given as (Xi,Yj,Zi) and 

(Xg.Y^Zg) , respectively, in Table II under the (221) Si/(1122) AJi^O- 

heading, 

The parallel relations in Table II lead to the following (LMN) 

matrix relative to our reference axes: 

(LMN)= 

(1 2 

(a/c) 
2n 

\2n 

-1/2 

/5(a/c) 
2n 

/3 
2n 

\ 

n 

(a/c) / 

N1 = 0.0 

N2.-0.93899, (47) 

where n is a normalization constant = (l+(a/c) )^ and (c/a)=2.730159 

was assumed. 

The (Ä,mn)' matrix incorporating the rotation about the Z^. axis 

is given by 

,+3cos9+sin9      -3cos6+sin9    -4sine 

(£mn)' 
3/2 

3sin6+cos9 

2/2 

+ 3sin9 + cos9    -4cos9 / , 

2/2 /2 

(48) 

where 6 is measured from the [li0]Si direction toward the [114]Si 

direction.  Using this (£mn)>matrix and the transformation properties 

of the IT'S, the (221) Si//(1122) A£20^ piezoresistance equations 

become 
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/Ei       \    Api     /Ti+T2\ 4 
[ITJI -1) = -IT    =\JTJi)  [(ir11^12>   -   ^11^12-^44%  (2+cos2e)] 

os2e-(7ri:.-7r12-7r44) ™- (4+llcos2e)] 

8 
+ T6^TTil~7Tl2^   sin26~(7Tii~',Ti2'1T44^   f sin2e] , 

/E2      \     /Tl+T2\   , ,   4        . 
\Vjl)= \~^~)   {7Tir7T12-7T44)   27  s:i 

sin2e  +(1Ti i-71! 2~7T44)   TT sin2e] 

+ Tfi  ^44 cos20 + (7rn-7ri2-7r/u)  q cos2e], 11   "12   "44'   9 

(U-( Tl+T2 \ , .    2/2     .   £ 
—2—/ (7rir1Tl2-7T44)   -21  Sini 

+ 
\~T-)   

(7TirTI12-7T44) 
8/2 sin9 

+     T6    (TT11-TT12-TT44)   -g- cos( 

(49) 

Ei 
PoJl poJl 

E2 
Po-3 

2_      =       /'
ri+T2^ .                           . 2/2 

QJ^     '    "  \      2      /l1Tll~Trl2"7T44; 27 

,   /TrT2V/                           . 8/2 
+  \"-T—/(7TirTr12"7T44) Tf 

cose 

cos( 

-  T6   (TTii^l2-7T44)   ¥" sine   ' 
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and 

poJ3 
-li 

Ap3       /Tl+T2\ 
-  ^ = \-T-/  ^\2   +   ^11-^12^ )   161 

[(7rii-7Ti2-7r44) y' 
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We next solve for the stress« T  T 
stresses T^   T2 and T6 from Eqns. (22) 

and for this film/substrate orientation obtain 

C..e. + C 
llel + L12e2 + Cl3e3 + CUU. 

, -*     ^ 
T2   =   C12el   +   C22e2   +   c23e3   +   c24e;. 

T'   = C^e: + C 
4 - ^14E1 + L24e2 + C34e3 + C44<. 

Tc = C 

T. = C 

55e5 + C56e6' 
-•     * * * 

6 S L56e5 + C66e6' 

(50) 

where the primes on the C.'s refer tn -^„^ * ^ 
ij s reter to "rotated" elastic coeffi- 

cients using (Jtmn) of Eqn. (481 with th«    1  „ 
4". I4öj with the angle 9=0 and the trans- 

formation table „f Ref. (I4).  This ^^  ^ ^^   ^ ^ 

cxent!,. .cpucatad to re„der an aaalytic saiution of Eqns. C50) 

m tar.a of tha appliad st.ains ^,   ^   ,,.,, e 

have therefore 
sxmply solved the equations numerically, using t 

elastic constants for Si 

6 impractical.  We 

g the 

U-*  Bq„s.   (21)   and  the   CLMN)   Batrix  ln  Eqn     ^^   ^  ^^^ 

£1   =   ta.-a^iT,   e2-..(VViT  t  0.8817095   CCj-apiT,   and   E-=o. 

Again   setting  T,=T   =T   =0     an^   e^i o 6 

3   l4   's-0'   and  solving   for  Tj   and  T^ we   find  the 
following   implicit   relations: 

T1 + T2 

2 ■  = [22.338504(as-a1)AT + 9 • 2261599 (^-a^ AT] xlO1 ^yn/cm2; 

T -T 
1 l2 

(51) 

2    = [1.4106208(as-ai)AT - 4 . 64325004 (^-a^ AT] xlO1 ^yn/cm2 ; 

T6 = 0, 
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We note in Eqn. (51) that the thermal stresses would be 

anisotropic even in the limit a1=a2, in which the thermal expansion 

is isotropic; this is in^contrast to the (OOl)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 

~   (Tj + T^ = -1.156712xl010dyn/cm2, 

i tW •0.3165467xl09dyn/cm2) 

T6 = 0.0 

Case 2 

j   (T^+T^ = -l,149017xl010dyn/cm2, 

(52) 

i (TrT2) 0. 1047437xl09dyn/cm2, 

T6 = 0.0. 

The average stress (T1+T2)/2 is approximately the same in the 

two cases.  However,  (T1-T2)/2 decreases substantially for the 

larger (otj-o^) case and reflects competing origins for the stress 

anisotropy, as is apparent from Eqns. (51). 

Substitution of the above stresses yields the data for 

Ap]/Po' E2/'PoJl and E3/'poJl shown in Table V.  The remaining 
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piezoresistance effects. E^/p^ and Ap'3/po, are also non-zero for 

this (221)51 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 (OOl)Si/(0li2)A*^ should be noted.  For (OOl)Si, 

the anisotropy in mobility and the transverse effect E'/p J' both 

depend directly on the anisotropy in A)l203 thermal expansion and 

are thus relatively different for Case 1 and Case 2 expansion data. 

However, for (221)81 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 E^/p j' data in 
3      o   1 

Table   V.     This   effect   depends   principally  upon   the   term (TT     -TT     -TT     ) 
11      12     44 ' 

which is numerically similar for n- and p-Si.  Thus all E'/p J' 
3      o   1 

data   in  Table   V are   substantially   identical.     This   effect   involves 

the   generation   of   a   field   Ej,   normal   to   the   Si   film  plane,   induced 

by   the   current   J^   in   the   plane   of  the   film.     Whether   this   field   is 

of   practical   significance   is   not   clear   and  no   experimental   studies 

have   been   performed.      In  principle,   if  the   zero-stress   resistivity 

and   mobility   are   functions   of   z-coordinate  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. 

We   next   consider   the   transverse   effect   E'/p  j'        Again,   all 
^   O  i 

data in Table V are similar for the reasons given above.  For 
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n-type Si the coefficient of the sin20 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 Ap'/o 
1  o 

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

constant, the mobility y/U0-l(1+ApJ/p^.  The characterizations of 

the mobility in terms of y^, y^. ^ and A are given in Table v> 

Mobility data derived from the exponential order non-linear model 

are also shown in Table V and denoted by ye  . ye    ue and Ae f   ^inax' ^^min' MA      " 

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 [llOlSi 

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 [liO]Si direction the effect of thermal stress on the mobility 

is zero, so that y(36.6 deg)=yo, 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 than 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 y , the 

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

A=39%.  The fact that \iQ   is so much smaller than the bulk mobi lity ^ 7-) 

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/A£203 may yield superior 

electron mobilities.  In comparison with (001)Si and (lll)Si grown 

at this laboratory, the (221) plane has indeed yielded higher 

mobilities ^ J . 

C,  (lll)Si/AA203(Mode II, III, IV Epitaxy) 

There are at least three substrate orientations and different 

modes of epitaxy yielding (lll)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 lie procedure illustrated in the (noi)Si and (221)Si 

applications, the (Ämn)' matrix for (lll)Si is 

ffJ  cosS   +sin( 

(Ämn)=  -I    cosB   -/3   sin6 
/6l 

/2 

-/3 cose +sine - 2 s i n 

cos0 +/J  sine -2 cos 

/2 /2 

(5 3) 
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where   the   angle   6   is  measured   from  the   [liO]Si   direction  toward 

the   [112]Si   direction.     The  piezoresistance   equations,   for   (lll)Si 

and   explicitly   involving  the   angle   0,   become 

Ap1/po   =   C-^-^) 
yi        (2Tr11 + 47r12 + u44)        Tj-T      (^j-^^2^^ 

+ C- -) cos2e 

+ T 
(TT11-T:12 + 27r44) 

sin2e) 

E27P0Jf =   [—H- 
TT      -IT   9 + 27r 

sin20   +T   cos29]    (-^ ±-| Ü)    , 

T   -T 1      2 /2 E3/PoJl   =    [C-T-5   Sin6   +T6"s9]   -j   ivn-vl2-Vu)    . (54) 

El^oJ3   =   E3/PoJl   ' 

TrT2. __ .  „  . „,/2 E2/poJ5 = [(—r-^ COse -T6sine]^ ^u^ 12^u)    , 

Ap3/po = ( 

Tl+T2./2 
^ (7Tll + 27T12-%4) 

(28) 

The stress equations (Eqn. (22)) are then solved next, subject 

again to the boundary condition T3=T4=T =0.  The form of the 

elastic constant matrix is similar to that for the (221)Si case 

but numerically simpler.  The reaction  strains e' and t'   are 

non-zero.  e^ is non-zero unless e' is zero, as will be seen to 

be the case for some substrate orientations. 

The results for the stresses T , T  and T , given in terms 

of N. and N  relevant to the particular substrate orientation, are 
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T.+T 3C44[Cn+2C19] 9 9 9 9 
(-JT-i^   C^ZC^MC^      [(^-N^-N/)    (as-cx)AT+(N1   +N2

2)    C^-^IAT]    . 

12 3      44^    ll"    12^ 2 2 
(-V-^   f  C^-C^C^      fNl   -N2   )    C^-a^AT   i 

C44 ^Cll'C12^ 
T6   =   3   C      -C   %C N1N2   (ara2^AT   • 11   L12      44 

(55) 

Data for (lll)Si  Mode II, III, IV epitaxy are given in 

Tabla VI,  The values of the substrate transformation direction 

cosines N  and N? 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'/p  has been considered and the mobility derived from this is 
1 Ko ' 

shown.  Because the anisotropy formulae ail involve functions of 

cos20and 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 [1210]A£„0_ directions, respectively. 

For Mode III, a maximum mobility occurs at 6=38.242 deg,which is 

also along the [1100]A£ 0  direction. 

The [1100], [1210] and [1100] directions for Modes II, III, 

IV, respectively, all are perpendicular to the C-axis or [0001] 

direction.  These directions thus pertain to directions yielding 

the minimum A£„0  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-I45 

..lVU.A.^^«Wai.;,,m.-^^lljAaailtia»a.,.l..,:31,.n..rt;...vJj..,..:;,.;J :.:,,: .-^■■v.^,v^-...... .J-V.;-aA.-^t^j.^^,-:V: .;.^..^,'..^v>.- 



P^'n»WTOWW!WPP«RlWWWWm»7IWWWW^ HWIUP«W.JWjpi|ipi4U.UP 

as minima locations in the plane are interchanged for p-type Si 

compared with n-type Si. 

The effects of stress on mobility for n-type (lll)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 111, anisotropy is, however, high enough that it 

should be considered in employing the mobility as a means of 

evaluating the effects of change in growth parameters. 

The effects of thermal stress on p-type (lll)Si are much 

more significant than for n-type (lll)Si.  A substantial overall 

mobility enhancement approaching a factor of two is predicted. 

Based on the (OOl)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. 
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VI.  APPLICATION TO AN OFF-PLANE (lll)Si ORIENTATION 

In the previous section the piezoresistance and mobility 

anisotrop/ were calculated for Mode III epitaxy with a (ll2ü)AÄ 0 

substrate orientation.  An examination of Fig. 4 of Ref. (5), 

showing a stereographic projection illustrating Si/Mi  0     epitaxial 

relations, indicates that a (ll20)AÄ203 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 
ot only one orientation -•    v e. 
the AA203 substrate is often intentionally cut a few degrees off 

/• 29") 
the (1120) orientation1 J.      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/A£203 film growths. 

The question of equivalent orientations and internal mathe- 

matical consistency was briefly discussed in Section II.  This 

problem arises naturally in the characterization of some off-plane 

«(1120)A£,203 substrates used in this laboratory to obtain good 

quality «(111)81 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 A£203 substrate (e.g., {1120}) 

The ambiguity in labeling these reflections--three choices each for 

Si and A£203--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 Jetermination of th. 

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 

hold for the film/substrate composite. 

Pole diagrams for one substrate orientation'of interest 

are shown in Fig. 1.  Figures la, lb. 1c are equivalent in 

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

relate to different parallel relations.  The orientation 

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 

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 (lll)Si plane is || to 

the (1120m203 plane.  However, the relevant crys t al lographic 

zones in A£203 and Si are not exactly parallel  so that the Si 

axis of rotation is only approximately the [011] direction.  The 

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

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

piezoresistance effects. 

The rotation in AÄ^ of Fig. la is about the hexagonal 

c-axis which is the Cartesian z-axis.  If (0) is   the   rotation 

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

rotates the Cartesian vector related to [1120] Into the Cartesian 
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vector  related   to   [Olio],   then   the   (LMNrmatrix   for   this   off-plane 

substrate   is   given   by   (LMN)^   (LMN)    (ß). where   (ß)   is   the   transpose 

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

the   rotation   is   about   the   z-axis.   the   direction   cosines   ^   and   N2 

which   define   the   thernuU   strains   are   constant   and   independent   o/ 

the   angle   of   rotation 

From   Section   11.   the   (Ämn)'matrix   associated   with   the   off- 

Plane   Si   fiim   is   given   by   ^y s   (LMNr(SF)   =   iLm)tfnsn .   where 

CSF)   is   taken   from  Table   II        For   (Jlninrwe   ^^^   ^^^   ^^ 

17/1       0 0\   Al.052475 -0.9428301   +0.0580268 

('mnr=f   0 1//F 0       |*1.0716329       ♦1.078041      -1.920788 
0 0 l//!/I  +0.87421: 11   +1.04188   +1.072 4898 

where the normalization factor, used were chosen to facilitate 

comparison with the on-plane simple H 11) Si/(1120) A*^ case. 

From the third row of Eqn. (56) we see that the Si fiim surface 

lies approximately along the zone between the (111) and (Oll)Si 

pi anes. 

The above discussion relates to an off-plane substrate 

orientation which is +5 deg away from the (1120) plane.  Calcu- 

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

an off-plane substrate surface which lies betw.en the (1120) and 

(10!0) planes.  Although perhaps of less experimental interest, 

this latter -5 deg rotation data coupled with the on-plane datl 

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 (lll)Si epitaxy. 

(56) 
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The formulas for the longitudinal piezoresistance for 

6= +Jj deg are rather lengthy and will not be given.  We note only 

that there are contributio:i.s to the anisotrop/ in piezoresistance 

which do not vanish in the limit, T =T , of stress isotropy.  This 

result is similar to that found for the (221)51 films, as one would 

expect. 

The stresses T,,^ and T, are numerically different for 

these various orientations, even though the direction cosines 

N, and N,, 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 (T.+T ) is nearly constant. 

However (T -T2)/2 and T  vary appreciably. 

Numerical data for the mobilities derived from the longi- 

tudinal piezoresistance Ap^/y  are given in Table VII.  Values 

fv.ru   /u . u . /u ,9    --the angle from the reference axis at 
max' o'  mm  o' u^ 

which the mobility is a maximum--and the anisotropy factor A are 

given for both linear and exponential models.  Since the formulae 

evaluated involve cos2e and sin29 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 8    are 
max 

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

mobility umax varies by +7.5% and the anisotropy A
e 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. 

D-51 

fci^i   - r.^-^^:^:.,.,^^.^..^.^^^^^  ■,■ ii, ,f^■■Wfer^*^i^^^' wv ...■:..::■■: . ■■•■  i-^    ■   ■■■   ■    ■■--    ■   - ^ .-.■    ■■■■-...■    ■,-:■.- 



,«WOTWWPW"^-w'»-^-'™~-*''-''"'r~^™^ 

VII. APPLICATION TO THE GENERAL (XXI) Si ORIENTATION 

The applications of the 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 (xxl) 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 

. .,. . the 
mobilities is substantial and the use of/thermal stress model to 

predict Si film orientations of potential experimental interest 

is an important and useful new theoretical tool. 

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

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

several Si film orientations of the form (xxl) lying along the 
(22 1)Si 

zone(s) defined by (OOl)Si, (lll)Si,/and (110)Si were treated and 

numerical data obtained.  Since Si film quality is usually highest 

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

expected to encompass the orientations of major interest. 

In the theoretical treatment, the four modes of Si/AÄ 0 

epitaxy and the mode of Si/MgA£204 epitaxy defined in Section II 
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are   all   included.      The  procedure   is   to   assume 

for   purposes   of  the   calculation     that   each   given   mode   exists 

for   all   Si   orientations   lying  between   (OOl)Si   and   (110)31.      In 

reality   this   is   not   true   and   boundaries   between   the   various   modes 

must   be   considered.      In   general,   in  proceeding   away   from   the 

"natural"   plane   for   a   given   raode--say   (001)Si//(0112) Ail^   (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  workersC6).      The   (221)Si//(1122)A£203   is   an 

example   of  an   orientation   that   is   =16   deg   off  the   "natural" 

(lll)Si//(ll24)AÄ203   plane   and   yet   yields   good   quality   filmsC2). 

The   reference   axes   for   all   of   the   (xxl)Si   plane   calculations 

are   assumed   to  be   X^lio],   Y'=[l,l,2x]   and   Z^[xxl].      The   (Ämn) 

matrix   for   this   choice   of   axes   is   then 

(£mn) 
/ b -b 0 

1 

/lb 

/ 
1 1 -2x 

1/2 /2 /2 

(57} 

where b=(l+2x )^.  The substrate surface orientations associated 

with the (xxl)Si plane can be obtained from the row vector (L ,M .N ) 

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£203 orientations 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 

Sect ion II. 

The mobility has been determined from evaluation of the 

longitudinal piezoresis tance ^'^ for four modes of Si/A^ o 

epitaxy and one mode of Si/MgA£204 epitaxy.  Calculations were 

performed for twelve values of x in Cxxl)Si ranging from (OOl)Si) 

through (110)81. and both n and p-type Si were treated.  For the 

Si/AA203 modes. Case 2 thermal expansion data C^ - V -1. OSxlO^/deg c) 

WPS employed.  For the case of MgA*,^ an average (Isotropie) 

expansion coefficient of 8.1xl0~6/deg C was employed(10).  A 

temperature difference of AT-UOOC 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 (xxl)Si. 

The second column shows the number of degrees the subject plane is 

from the (OOl)Si plane and toward the (110)Si plane.  The remaining 

columns list the maximum mobility ratio u   /u , the minimum 
in 3. A  o 

mobility ratio ymin/P0, and the anisotropy parameter A.  For p-type 

Si, mobilities calculated from the linear and exponential models 

differ markedly.  Three additional columns have therefore been 

added to Tables IX-XIII for ^/^ ^.^ and Ae data based upon 

the exponential non-linear correction t erm.  However, in applications 

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

Before discussing the numerical data, it may be useful to 

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 piezorosistance coefficients, of the elastic constants 

and of the subs träte-induced thermal strain that leads to aniso- 

tropies in carrier mobilities. 
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Wxth respect to the Si film. the ,arrier mobility anisot 

originating in the Si piezoresistan 
ropy 

ce coefficients and in the elasti 

constants can be considered as intrinsic to the Si and the .obility 

anisotropy originating In substrate thermal 

extrinsic to the Si.  In general, tl 

expansion anisotropy as 

:he calculated mobility anisotropy 

will represent an admixture of intrinsic and extrinsic effects and 

no useful subdivision is possible. 

For Si/MgA£204 (Mode V) the substrate thermal expansion is 

Isotropie and thus extrinsic mobility anisotropy is zero.  The Si 

Piezoresistance coefficients and elastic constants are isotropic 

for the cases of (001)S1 and (111)81.  Thus the intrinsic mobility 

anisotropy is also zero for these two orientations. 

For the Si/A£203 modes of epitaxy, the calculated anisotropy 

for COODSl and (111)81 Is extrinsic and smaller than the intrinsic 

anisotropy for most other orx.ntations.  Thus the anisotropy 

parameter A as a function of orientation would I  expected to exhibit 

local minima for the (001)81 and (111)81 orientations.  The data of 

Tables IX-XIU illustrate this point with local minima in A occurring 

at or near these two orientations. 

The therma. stress mobility data in Tables IX-XI11 are extensive 

enough to permit a systematic investigation of theoretical mobility 

as a function of orientation in the defined zone.  We first discu. 

those characteristics which are qualitatively similar for n- and 

p-type Si films. 

The maximum mobility data, u   /u  nr ue  /,,    u 7     ' Mmax/Vo or %ax/Mo' show that both 

n- and P-type moblities are minimum for (001)Si and increase as 

one proceeds across.the defined zone toward (110)81.  A local 

minimum in the maximum mobility is evident near (111)81.  The 
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theoretica! „aximuM „obilltiea for the t001), (m,, and (221)sl 

orie„tatio„s thus can be ranked ^  „.„(OOU^CU .,<U...(221) 

Films grown in this laboratoi 

this prediction^1'2^ 
•ry appear, on the average, to confirm 

The miniirum mobiliti es 
' Umin/lJo or WBlln/wo' are also quali- 

tatively simnar for n- a: d p-type films and exhibit minima ^ 

(001) and (110)51 and maxima near (lll)Si.  The fact that the 

maxima in U . /u  or ue  /u    i  ,   . . min  o   Mmin/yo and the minima in u   /u  0r ue     /u 
m^u• i • ^ • max  0     max Mo mobilities are near Clliic^ i *        c 

(lll)Si is. of course, due to the minima in 

the anisotropy parameters A or A* which occur nea: (111)81. 

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   Th. r     ,UÜ*liiy rirst.  The maximum mobility 
Umax ra"«- from a.30% reduction in mobility near (001)Si up to a 

«25% er.hance.ent in .obility near (llo)Si. as compared with the 

-ro-stress value Uo.  The minimum mobility Umin is aiways less 

than uo by amounts ranging from =30-40% near (001) and (110)SJ 

down to perhaps 5% near (lll)Si. 

For P-type Si fil.s. the effect of stress is always to 

increase the mobility  and hnth n6        e ity. and both ^ and Umin are greater than p 

across the entire znn«  TV,„„*      . 0 

zone.  The stress enhancement of the maximum 

mobility is minimal for (001)Si and inc 

across the zone.  Values of th 

»creases rapidly in going 

e maximum mobility ratio ue  /u 
max' Mo 

are   In   the   range   1.06-1.09   for   (001)Si.    1.80-1.96   for   (111)31. 

2.10-2.27   for   [221)51   and   2.32-2.44   for   (llo)Si.      Thu 
s, as compared 

to C001)Si. sub3tantially larger theoretical mobilities can be 

achieved by choice of film/substräte orientations lying within 
the zone.. 
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The anisotropy parameter Ae for p-type Si fiims ls also . 

»trong function of orientation and is ln thc rangc 0.5% ,„ ^^ 

6-16% for (llDSi. 45-55. for (221)81. and 74-80. for mo)Si 

The predicted anisotropy aiong most of the zone is large enough 

that orientation direction within the piane of the filtn should be 

taken into account in experimental mobility measurements to 

evaluate the effect of changes in film growth parameters.  The 

.eneral characteristics of both n- and p-type Si are illustrated 

in Figs. (2) and (3) where th  shaded regions indicate the range 

Of mobilities associated with Modes I-lv. 

The theoretical mobility data presented in Tables 1X-X111 

-nd   Figs. 2 and 3 are the results of a "model" and the 

of this model must be borne in mind in 

estimate experimental mobilities. 

'he first point concerns the assumptions underlying th 

C001).(no)Sl "continuous-zone., calculation.  Mathemat i cally w 

assumptions 

employing this data to 

y  w G 
hav. a.su.e. th., a,, m„dcs of efitaxy „„,, ^^ ^ ^^ ^ 

»"Hsticny, ho.ev.r'"»sl,„lfic.„c. shc„ld b. attached t0 

-.Obillty data for point, ln the 20ne wMch arc far ^^   ^ 

-nal regions ,„ which thc ^^ reUtlons ^   ^   ^ ^^ 

».ntally to hold and good „u.lUy fll,, obtainod, 

Tho basic assumptions of the thermal stress-piezoresistance 

-de! already have been discussed.  For the ease of n-type Si 

comparisons between theory and experiment for the mobility anisotro 

and the transverse field effect have been made for (001, and U21,Si 

or.entations.  Substantia! agreement .as obtained, thus lending 

confidence to the thermal stress mod..».".  This suggests that 

the c„ntinuous-2one theoretical predictions for n-f 

py 

ype Si should 
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be useful for zonal points in the vicinity of th- (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 stress 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 now orientations 

worthy of experimental study. 
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VIII.  DISCUSSION AND CONCLUSIONS 

The principal objective of the present investigation has been 

the theoretical determination of the effects of thermaI -nxpansion- 

induced stress on the carrier mobility in n- and p-type Sl/A£ 0 

films. 

A mathe- 

matical description of hetcroepitaxia 1 relations was developed in 

Section II, and while original, is mathematicaily straightforward. 

The main utility of the formalism is in mathematically treating 

"off-orientation" Si/A£90  films. 

A model for calculating therma 1-expansion-induced anisotropic 

stresses was developed in Section III.  Within the framework of a 

thin-film-thick-substrate approach, the model rigorously includes 

and treats the anisotropy in thermal expansion coefficients and 

the a..isotropy in the Si stresses. 

A few points concerning the thermal stresses calculated for 

the Si/A£203 orientations treated in the paper should be mentioned. 

The average stress, {J^T2)/2,   ranged from --0.83xl010 dyn/cm2 up 

10       2 
to --1.20x10   dyn/cm , depending upon mode of epitaxy and orien- 

tation within the mode.  These values arc consistent with available 

experimental estimates^4»5^ . 

The second point concerns the existence of shear stresses in 

the Si films.  Apparently it is generally assumed in the literature 

and by workers in the field that there are no shear stresses in 

thin Si/A£203 films
(30).  On the other hand, a non-zero shear 

stress T() in the plane of the film arises naturally in our aniso- 

tropic stress model and will be discussed briefly. 
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,j/2andT. 

In the thin-film.thick-substrate model, the Si fiim stress 

is characterized by T^ ^   and ^ evaluated ^   ^   ^^   ^ 

reference axes with x and y   in the plane of the film.  It turns 

out that the existence of the shear str«.. T  • snear stress T6 is a consequence of 

the stress anisotropy and will Ko «^^ H/ «ma win he present unless T =T    Th^ 
1 2' 

argument is as follows   lot   th»   o- iiows.  Let the stress terms (T1-T2)/2 and T6 be 

defined for the reference axes.  Then rotate the coordinate system 

by 45 deg.  Prom Eqn. (36). CTJ-T^.T, and T'-(T^T^/a and the 

two stress terms have interchanged.  Thus. (1^/2 and T, aro 

Physically equivalent and hence it is only for the isotropic case. 

V^. that there is physically no shear stress. 

For the calculations performed, the values of CT(-TJ 

ranged from zero up to -10% of the average stress.  Va.ues equal to 

5-7. of the average stress were more typical for most orientations 

and modes of epitaxy.  The relative magnitudes of both (T1-T2)/2 and 

T6 are strong functions of the mode and of the film orientations 

and vary appreciably. 

The basic piezoresistance effect was discussed in Section IV 

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 g. 

data for which the linear model is believed to overestimate 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  ^ ^ ^^ 

resistance coefficients and bulk coefficient transformation proper- 
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ties are applicable.  Thus any device situation in whicn 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 Si piezoresistance coefficients TT. . are functions of the 

earner concentration.  Assuming that this relationship is approxi- 

mately the same Ln Si/A^O^ and in Si films of the same carrier 

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

indicate the numerical calculations of the present paper are 

applicable for concentrations up to .1017/cm-3.  For higher concen- 

trations  different and, with the 

coefficients would be applicable. 

exception of TT^, generally smaller 

Application of the thermal-st 
ress-piezoresxstance model to 

he form E''o J: =bsin20 
^  o 1 

7, P0. are not knowr and 

the discrete (001). (221) and (111)51 orientations was made in 

Section V.  In general.the longitudinal effect ApT/p  leads to a 
1  o 

mobility variation of the form fU/uJ=[a-bc0s26]"
1. while the 

transverse effect leads to a field variation of t 

The zero-stress mobility, p^ an! resistivit 

cannot be determined directly from experimental data.  They are thus 

essentially derived parameters and would bo expected to be a function 

Of growth conditions and to vary slightly from sample to sample. 

The anisotropy parameter A and the angular orientations in 

the Si plane yielding mobility maxima and minima are independent 

of uo and thus permit direct comparisons between theory and experiment 

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

he emphasized.  Similarly, the orientations of maxima and minima in 

the transverse field are basic in directly correlating the trans- 

verse field data. 
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Comparison between theory and ..p.rU.n. for th 
•nd the location of the «M.otropy A 

UJJ)S1   gave g00d aereement and 

"blHtr anisotropy ean be    , ""' ar8UeS "" '^ 

ejects or nh  , '' "ithOUt "— " «•>" ects or Physical phenomena   u« 

cannot entirely r , '  ^^^ the a~ «Gained — el, rule out other ^^^^  ^ 

occurrence of cos.e and sin2e terms in ,.   . 

is not specific to a P —resistance effects 
P -f- to any one physical phenomenon but 

a symmetry requirement. SlmPly 

Measurements of mobility ani,n. 
üity anisotropy and transverse f »i^ u 

also been ca-r^i     . averse f.eld have 
carried out in these laboratory P 

r^3Si/(iÜ0)A£0    , . an-ber-of n-type 
/ni20)A£20J and (111) Si / C1 0 14 ) A£ n  fiims   Th    k 

anisotropy factor . 2 3   lmS-  The ability 

— faieuumena are renni^o^ • 

vacation of the .„„... stress.pie20  "     '" 
eXPlanati0"- 

'«— -mm. orientations .as   d " "^ ^ ns was made in Section VI   r.i« i  . 
Were -— f- —ate orientations lying +s d   f      ""^ 
CHSO) plane in ^   g fr0m the 

Plane in a general (non-symmetry) direction   TH 

:::■- ■■"■•■• •- ■-••• ■■ ••-•■.•.....::,,: ;::;;"" 

:;.r:;;::T ■•;"■•"• •'••■•• ■■ •■'•••- •■< ■»■"■..•. a"KCb in tne location nf  m^u■i ■ aLlun or mobility mavi-™«   J y maxima and minima. 

'"  SeC,i0n  "'   "PPHcation  of the  „„del  was  „d     , 

^   orientations  of the   fo„   u,,,,       TI).       /  ""  "^  ^  «"-i 

P"dictive   sense   to  det        , Th' "-1   "•   "P^.d   i„. . 
••""   to determine  the  effect   of th.r,.!   str, 

•ess   on   the 
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mobility for other Si orientations which have not yet been 

researched experimentally.  In these calculations, twelve Si 

orientations lying along the 2one(S) defined by (OOl)Si. (111)81. 

(221)81 and C110)8i were treated and numerical data obtained for" 

the four common modes of Sl/Ai^ epitaxy and for one mode of 

S;/^gAÄ,204 epitaxy. 

The mobility data are rather similar numerically for the 

various modes and indicate only , weak dependence upon the 

particular mode of epitaxv   Thn n  or,^ „ * (iidxy.  me n- and p-type maximum mobility 

dta' Umax/uo   01 ''max/V are qualitatively similar in that the 

mobility is a minimum for (OOl)Si and increases as one proceeds 

across tlv defined zone toward fllO)Si.  Both n- and p-type maximum 

mobilities exhibit a slight local minimum in the vicinity of (111)81 

For n-type Si. the effect of thermal stress on the maximum 

-nobility ranges from a»30* reduction in mobility for (Oül)Si up to 

a s:25% enhancement in mobility near nimc^   TI uuuiiiry near UlOJSi.  Tne ratio of fllO)Si 

to (OOl)Si mobilities u        /u  is "1 7 i o .,i,- u 
^max/Mo ls  1'7-1.9 which represents a sub- 

stantial and significant incr ease in theoretical mobiliti 

Mc.sure„„ts".2.'l„ tlles= laboratorics tend to support this «on.,.! 

characteristic in that n-tvi-P r79iic; r-, n type (221)81 films have yielded higher 

mobiiiiies than (linsi / f 1 l5ft"»4J n  ^-i    ^-   , Uiijai/UlZOjAEjO, films.which in turn have 

yielded higher mobilities than C0ni)Si films. 

':or p-type Si. the effect of thermal stress is always to 

produce an enhancement in both maximum and minimum mobiliti 
es, 

/        e 
iax/Uo and Umin/yo-  The maximum mobility ue 

max/uo   is "1'07   for 
(OOl)Si and increases, as one proceeds across the defined zone, to 

=2.4 for (110)81.  These results indicate that the thermal .tress 

effect on mobility has a strong orientation dependence and 
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that substantial.'v larger mobiliti 
es may be achieved by choice of 

film/substrate orientation. 

Collectively, the theoretical thermal stress mobility data 

for n- and p-type Si/Ail^ suggest that it would be worthwhile to 

experimentally explore Mode I epitaxial film grüWths in the range 

of -0-25 deg from (001)Si and Modes 11. m and IV epitaxial film 

growths in the range +25 deg from (lll)Si. 

Summarizing, the effect of substrate-induced thermal expansion 

stress on mobility in Si/A.^ filB, has been theoretically determined 

within the framework of a thin-fiIm-thick-oubsträte piezoresistance 

model which incorporates the anisotropy lTl substrate thermal 

expansion and in Si film stresses. 

It is well known that Si/A^O,, film growth quality 

dependsupon a number of factors including intrinsic stress, dislo- 

cation generation and impurity or heavy „etal complexes, in addition 

to the thermal stress effect treated in this paper.  All of these 

Phenomena could produce effects on mobility which are dependent 

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 

orientation.  We believe the model i 
s a useful theoretical  tool, 

and. in conjunction with experimental investigations and additional 

selected orientation growth studies can lead to a better under- 

standing and to means of optimizing Si/A£203 films for some 

applications. 
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Flg. 1 

FIGURE CAPTIONS 

Three equivalent pole dl.gr.«. charactering an off. 

orientation .(n^si fllm growth.  The paraiiei ^^ 

associated with these thre3 pole dl.gr«. are: 

A) [U0]S1//[2201]A.::03   "0    (111)S1//(1120)A.203; 

B) [I01]S1//I2201]AV3 -d (^)S1//(1120)A.203; 

O  [1I01S1//I20211AÄ203 and ( HI) S 1 / / dno) A^O^ . 

Although all three dl.gr... are equivalent, onl/that 

of Flg. U Is consistent mathematically with the 

Parallel relations assumed In Section II and has been 

employed in the calculations. 

Fig. 2 

Fig. 3 

ype SI Is plotted 
The mobility ratio (y/^) for n_t 

versus orientation in the rxxl^ 
cue (xxl)Sl zone.  The shaded 

regions indicate the rnli.»»^ 
the collertive range in mobility for 

the four modes of Si/Ad n    J 
Sl/A£203 

ePitaxy.  (Data for the 

individual modes is given in the tables.) 

Th. mobiUty ratio (^J based upon th- exponentia] 

non-lmear correction factor for p-type SI 1. plotted 

versus orientation in the (xxl)Sl 20ne.  The shaded 

regions indicate the collective range in mobility for 

the four modes of SI/AP n    J 
Sl/AiL203 epitaxy.  (Data for the 

individual modes is given in the tables.) 

Preceding page blank 
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Table I.  General Silicon-Sapphire Orientation Relationships 

Mode 
Orientation Planes 
Silicon//Sapphire 

Orientation Direction 
Silicon//Sapphire 

I 

II 

II 

III 

IV 

(001)//(0ll2) 

(111)//(1124) 
(110)//(ll20) 

l'221)//(ll22) 

(111)//(1120) 
Cll2)//(lIo4) 

(lll)//(10i4) 

100]//[2n0] 

Il0]//[ll00] 

Il0]//[1IC0] 

li0]//[2201] 

Il0]//[l2l0] 
ll2)//[202I] 
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Table III.  Comparison of Linear and Non-Linear Mobiliti es 

(u "V 
Linear 

0 .70 

0 .80 

0 .90 

.00 

10 

20 

30 

40 

50 

75 

0 0 

50 

3. 0 0 

4. 0 0 

S. 00 

6. 00 

8. 0 0 

( M/%) 

Second Ord 

0 .658 

0 ,780 

0 .895 

.000 

.095 

. 180 

,256 

324 

3 85 

508 

600 

724 

800 

882 

923 

946 

969 

(u/y0) 

Exponential   Order 

0 .651 

0 .779 

0 .895 

i .000 

.095 

. 181 

.259 

.331 

.396 

.535 

649 

822 

948 

117 

225 

301 

399 

2.000 2.718 
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TABLE IV 

(001)Si//{0ll2)Al203 

Case 1 N-type Si 

Apl/po = +-441924 -.044488 cos2e 

E2/poJl = +-044488 sin2e 

Ap3/po = "•9'4329 

Case 1  P-type Si 

Apl/po = "«f60424 +.002186 cos2ö 

E2/poJl = -•002186 sin2e 

Ap3/po = +-010440 

Case 2  N-type Si 

Apl/po = ••■•437032 -.066732 cos2e 
E2/poJl = ■'■•066732 sin2e 

Ap3/po = ■•983323 

Case 2  P-type Si 

Apl/po = -•059755 +.00328 cos2e 

E2//poJl = -•00328 sin29 

Ap3/Pc = +.010325 
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TABU; v 

(221)Si | | ni22)A£20? 

Läse 1 n-type Si 

E3/poJl = "«i532308 sinU 

E2/poJl = +-2122694 sin2ü 

Apj/p   = +.0618867 -.2122694 co-^O 

Unnx " 1-1770u ; y    =0.78483p ; u max o   min o 

UA ■0.9 8092U   ; A = 39.98%     ; u 

e 
max 
c 

= i'162^''   ^m " 0.76021^ 

-().96125u0; AC = 41.83?., 

Ca^se 2 n-typc Si 

EJ/I o.l j - - . 1646888 slnQ 

E2/poJl = +-2;514^87 sin2e 

/.pJ/Do  = +.0658864 -.2312447 cos20 

\a*   = ^(-'81V %in •0.77093uo; U 

U, «0.98452 
A O ; A = 4 3.39% 

c 
max 

; MA   «0.96137p ; A n o 

1. I798U ; v = 0.74294;i 
o   min 'o 

4 5.441 

Case 1 p-type Si 

l^/cn']]   = " • 14(,<'(187 sine 

* .2425342 sin2" t2-/po.j; 

AP;/PO -.5286124 -.2425342 COS20 

max 

u     = 

4.3696u ; u . 
o   mi n 1.4 00 7U ; M 

o   max 

A ■ 2.8849uo  ; A = 10 2.9°. e 
; VA 

= 2.16 22U ; U . o   mm 

1 . 7467y   ; A1' = 

1 .3312y 

4 7,57% 

■ise 2 p-type Si 

E3/PoJl = -•15112285 sinft 

E2/poJl = +-2281746 sin2e 

Ap./p^ i  o .5210478 -.228174 cof2( 

..X " 3.9876U0: .min - 1.4142po; ^   . 2.1153uo; u^in - 1.3403uo 

UA   =   2.7009U ;    A   =   95.28% c 
'A ;   U A   =   1 . 7 2 7 8 u ;   A     =44.85% 
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TABLE VI 

N 

(lll)Si/A£203 

Mode II 

0.0 

-0.80673 

Mode III 

+0.618993 

-0.785396 

Mode IV 

0.0 

-0.618993 

Case 1 

(T1+T2)/2 

(T1-T2)/2 
1. 1671x10 

10 

♦0,34343x:0" 

0.0 

1. 1987x10 10 

+ 0. 12333x10' 

+ 0.51312xl0! 

1.1425x10 
10 

+ 0. 20220x10' 

0.0 

Case 2 

(VT2)/2 
(T1-T2)/2 

-1. 1513x10 10 

+0.51515x10' 

0.0 

1.1987x10 10 

+ 0. 18499x10' 

+0.76968xlOi 

-1.1150x10 10 

+0.30330x10' 

0.0 

n-type   Si   Case   1 

u      /u max     o 
u        /u mirr Mo 
A   (%) 

n-type   Si   Case   2 

u      /y max     o 
u   .   /y mm' Mo 
A   (%) 

p-type   Si   Case   1 

y        /y   ;   y       /y 
•max'^o'   ^max'Mo 
y       /y   ;   ye.   /y Mmin'Mo'   Mniin/Mo 
A   (%)     ;   Ae   (%) 

p-type  Si  Case   2 

y    v/y„;  ymav/yri mt x     o       max     o 

mm     o       min     o 
A   (%) A6   (%) 

1.013 

0.972 

4.18 

1.024 

0.962 

6.27 

1.025 

0.961 

6.42 

1.012 

0.946 

9.63 

2.604      1.851  '     2.851      1.914 

2.227      1.735  I     2.219      1.732 

15.60        6.50     |  24.91        9.98 

1.005 

0.980- 

2.46 

1.011 

0.974 

3.69 

2.662      1.867   I     3.069      1.962 

2.114      1.694  |     2.103      1.689 

22.96        9.73     I 37.37      14.94 

2.442 1.805 

2.234 1.737 

8.92        3.81 

2.416      1.797 

2.122      1.697 

12.96        5.73 
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TABLE VII 

(1120)+5' (1120) 

Case 1 

>-6 (S-a2)=-.72x10 /0C 

(T1+T2)/2 -1.19666x10 

(T1-T2)/2 +i).25722xlOl-) 

T, +n.69159xl09 

10 

Case 2 

.-6 (oi1-u2) =-1.08x10  /
0C 

(T1+T2)/2 

(T1-T2)/2 

-1.197500x10 

+Ü.31262xl09 

+0.94029xl09 

10 

-1.1987X1010 

+0.i2332xl09 

+0.51312xi09 

-1.1987x10 10 

+0.18499x10- 

+0 .76968xl0! 

(iiSo)-^' 

-1.19272x10 10 

-0.004171x10" 

+0.35984xl09 

-1.19197x10 10 

+0.06398x10 
9 

+0 .62468x10- 
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TABLE VIII 

^m^m^m^^wm^ 

(ll^+S1 (1120) {ll20)-5' 

n-type Si  Case 1 

max' o 

Umin/wo 

% 

1.0147 

.9636 

101.82 

5.15 

1.0250 

.9612 

38.24 

6.42 

1.0625 

.9127 

30.46 

15.16 

n-type Si  Case 2 

max' o 

^min/^o 

w,max 
A(%, 

1.0099 

.9707 

79.55 

3.95 

1.0422 

.9465 

38.24 

9.63 

1.0762 

.9008 

31.96 

17.75 

p-type  Si       Case  1 

^mir/V 
Kmax 

A(%)        ; 

max'   o 
ue.  /u mm'   o 

Ae(%) 

p-type  Si       Case  2 

U        /u   •    u U max'   o'     max  Ko 
u    .    /u 

Mmax 
A(%) 

u  •    u mm    o 

Ae(%) 

3.624     2.063 

1.872     1.593 

120.97 

63.75 25.68 

3.945 2.110 

1.808 1.563 

122.30 

74.29 29.74 

2.8510 1.9141 

2.2195 1.7323 

128.24 

24.91 9.97 

3.0694   1.962 

2.1030   1.689 

128.24 

37.37     14.94 

2.6495 

2.2265 

186.15 

17.35 

1.8637 

1.7347 

7.16 

2.6?10 1-856 

2.2318 1.737 

161.90 

16.04 6.65 
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APPENDIX  5 

BIBLIOGRAPHY 

ELECTRON MICROSCOPE  IH STTU 

NUCLEATION AND GROWTH STUDIES 

Introauction 

in .itu nf^Lt?!     f technical   literature involving the electron microscopic 
TKp^-nt T? Mn 0f t^ nucledtlon and g^wth of thin films has been performed 
The resultant bibliography,  it is hoped,  includes all previous research of 
interest to someone undertaking such a  task.    Pertinent literature in all maior 
e ectron microscopy conferences listed in section G has been included    a    we 1 
as nir.erous articles from the general scientific literature.    Insofar as is 
possible for someone  in the physical  sciences on a limited time budget,  the 
mlSJj?    i    .   llter^re was searched for information on hydration or environ- 
or imnrn^nt'nf fll  ^l^ :ncountered concerning auxiliary pumping systems 
?9n w     S       It the c?"tamlnatlon ^te were  included,  primarily in section 
"0-39.    The author would appreciate -:.,roniiation concerning any pertinent 
article not included. 

To date    no one has yet examined  iji svtu the nucleation and growth of a thin 
solia film from a gaseous, molecular phase onto an electron transparent substrate 

d'm  ill  '^f ^ excel  ^Sr^5 0f Pashle^ et a1' and PoPPa  (reference      1  C8 
dPnn? Hnl5    T speclfical y to physical  vapor deposition,  not chemical  vapor 
a tni J?l„'    In exfJe,;;",e"ts    isted in section B concern either (a) oxidation of 
a  thin fil...   (b) growth of solid whiskers  from pyrolysis of a gaseous  phase, 

ILiJ    fon;P°SUl0n 01 a S0Ut Phase int0 a dif^rent solid phase plus a g seous 
phase.    None concern the growth of a  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. ««iwi UT   laeas 
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BIBLIOGRAPHY: ELECTRON MICROSCOPE IN SHU 
NUCLEATION AND GROWTH STUDIES 

A.    Experimental Techniques: Chemical Vapor Deposition and Gas Reactions 

Al.   H. Hashimoto, T. Naiki, T. Eto, K. Fujiwara, M. Watanabe, an' Y. Nagaldma, 
p 181 in reference G2 (6th Int'l, Kyoto, 1966), "Specimen Chamber for 
Observing the Reaction Process with Gas at High Temperature." 

A2.   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." 

A3.   H. Hashimoto, K. Tanaka, and E. Yoda, Japan. J. Electronmicroscopy 6, 
8 (1958). "A Specimen Treating Device at High Temperature for the ' 
Electron Microscope." 

A4.   T. Ito and K. Hiziya, Japan. J. Electronmicroscopy 6, 4 (1958). "A 
Specimen Reaction Device for the Electron Microscope and its Applications.' 
(JEM) See also Reference B5. 

A5.   T. Gabor and J. M. Blocher, J. Electrochem. Soc. 114, 214C (1967). 
(Abstract only, see reference B8 for details.) "In-Situ Transmission 
Electron Microscopic Study of Crystal Growth by Chemical Vapor Deposition.' 

M6.   U. Valdre, p 131 in reference Gil (27th EMSA, St. Paul, 1969). "Special 
Specimen Holders for a High Voltage Electron Microscope." 

A7.   H. Hashimoto and T. Naiki, J. Appl. Phys. 22,  3936 (1966) (24th EMSA). 
"High Temperature Gas Reaction Specimen Chamber" (Abstract only, see 
references Al and A2). 

A8.   G. Shimaoka, J. Phys. Soc. Japan T7, 306 (1962). Suppl. 811, Proc. 
International Conf. on Magnetism and Crystallography, Vol. II. "Electron 
Diffraction Specimen Holder for the Study of Gas-Metal Reaction at 
Elevated Temperature." 

A9.   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 A14). 

A10.  D. L. Allinson, p 169 in reference Gl (7th Int'l, Grenoble, 1970). 
"Environmental Cell for Use in a High Voltage Electron Microscope." 

All.  J. C. Mills and A. F. Moodie, Rev. Sei. Inst. 39, 962 (1968). "Multi- 
purpose High Resolution Stage for the Electron Microscope." 
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A14 

J.  Escaig and C.  Sella, Compt.  Rend.  268,  532 (1969).    "Nouvelle Micro- 
ctiambre Pour Observation en Microscopie Electronique a Hau^.e Temperature 
et sous AtmospWre Control^e." 

A13.      J J. Escaig. Compt.  Rend.  262,  533 (1966).    "Porte-objet Permettant 
L Observation au Microscope Electronique de Specimens Places dan une 
Atmosphere Control^e." 

J. R. Fryer, Ph.D. Thesis, U. Glasgow (1969).    "Heated Gas Reaction 
Chamber for Siemens Electron Microscope." 

A15.      P.  Sung,  Rev.  Sei.   Inst. 42.  1731   (1971).    "Hot Stage and Environmental 
Cell on a High Voltage Electron Microscope.' 

A16.      G. Ualmai-Imelik and C. Leclercq, p 359 in reference Gl.    (7th Int'l 
Grenoble, 1970).    "Etude de L'Evolution de Catalyseurs au cours de 
leur Preparation et de Keactione Catalytiques." 

A17.      J    Lscaig and C. Sella, p 177  in reference G2 (6th Int'l,  Kyoto,  1966). 
Cellule Porte-Objet Permettant L'Observation de Specimen Chauffes Sous 

Atmosphere Cüntröläe." 

A18.      J.  L.  Kenty, p 624 in reference G15  (30th EMSA,  Los Angeles,  1972). 
"Preliminary EM6 Modifications for In Situ Chemical Vapor Deposition." 

A19.      P.  R.   Swann,  in reference G17  (5th Eu-jpean, Manchester.  1972).     "Sidp 
Entry Single Tilt Specimen Holders for Heating and Stress Corrosion 
Crac  ing of Electron Microscope Specimens." 

A20.      D.  L.  Allinson. A. U. 0. Gosnold    and M.  S. Loveday,  in reference G17 
(5th European, Manchester,  1972).    "Modified Environmental  Cell   for 
use in a High Voltage Electron Microscope." 

A21.      b.  L    Price and J. A. Venables, in reference G17  (5th European. Manchester, 
1972).    "Apparatus for In Situ Nucleation Studies in the T.E.M." 

A22.      P.  R.  Swann and N. J. Tighe,  p 436 in reference G17 (5Ü1 European, 
Manchester.  1972).    (See also ref E36)  "Voltage and Pressure 
Dependence of the Electron Transmission through Various Gases." 

E-3 

 _ —.       — 



B. Results:    fheniical Vapor Deposition and Gas Reactions 

Bl.        H. Hashimoto and M.  Ishii, p 515 in reference G2 (Cth 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'l, 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 ^77 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. Fujiwara, J. Crystal Growth 7, 
113 (1970). "Drops of Oxides on Tungsten Oxide Needier, a^.d Nuclei of 
Dendritic Crystals." 

B5. K. Hiziya, H. Hashimoto, M. Watanabe, and K. Mihama, p 80 in reference G4 
(4th Int'l, 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), p 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. Sei. Technol. 6, 73 (1969).    "Non- 
equilibrium Chemical Reactivity of Polycrystalline Iron Foils." 

B9. T. Gabor and J. M. Blocher, J. Vac. Sei. Technol. 6, 815 (1969). Errata: 
J. Vac. Sei. Technol. 6, 969 (1969). "In-Situ Transmission Electromiero- 
scopie Study of Crystal Growth by Chemical Vapor Deposition." 

BIO. R. K. Hart and J. K. Maurin, p 539 in reference G2 (6th Int'l, Kyoto, 
1966),    "Growth of Oxide Nuclei on Iron." 

Bll.      R.  F.  W. Pease, A. N. Broers, and R. A. Ploc, p 389 in reference G6 
(6th Int'l, Kyoto, 1966)  (3rd European, Prague,  i964).    "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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B13.      G.  Shimaoka. J.  Electrochcm. Soc.  V10,  1177  (1963).    "Structure of 
Oxide Films Formed on Individual  Crystal Grains of Stainless Steel." 

B14,      JoJ?"1^*"?/' Se11a'  P ?41   in reference G5 (4th Luropean, Rome, 
1968)        Application d'une Nouvelle Cellule ä Atmosphere Controlee 
8 1  etude de Quelques Problemes d'Oxydation et de Depot par Deconposition 
Thertinque en Phase Vapeur." 

B15.      J.  Escaig and C. Sella. Compt. Rend. 271.84 (1970).    "Nucleation of 
Croissance Epitaxique des Couches de Fer Pr^parees par Decomposition 
Themnque de Fe(C0)r." 

B16.      N    Sasaki  and R. Ueda, p 479 in reference G4  (4th Int'l, Berlin,  1958) 
Uectron Microscopic and Diffraction Study on the Progress of Reduction 

of Tungsten Inoxide." 

B17.      N. Sasaki and R. Ueda,  p 4b3 in reference G9  (3rd  Int'l,  London,  1954) 
The Electronnncroscopic and Micro-diffraction Observation In Situ of 

B18, 

B23, 

B24 

B25. 

826. 

827. 

Changes  in Solids (Reduction of MoOJ. 

R.  K. Hart and J.  K. Maurln, Surface Science 20, 285 (1970)      "The 
Nucleation and Growth o-1  Oxide Islands on AlumTnum." 

b19"      MJ'T^J65; H- Mür1ey' and P-  S-  Robinson,  p 295 in reference Gl 
(7th  Int 1, Grenoble, 1970).    "Controlled Atmosphere Electron Microscopy." 

B20, ^h-wn65; P- ^ Ha!:ris? R- T- K- Baker' P 357 in reference Gl 
(7th Int 1, Grenoble. 1970). "Catalytic Oxidation of Graphite by 
Continuous Electron Microscopic Observation." 

B21-      cA So MOCSX  and„iJ
1:  

D-  !f1n9ery. J- Amer.  Ceram.  Soc. 49, 654  (1966)  and 
&u, B    1967).       Thermal  Decomposition of Brucite:    I, Electron and 
Optical Microscope Studies; II, Kinetics of Decomposition in Vacuum." 

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

Pl^ ^cJ6^* WA ?' ,Mitc!?e11' and C  L. Houck,    p 446 in reference G12 
of BrucUe'"       0rleanS, 1968)-    "Observations of the Thermal Decomposition 

hi0?S!li,eV6, Wr?be1,' U-x
Debut' and J.  C. Mutte, p 355 in reference Gl 

(7th  Int 1, brenoble, 1970).    "Enregistrement Cinenatographique de 
Reactions Chemiques Solide-Gaz Suives au Microscope Electronique." 

C. A    English and J. A. Venables, p 362 in reference G17 (5th European, 
Manchester, 1972).    "The Use and Advantages of a Pressure Cell  in 
Studying Thin Films of Condensed Gases." 

J. A    Venables, p 344 in reference G17 (5th European, Manchester, 1972) 
In Situ Experiments in Electron Microscopes." 

H    Hashimoto, A.  Kumao, T. Etoh, K.  Fujiwara, M. Maeda. p 461  in reference 
Gl   (7th Intl, Grenoble, 1970).    "Electron Microcinematographic Observatiois 
of Nucleation of Dendritic Tungsten Oxide Crystals by VLS Mechanism." 
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C. Experimental Techniques:    Physical Vapor Deposition 

Cl.       U. Valdre, E. A. Robinson, D. W.  Pashley, M. J. Stowell, and T. J. Law, 
J. Phys.  3E, 501  (1970).    "An Ultra-High Vacuum Electron Microscope 
Specimen Chamber for Vapor Deposition Studies." 

C2.       D. W.  Pashley, M. J. Stowell. E. A. Robinson, T. J. Law, and U.  Valdre, 
p 387 in reference G5 (4th European, Rome,  1968).    "An UHV Specimen 
Chamber and Its Application to the Direct Study of Epitaxial Growth." 

C3.       U. Valdre, D. W. Pashley, E. A. Robinson, M. J. Stowell, K. J.  Routledge, 
and R.  Vincent, p 155 in reference 62 (6th Int'l, Kyoto, 1966).    "An 
Ultra-High Vacuum Specimen Chamber with Facilities for Growing Thin Films." 

C4.       R.  D. Moorhead and H. Poppa, p 116 in reference Gil  (27th EMSA,  St. Paul, 
1969).    "An Ultrahigh    Vacuin Specimen Chamber for In-Situ Electron 
Microscopy of Vapor Deposition Processes." 

C5.       H.  Poppa, Phil. Mag. 7, 1013 (1962).    "Sputtering Experiments Inside 
the Electron Microscope." 

C6.       H. Poppa, p GG14 in reference G3 (5 th Int'l, Philadelphia, 1962).    "In-Situ 
Epitaxy Studies." 

C7.       H. Poppa, J. Vac. Sei. Technol.  2, 42 (1965).    "Progress in the Continuous 
Observation of Thin Film NucleatTon and Growth Processes by Electron 
Microscopy." 

C8.       H. Doppa, Trans. Ninth Annual  Symposium of the American Vacuun Society, 
Ed. G. H. Bancroft (MacMillan), New York, 1962), p 21.    "A Method for 
High Resolution Studies of Thin Film Growth." 

C9.        D. N.  3raski, J. Vac. Sei. Technol. _7, 164 (1970).    "High Vacuum Evaporation 
Stage for an Electron Microscope." 

CIO.      D. N. Braski, J. R. Gibson, and E. H. Kobisk, Rev. Sei.  Inst.  39, 1806 
(1968).    "Ultrahigh Vacuum Electron Microscope." 

Cll.      C. W. B. Grigson, W. C. Nixon, and F. Tothill, p 157 in reference G2 
(6th Int'l, Kyoto, 1966).    "An Ultra High Vacuum Transmission Electron 
Microscope (EM6)." 

C12.     F.  C. S. Tothill, W. C. Nixon, and C. W. B. Grigson, p 229 in reference 65 
(4th European, Rome, 1968).    "Ultrahigh Vacuun Modification of an AEI-EM6 
Electron Microscope for Studies of Nucleation in Evaporated Films." 

C13.     A.  E. Curzon and K. Kimoto, J. Sei.  Inst. 40, 601  (1962).    "An Evaporator 
for Use in an Electron Microscope (JEM 6A)." 
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C14, 

C15, 

A Barna, P. B. Larna, and J. F. Pocza, Vacuum 17, 219 (1967). "Design 
of a New Vacuum Deposition Specimen Holder for an Electron Microscope 
Operating at IG-0 torr (JEM 6A)." 

F. Grönland, p 257 in reference G5 (4th European, Rome, 1968). "Electron 
Diffraction in High Vacuum." 
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D. Results:    Physical Vapor Deposition 

Dl.       M. J.  Stowell, T. J. Law, and J. Smart, Proc. Roy, Soc.  (London) A318, 
231  (197Ü).    "The Growth Structure, Melting, and Solidification of Lead 
Deposits on Molybdenite and Carbon Substrates. 

D2.       M. J. Stowell  and T. J. Law, phys. stat. sol. 25, 139 (1968).    "The 
Growth and Defect Structure of Gold Films Formed on Molybdenite in 
Ultra-High Vacuum." 

D3.        D. W.  Pashley and M. J.  Stowell, p 487 in reference G2 (6th  Int'l, 
Kyoto, 1966).    "Structural Changes Occurring During the Growth of 
Lvaporated Metal Films." 

D4.       D. W. Pashley and M. J. Stowell, J. Vac. Sei. Technol. 3, 156 (1966). 
"Nucleation and Growth of Thin Films as Observed in the Electron 
Microscope." 

D5.        M.  H.  Jacobs, D. W.  Pashley, and M. J.  Stowell, Phil. Mag.  T3,  129 (1966). 
"The Fornidtion of Imperfections in Epitaxial Gold Films." 

D6.       D. W.  Pashley, M. J. Stowell, M. H. Jacobs, and T. J. Law, Phil.Mag. 10, 
127 (1964).    "The Growth and Structure of Gold and Silver Deposits 
Formed by Evaporation Inside an Electron Microscope." 

D7.       G. A. Bassett, Condensation and Evaporation of Solids, Ed. E. Rutner, 
P. Goldfinger, and J. P. Hirth  (Gordon and Breach, New York, 1962), 
p 599.    "Continuous Electron Microscope Study of Vacuum Evaporated 
Metal  Films,: 

D8.       D. W.  Pashley and M. J. Stowell, p GG 1  in reference G3 (5th Int'l, 
Philadelphia, 1962).    "The Growth of Evaporated Silver Layers Inside 
an Electron Microscope." 

D9.       G. A. Bassett, p 270 in reference G7  (2nd European, Delft, 1960). 
"Continuous Observation of the Growth of Vacuum Evaporated Metal  Films." 

010.     H. Poppa, Zeit. Naturforsch. 19^, 835 (1964).    "In-Situ Studies of 
Epitaxial Thin Film Growth." 

Dll. H. Poppa, J. Appl. Phys. 38, 3883 (1967). (See Also National Aeronautics 
and Space Agency Technical Note D-4506, 1968). "Heterogeneous Nucleation 
of Bi and Ag on Amorphous Substrates (In-Situ Electron Microscopy)." 

D12.      A. E. Curzon and K. Kimoto, p 507 in reference G2 (6th Int'l, Kyoto, 1966). 
"The Condensation of Liquid Lead on Molybdenite in an Electron Microscope." 

D13.      B. Coopersmith, A. E. Curzon, K. Kimoto, and N. D. Lisgarten, Basic 
Problems in Thin Film Physics, Ed. R. Niedennayer and H. Mayer 
(Vandenhoeck and Ruprecht, Gottengen, 1966), p 83.    "The Condensation 
of Lead Inside an Electron Microscope." 
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D14. 

D15. 

D16. 

D17. 

D18. 

D19, 

D20. 

D21. 

D22. 

D23. 

D24. 

D25. 

D26. 

D27. 

LS^n?™?"' 5; S:.Sennet
n

t
l: 

and G- D   ScoU' Canädi^ J- ^search 
«A, 530 (1950).      Continuous Observations with the Llectron Microscope 
on the Formation of Evaporated Films of Silver, Gold, and Tin." 

f; BaK?a' f«,5; Bdnna' and J' F- P5cza' P M5 in reference Gl (7th Int'l. 
Grenoble, 1970). Simultaneous Investigation of Structure and Electrical 
Properties of Vacuum Deposited Thin Films by In-Situ Electron Microscopy/' 

T.  E.  liutchinson,  p 37G in reference G12 (26th EMSA.  New    -leans.  1968) 
J" Jltu Electron Microscope Investigations of the Growth .nd Structure 
or  inin Mlms. 

H    Poppa, p 378 in reference G12 {26th EMSA. New Orleans. 1968).    "Thin 
Film Nucleation and Growth Under Controlled Conditions." 

l-. F;  p°"a, A. Barna, and P. Barna, Basic Problems  in Thin Film Physics 

1966]  p 153        Nucleation and Growth Processes  in Vacuum Deposited 
GenDamum Films. i       ^ 

T.  E. Hutchinson and D. Sherman. U. Minnesota Annual Technical  Progress 
Report III      C00-179C, 3 Jan.  1971;  IV - C00-1790 - 4 Jan.  1972. 
In Situ Electron Microscope Investigation of the Nucleation and Growth 

of Sputtered Thin Films." 

D. M. Shennan and T.  E. Hutchinson. p 516 in reference G10 (28th EMSA, 
Houston. 1970).    "Nucleation and Early Growth of Sputtered Thin Films." 

?Q7S; M0°,:he?d: H; PopPa' P 516 in reference G15 (30th EMSA. Los Angeles. 
1972).    "In Situ Deposition of Gold on MgO." 

H    Sato and S. Shinozaki, J. Vac. Sei. and Technol. 8. 159 (1971) 
Morphology of Nuclei and Epitaxial Behavior of Au and Ag on MgO." 

M nlia\S' ^n0ZaMl and L- J- Cicotte. J- Vac. Sei.  and Technol. 6, 
62 (1969).      Direct Observation of Epitaxy on MgO." 

L^1"?«^' G.,.ntl0njK?nd H- Sat0' P 505 in reference G2 (6th Int'l. 
Kyoto. 1966).      Direct Observation of the Epitaxy of Ag on MgO Substrates.' 

LiHi"02^  ^d H-  Sat0'  J- APP1«  Phys- 11.  701   (1972)   "Cleaving of MgO inside an Electron Microscope." a J 

If^fh.i* ^0b^^hi^n;Jak^anagi• and G' HonJ0' P 439 in reference Gl 
LLi l^6ren^1^ 970)- In Situ Nervation of Epitaxial Growth of Metals and Non-metals. 

no«/0"?' *' ^"^ and P- B- Barna' J' Vac- Sci. Technol. 6. 472 
vl969)        Formation Processes of Vacuum Deposited Indium Films~and 
The mo dynamical Properties of Submicroscopic Particles Observed by In Situ 
Electron Microscopy." 
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E.   (1-19)      Related Topics:    Gas  Inlet Devices 

El.        D. W. Pashley and A. E.  B,  Presland, Phil. Hag. 7, 1407  (1962).    "The 
Movement of Dislocations During the Observation of Metal  Films  Inside an 
Electron Microscope." 

E2.        H. G.  Heide, J. Cell Biology 13, 147  (1962).    "Electron Microscopic 
Observation of Specimens Order Controlled Gas Pressure." 

E3.        H. G. Heide, p 87 in reference G4 (4th Int'l, Berlin,  1958).    "Die 
Objektverschmutzung und ihre Verhütung." 

E4.        I. G. Stoyanova and G. A. Mikhailovski, Biofizika 4, 483 (1959). 

E5.        J. L. Williams, K. Heathcote, and E. J. Greer, p 100 in reference G11 
(27th EMSA. St. Paul, 1969).    "A New 1000 kV Electron Microscope." 

E6.        I. G. Stojanowa, p 82 in reference G4 (4th Int'l, Berlin, 1958).    "Ein 
Kamiier für die Untersuchung von Objekten mit Gasumgebung  (A Chamber for 
the Examination of Objects Surrounded by Gas)." 

E7.        H. G. Heide, Naturwissenschaften 47,  313 (1960).    "Electron Microscopy 
of Objects Under Atmospheric Pressure or Pressures Which Prevent Drying 
of Objects." 

L8.        V.  R. Matricardi, G. G. Hausner, and D. F. Parsons, p 542 in reference 
G10 (28th EMSA, Houston, 1970).    "Hydration Chamber for Jeolco 200kv 
Microscope." 

E9.        R. C. Mnretz, G. D. Hausner, and D. F. Parsons, p 544  in reference G10 
(28th EMSA, Houston, 1970).    "Studies on Water in the Hydration Chamber 
of a Modified Electron Microscope." 

E10.      R.  C. Moretz, G. G. Hausner, and D.  F.  Parsons,  p 44 in reference 614 
(29th EMSA,  Boston, 1971).     "New Design for a Differentially Pumped 
Hydration Chamber for a Siemens  1A." 

Ell.      D.  F.  Parsons and R. C. Moretz, p 497  in reference G1   (7th  Int'l, 
Grenoble, 1970).    "Microscopy and Diffraction of Water in the Electron 
Microscope." 

E12.      D. L. Allinson, p 169 in reference G1  vol  I  (7th Int'l, Grenoble, 1970). 
"Environmental  Cell for Use in a High Voltage Electron Microscope." 

El3.      A. Fukami, K. Adachi, and M. Katoh, p 263 in reference G2 (6th Int'l, 
Kyoto,  1966).    "On a Study of New Micro Plastic Grid and its Applications, 

E14.      A. Fukami, T. Etoh, N.  Ishihara, M. Katoh, and K. Fujiwara p 171  in 
reference 61  (6th Int'l, Kyoto, 1966).    "Pressurized Specimen Chamber 
for Electron Microscope." 
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E15, 

E16, 

E17, 

E18. 

E19A. 

G   Dupouy, F. Perrier, and L. Durrleu, Comptes Rendus 251. 2836 (1960) 
L Observation de la mature vivante au moven d'un microscope ^lectronique 

fonctionnant sans tres haute tension."    (The Observation of Living 
Material  by Means of an Electron Microscope Operating at Very High 
Voltage.y 

G. Dupouy, F. Perrier, and L.  Durrieu, Comptes Rendus 254, 3786 (1962). 
L Observation des objets en milieu gazeur.    Application ä l'^tude de la 

contamination dans le microscope ^lectronique."    (The Observation of 
Objects  in the Midst of GaAs.    Application to the Study of Contamination 
in the Electron Microscope." 

P. R.  Ward and R. F. Mitchell, p 44 in reference G16 (25th EMAG, 1971). 
An Electron Microscope Environmental  Specimen Chamber." 

A. Fukami and M. Katoh. p 612 in reference G15 (30th EMSA, Los Angeles, 
1972).  "Construction and Application of Environmental Cell." 

y;A ,v'at'"icarcli. J- Subjeck, and D.  F. Parsons, p 180 in reference G15 
(30th EMSA, Los Angeles, 1972).    "Hydration Stages - Achievements and 
Obstacles ." 

E19B.     A. Fukami and K. Adachi, J.  Electron Microscopy J4_,  112 (1965).    "A New 
Method of Preparation of a Self Perforated Micro Plastic Grid and Its 
Application." 

E19C.     A. Fukami, K. Adachi, and M.  Katoh, J.  Electron Microscopy 21, 99 (1972) 
"Micro Grid Techniques and Their Contribution to Specimen Preparation 
Techniques for High Precisions Work." 
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L-i20-39)    Related Topics:    Ion Pumping and Residual Gas Analy.u 

L20. 

L21. 

E22. 

E23. 

L24. 

E25. 

L26. 

E27. 

E28. 

E29. 

E31 

E32, 

E33. 

R.E    Hartman, H. Akahori. C. Garrett.  R.  S. Hartman, and P    L    Ramos 

V^lrE^n-Si^is^"^'  St-  ^ ' 196S)-     'A ^^ 

St JpaSflbl1SM\nd "D E^Ha^ian'nP 82 in Terence Gil  (27th EMSA. 
u      ril'nJMl * R"1du!1 Gas action in the Electron Microscope: 

ns II.    The Design of a Gas Control  fha.^ iorZ^U^It^o 

J. A    Maliakal.  p 78 in reference Gil   (27th EMSA, St.  Paul,  1969) 
ApplTcation of Ion Pumps for Electron Microscopes." 

Lto ^iTe)" X^l'Jr^^ 159 in reference G2 (6th ^'1. 
Microscope "" " Anal^s1s  in an Ion P^Ped Electron 

/C^'T^M1' I*  F-  Kassner. and J.  K. Maurin, p 161   in reference G2 

llt^snt;!ectr0«j^^Pe;■5eS1dUa, GaS Ma''Sis '" «" ^"" "^^ 

R.  E.  Hartman and R. S. Hartman, J. Appl. Phys    37    3936 n9f,fi) 

l^^fc^^-    "C—?°" of L "«"- «''-opes to 

n^'^f' C- J- Ca,bkk' and T- T- Sl'er«, Rev. Sei. Inst   41    1319 

?;^',"l!olJS; C- J-  Cä'1"^. and T.  T.  Sheng,  p 163 in reference Gl 
C ea    'oSLTS h' I"0!'    "'"P"'»"«"" <" «-> Llectron ,1     oS    pe Tor Liean, quiet Vibrationless Operation." 

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

Lton^mn  '""RLH*  ^^o' P 74  in reference G14  (29th EMSA. 
IV     A'FarJnhn i A^ GnS Reactions in the Electron Microscope: iv.    A i-actor in Radiation Damage." ^w^- 

130'      fjfith PK^EJ Rn ?• Hart,?an and P.  L.  Ramos, p 292 in reference G12 
(26th EMSA, New Orleans,  1968).    "Residual Gas Reactions in the Electron 
Microscope:    I. Qualitative Observations on the Water G s Reactio    " 

"A Lh'Sf1,  PtV\ir] r.eference G12  (26th EMSA, New Orleans,  1968) A High Vacuum Electron Microscope." '"o/. 

"R^n8^^^ S f8 in reference G12  (26th EMSA, New Orleans.  1968) 
Background Gas Reduction in the Electron Microscope." 

R.  K.  Hart.  T.  F.  Kassner. and J.  K, Maurin, Phil. Mag.  21. 453  (1970) 
The Contamination of Surfaces during High Energy Electron Bombardment: 
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E34.      J. R.  Parsons and C. W. Hoelke, Can. J.  Phys. 44, 2685 (1966). 
"Electron Microscopic Observation of Atomic Planes and Atomic 
Positions  in Germanium." 

E35.      G.  M. Greene, J. W. Sprys, and C.  D. Melvin, p 620 in reference G15 
{30th EMSA, Los Angeles, 1972).    "Reduction of Contamination Rates 
in Electron Microscopes." 

E36. P. R. Swann and N 
Manchester, 1972) 
mental  Cell   in the AEI 

J. Tighe, in reference G17 (5th European, 
"Performance of a Differentially Pumped Environ- 

EM7."    See also ref. A27. 
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L.    (40-59)    Related Topics:    Specimen Heating Stages 

E40. 

E41. 

t42. 

E43. 

E44. 

E45. 

E46. 

E47. 

E48. 

E49. 

L50. 

E51. 

E52. 

E53. 

E54. 

A. W. Agar and J. H. Lucas, p E2 in reference G3 (5th Int'l, Philadelphia, 
1962).    "Use of a New Heating Stage for the Electron Microscope." 

J. 0.  McPartland, p E3 in reference G3  (5th Int'l, Philadelphia, 19G2). 
"A High Temperature Stage for Transmission Electron Microscopy." 

N. Takahashi, T. Takeyama, K.  Ito, T.  ito, K. Mihama, and M. Watanabe, 
Japan. J. Electronmicroscopy 4, 16  1156).    "High Temperature Furnace 
for the Electron Microscope (JEM 5)." 

N.  Sasaki and R. Uyeda, Rev.  Sei.   Instr.  23,  136 (1952).    "A Specimen 
Treating Adaptor for the Electron Microscope." 

I.  Okazaki, M. Watanabe, and K. Mihama,  p 93 in reference G4  (4th  Int'l, 
Berlin,  1958).    "Improvement of the Specimen Heating Device for the 
Electron Microscope." 

K.   Itoh,  T.   Itoh, and M. Watanabe,  p 658 in reference G9 (3rd Int'l 
London,   1954). 

M.  J.  Whelan, p 96 in reference G4  (4th  Int'l, Berlin,  1958).     "A High 
Tenperature Stage for the Elmiskop I." 

W. Loebe, 0. Schott and F. Wilko, p 131  in reference G7 (2nd European, 
belft,  1960).    "Objektheizungseinvichtung zum Elmiskop I  (Specimen 
Heating Stage for the Siemens)." 

R.  M.  Fisher, P. k. Swann, and J.  Nutting, p 131  in reference G7 (2nd 
Eiropean, Delft,  1960).    "A New Objective Pole-Piece and Specimen 
Heating Stage for the Elmiskop." 

U.  Valdre, J.  Sei.   Instrum. 42, 853 (1965).    "A Double Tilting Heating 
Stage for an Electron Microscope." 

U. Valdre, p 165 in reference G2 (6th Int'l, Kyoto, 1966).    "A Universal 
Specimen Stage and Combined Cartridges for an Electron Microscope." 

U.  Valdre,  I".  Nuovo Cimento X53B,  157 (1968).    "Combined Cartridges 
and Versatile Specimen Stage for Electron Microscopy. 

D.  Jones,  p 662 in reference G9  (3rd  Int'l, London,  1954).    "A Specimen 
Furnace for the Reflection Electron Microscope." 

I. W.  Sprys and P. C. J. Gallagher, p 312 in reference G12 (26th EMSA 
New Orleans, 1968).    "A New Hot Stage for the Philips EH200 and its 
Calibration." 

V. Valdre, p 317 in reference G17 (5th European. Manchester,  1972). 
General  Considerations on Specimen Stages." 
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E.    (60-79)    Related Topics:    Cinematography 

£60.      V. A.  Phillips. Phil. Mag. 5, 571   (1960).    "Direct Observation of 
Defects in Evaporated Silver." 

LSI.      R.  W.  Home and R. H. Ottewill, p 140 in reference G4 (4th  Int'l, 
Berlin,  1958).     "Cineniatographi    Studies on the Interaction of 
Electrons with Microcrystals o<  Silver Iodide." 

E62.      K.  F.  Hale, M.  H.  Brown, and D.  L. Allinson,  p 297 in reference Gl 
(7th  Int'l, Grenoble, 1970).    "Resolution and Contrast Experiments 
with Various Arrangements of Environmental  Cell  Windows at High 
Voltages." 

E63.      E.  Sugata,  Y.  Nishitani, S.  Kaneda, M. Tateishi, and H. Yoloya, p 452 
in reference G9  (3rd Int'l, London, 1954).    "Fundamental Researches 
for Observing Specimens in Gas Layers." 
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APPENDIX 6 

ELECTRON SCATTERING BY GASEOUS ATOMS 

The presence of a gas ph.-.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 which 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 a for the molecule, which varies strongly with the 
energy of the incident electrons, and the number and distribution of electrons 
Jn the molecule.  The total cross section for a volume of gas containing 
N atoms/cm is 

Q = No, (1) 

where Q has the units cnr/cm .  For a gas of molecular weight M and pressure 
P (torr) aN       PaN 

o o 
(2) 

M        RT 
23 

where N - 6.025 x 10  molecules/mole and R = 62.400  torr-cm/deg K-raole. 
o 

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 

-Qt -(Pt)aN 

I - I •    - I •   2— , (3) 
RT 

where I is the electron beam intensi'.y incident on the gas region under 
o 

consideration. 
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The major uncertainty in Equation (3) is the proper value to use for Q 
(or o). Experimental values for Q or a are known for only a few elements 
and compounds and do not agree well with theoretical values.  The values 
for SIH4 and O2 used for these calculations were obtained as follows. 
Measured a values* (for 65K.V electrons) for thin solid films of Be, C, 
SiO, 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: 

1 ft 
O  - 0.14 x 10 Z. (4) 

Equation (4) can be used to estimate o for SiH^, 0^ and other gases of 
interest if the somewhat doubtful assumption is made that the electron 
scattering depends linearly on the number of electrons present in the 
molecule, independent of the number of atomic nuclei present. This assumption 
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 1 and t. 

The use of Equation (4) yields a = 2.5 x 10"18cm2 for Siri4(Z=18) and 
a = 2.2 x KT^cm2 for 02(Z=16). These are the best available estimates 
of a 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 t:->at 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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THICKNESS OF REGION CONTAINING GAS (mm) 

Figure 1.  Relationship between Permissible Gas Pressure and Gas Region 
Thickness for SiH, (Solid Lines) and 0, (Dotted Lines) for 
Various Electron Beam Intensity Losses 
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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. 
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