
AD-755   529 

HE?ER0EEP,TTALXYTUDIES   0F  S ^ M FCOND UCTOR 

Ralph   P.    Ruth,    et   al 

North   American   Rockwell   Corporation 

Prepared  for: 

Advanced   Research   Projects   Agency 

January   1973 

DISTRIBUTED BY: 

D^Jin 
National Technical Information Service 
ü. S. DEPARTMENT OF COMMERCE 
5285 Port Royal Road, Springfield Va. 22151 

_^ — •_ ■  i   i ^-M-QgHUHHB^j 



mmmm. *' ^ 

AD 

0> 

in 

< 

FUNDAMENTAL STUDIES 
OF 

SEMICONDUCTOR HETEROEPITAXY 

FIFTH SEMIANNUAL REPORT 
R. P. Ruth, A. J. Hughes, J. L. Kenty, H. M. Manasevit, D. Medellin 

and A. C. Thorsen 

ARPA Support Office 

Research, Development, Engineering and Missile Systems Laboratory 

United States Army Missile Command AMSMI RND 

Redstone Arsenal 

Huntsville, Alabama 

Contract No. DAAH01-70-C-1311 

Distribution of this document 
is unlimited. 

Sponsored by: 

Advanced Research Projects Agency 

ARPA Order No. 1585 

D D C 
^   FEB  21 im 

B ^ 

; -■ Roprodv;c«d by -, . , 

DrtaTls of Wustratfens In NATIONAL TECHNICAL 
thi« document may be bettei INFORMATION SERVICE 

studied on microfiche "s^ZÜtä™r 

r 
*•>» (k 

lt\ 

y       ^- M^^MM 1 I       lit ^ 



^^» 

Security Cl«»tific»lion 

DOCUMENT CONTROL DATA   R&D 
(Stcurlty clmtllllcmlion ol till; body of mbtlncl mnd Indmmlnj mnnoflion mum be «n(er«d when Ihn overall report It cUnllled) 

"'Nort^XmerlcVn^oclwen'Corp, Electronics Group 
Research and Technology Division 
Anaheim, California 

2a. REPORT  SECURITY   CLASSIFICATION 

Unclassifiec' 
26.   CROUP 

3     REPORT    TITLE 

Fundamental Studies of Semiconductor Heteroepitaxy 

OESCRIPTl VE NOTES (Type ol report mnd Incluelre dmiee) 

Semiannual Report. July 1972 through December 1972 
S   AUTHORISI fFlraf nam«, middle Inlllml, Imel nmme) 

Ralph P. Ruth, A. James Hughes, Joseph L. Kenty, Harold M. Manasevit, 
Arthur C. Thorsen, C. R. Viswanathan, MoreyA. Ring 

•    REPORT  DATE 

January 1973 
••.   CONTRACT  OR   CRANT NO. 

DAAH01-70-C-1311 
b.  PROJECT NO. 

7a.   TOTAL   NO.   OF PACES lb.   NO.   OF   REFS 

9 + 20 (appendices) 
•a.   ORIGINATOR'S REPORT  NUUBERISI 

C71-86.5/501 

»b. OTHER REPORT NO(S| (Any other numbmrm ffiaf mmy be aeelfned 
(Ma report) 

10    DISTRIBUTION STATEMENT 

Distribution of this document is unlimited. 

SUPPLEMENTARY   NOTES . , 

Detail» of illustrations In 
this document may be better 

studied on microfiche 

lt.   SPONSORIN6 MILITARY   ACTIVITY 

Advanced Research Projects 
Agency, ARPA Order No. 1585 
Washington, D.C.  

Vhe'oVIec'tlvJof this progTam Is to carry out a fundamental study of nucleatlon and film growth mechanisms In heteroeptaxial semiconductor 
thin films and to apply the results to the preparation of Improved films and thln-fllm devices on Insulating lUMntU. Both theoretical and 
expe  mental Investigations are Involved, with emphasis on chemical vapor deposition (CVD) techniques applied to the SI/AS0O3. SI/MgAi^O,,, 
and GaAs/AÜgOa systems. The accomplishments of the fifth six-month period are described In terms of seven program subtasks. 

The theoretical studies have concentrated on modeling the observed mobility anlsotropy In the Sl/Al^Oa and Sl/Mg^O* systems. The Investi- 
gations of (221)51/3^03 and (OODSI/AJoOa were completed, extensive anlsotropy calculations were made for the general (XXlJSI «»""»• 
graphic orientation fwlilch Includes thernafor orientations of practical Interest), and an emphasis was placed on u.iderstand ng the   "»SI/ 
AtoOi system: calculated anlsotroples based on thermally-Induced stresses and resulting plezoreslstance effects arf too small to •»P«'" »ja 
e'sperTmental results. Experimentally observed anlsotroples In this system as high as 30-40% have been observed, with an average of «out 16«, 
while the stress model predicts values of about 6%. Residual growth stresses may be responsible for the disparity. Preliminary m«»unnWTtt of 
the variation of anlsotropy In ^DSI/AjgOa films as a function of thickness Indicate ■ fend for anlsotropy effects to Increase for thinner flms. 
Studies of the basic chemistry of formation of SI and QaAs by CVD reactions have shown that AjgOa surfaces do catalyze the decomposition 
(pyrolysls) of SIH4 at moderate temperatures ( 500C), although the catalyzing action rapidly disappears upon ,orr[,i» °" 0,,<

a.p°n°ljy«r.f s' 
on the surface. The decomposition modes of trlmethylgalllum and AsHa have been examined, as has the thermal stability of (CH3GaAsH)x-tne 
first apparent product of the reaction of these compounds. 
Considerable effort has been devoted to attempts to prepare suitably thinned AIUO3 wafers for subsequent reduction to 500A thickness by the 
Ion-beam sputtering technique; some wafers 1-2 mils thick were produced by various polishing and/or etching procedures, and these were 
further thinned by the Ion beam method and used In In situ CVD experiments In the electron microscope. The CVD mlcrochamber, mounting 
flange, and associated gas handling system were completed and Installed on the electron microscope, and focus tests and gas flow experiments 
were completed. Several In situ CVD experiments resulting In the growth of crystalline SI films on amorphous carbon substrates v are car.-led 
out, demonstrating the feasibility of observing SI film deposition and growth (by pyrolysls of SIH4) In the electron microscope. Additional 51 
CVD in situ experiments are In progress. 
Measurement« of electrical properties In the SI/MgAÄoOa system Indicate that the carrlar mobility decreases more rapidly ^th'I'™ ^J0*™" 
(for t<0 5Ur  I than It does In the Sl/AÄoOa systemTSludles of Inhomogenelty In donor concentration In CVD films on A^O, over the film area 
ndlcate a'n Hal concentration gradlenfls probably product on the sample pedestal durlnc deposition, either by 9« fl°« P«»8'"5 °/ J* .    , 
non-uniform temperatures In the rf-heated susceptor. Measurements of high-field transport characteristics of SI and GaAs films on AK^ have 
been continued, as have the Investigations of photolnjectad currant transport through iMlr,o3 substrates. 
Additional minority carrier lifetime measurements In SI heteroepltaxlal films In a range of thicknesses and resistivities have Indicated values 
ranolna from 9 x lO"" to 5 x l(r10 sec: attempts to correlate II« !lmes with film resistivity and thickness have not yet been successful. Schottky- 
tarrler diodes and FET structures have beun fabricated in SI/AJflO, composites, although resulting device characteristics are not yet awsfactory. 
Preliminary fabrication and evaluation of photovoltaic cells InSl/AJ^Oa has also been initiated. 
Other phases of the Investigations are described and a summary of the work planned for the next six months Is Included. 

DD ronm 
1 NOV ee 1473 Ifr 

Security Ctasairication 

1 
1 

. 

1    ■     'I mm A 



■!■■ 

Security Classification 

K F y    wo HDJ 

Epitaxy 
GaAs 
Si 
A^Oo   (sapphire) 
MgAi204 (spinel) 
Chemical vapor deposition (CVD) 
In situ film growth 
Electron microscopy 
Epitazy theory 
Heteroepitaxy 
Thin-film devices 
Semiconductors 
Film nucleation 
Transport properties 
Metalorganic compounds 
Physical vapor deposition (PVD) 
Substrate 
Polishing 
Gas-phase etching 
Anisotropy 
Thermally induced stress 
Piezoresistance 

ih. 

Security Clasii,.cation 

.A-^^M^M^I ^ 



»,M»   "■ 

AD 

FUNDAMENTAL STUDIES 
OF 

SEMICONDUCTOR HETEROEPITAXY 

FIFTH SEMIANNUAL REPORT 
R. P. Ruth, A. J. Hughes, J. L. Kenty, H. M. Manasevit, D. Medellin 

and A. C. Thorsen 

Research and Technology Division 

Electronics Group 

North American Rockwell Corporation 

January 1973 
■ 

ARPA Support Office 

Research, Development, Engineering and Missile Systems Laboratory 

United States Army Missile Command AMSMI RND 

Redstone Arsenal 

Huntsville, Alabama 

Contract No. DAAH01-70-C-1311 

Distribution of this document 
is unlimited. 

Sponsored by: 

Advanced Research Projects Agency 

ARPA Order No. 1585 

•   • 
If 

.. -     —       .    -.   .    ■—^^—■^--— *m*m^mä 



ABSTRACT 

The objective of this program is to carry out a fundamental study of nucleation 
and film growth mechanisms in heteroepitaxial semiconductor thin films, and to apply 
the results to the preparation of improved films and thin-film devices on insulating 
substrates.   Both theoretical and experimental investigations are involved, with 
emphasis on chemical vapor deposition (CVD) techniques applied to the Si/A^O,, 
Si/MgAje204, and GaAs/A^C^ systems.   The accomplishments of the fifth six-month 
period are described in terms of seven program subtasks. 

The theoretical studies have concentrated on modeling the observed mobility 
anisotropy in the Si/A^C^ and Si/MgAf^C^ systems.   The investigations of 
(221)Si/A£203 and (OO^Si/Ai^C^ were completed, extensive anisotropy calculations 
were made for the general   (XXl)Si crystallographic orientation (which includes the 
major orientations of practical interest), and an emphasis was placed on understanding 
the (lll)Si/AÜ203 system; calculated anisotropies based on thermally-induced 
stresses and resulting piezoresistance effects are too small to explain the experimental 
results.   Experimentally observed anisotropies in this system as high as 30 to 40 
percent have been observed, with an average of about 16 percent, while the stress 
model predicts values of about 6 percent.   Residual growth stresses may be responsible 
for the disparity.   Preliminary measurements of the variation of anisotropy in 
(221)Si/A£203 films as a function of thickness indicate a trend for anisotropy effects 
to increase for thinner films. 

Studies of the basic chemistry of formation of Si and GaAs by CVD reactions 
have shown that Ai^Oß surfaces do catalyze the decomposition (pyrolysis) of SiH4 at 
moderate temperatures ("500C), although the catalyzing action rapidly disappears 
upon formation of a monolayer of Si on the surface.   The decomposition modes of 
trimethylgallium and AsHß have been examined, as has the thermal stability of 
(CH3GaAsH)x - the first apparent product of the reaction of these compounds. 

Considerable effort has been devoted to attempts to prepare suitably thinned 
A^OJJ wafers for subsequent reduction to 500A thickness by the ion-beam sputtering 
technique; some wafers 1 to 2 mils thick were produced by various polishing and/or 
etching procedures, and these were further thinned by the ion beam method and used 
in in situ CVD experiments in the electron microscope.   The CVD microchamber, 
mounting flange, and associated gas handling system were completed and installed on 
the electron microscope, and focus tests and gas flow experiments were completed. 
Several in situ CVD experiments resulting in the growth of crystalline Si films on 
amorphous carbon substrates were carried out, demonstrating the feasibility of 
observing Si film deposition and growth (by pyrolysis of SiH4) in the electron micro- 
scope.   Additional Si CVD in situ experiments are in progress. 

Measurements of electrical properties in the Si/MgA^C^ system indicate that 
the carrier mobility decreases more rapidly with film thickness (for t <0. S^m) than 
it does in the Si/A^03 system.   Studies of inhomogeneity in donor concentration in 
CVD Si films on A^C^ over the film area indicate a radial concentration gradient is 
probably produced on the sample pedestal during deposition, either by gas flow 
patterns or by nonunlform temperatures in the rf-heated susceptor.   Measurements 
of high-field transport characteristics of Si and GaAs films on Ai203 have been 
continued, as have the investigations of photoinjected current transport through A^oOo 
substrates. d 
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Additional minority carrier lifetime measurements in Si heteroepitaxial films 
in a range of thicknesses and resistivities have indicated values ranging from 9 x lO-12 

to 5 x 10-1° sec; attempts to correlate lifetimes with film resistivity and thickness 
have not yet been successful.   Schottky barrier diodes and FET structures have been 
fabricated in Si/AJ^Oo composities, although resulting device characteristics are not 
yet satisfactory.   Preliminary fabrication and evaluation of photovoltaic cells in 
Si/A^Oß has also been initiated. 

Other phases of the investigations are described and a summary of the work 
planned for the next six months is included. 
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SECTION I 

INTRODUCTION 

This is the fifth Semiannual Technical Report for this contract.   It describes 
work carried out during the period 1 July - 31 December 1972.   Eirller semiannual 
reports (Refs 1-4) described work done in the first 24 months of the program. 

1.   PROGRAM OBJECTIVES 

The overall objective of the proerram, as originally proposed, is to carry out 
a fundamental study of the nucleation and film growth mechanisms in heterpepitaxial 
semiconductor thin films, leading to new knowledge and understanding of these 
processes, and then to apply these results to the preparation of improved temi- 
conductor thin films and thin-film devices on insulating substrates. 

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

1. Investigation of the many aspects of the mechanisms of heteroepitaxinl 
film growth, to establish (through accumulation of basic knowledge) sets 
of technical guidelines for the preparation of better films which can tncn 
be applied to real situations. 

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

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

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

The general plan for accomplishing these objectives involves as the primary 
effort the study of the fundamentals of heteroepitaxial semiconductor film growth on 
insulating substrates.   Specialized device fabrication is used both as a mean3 of 
evaluating certain properties of the films (and thus as a measure of film quality as 
the program progresses) and as a means of exploiting certain unique properties of 
heteroepitaxial semiconductor-insulator systems.   The determination of which 
fundamental mechanisms, properties, and processes to investigate is based on a thorough 
knowledge of epitaxy and its problems and on experience with thin-film device 
difficulties encountered over a period of several years. 

The problems studied are not restricted to those identified a priori: experimental 
(and theoretical) attention can be shifted as the program progress~es in order to 
achieve the goal of a better understanding of heteroepitaxial processes and the resultant 
improvement in thin-film active semiconductor devices. 
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2.   PROGRAM SCOPE 

The program involves both theoretical and experimental investigation of the 
svs ^rr'^'T111 mefha

f
n/sms of heteroepitaxS films in semiconductor- nsulator 

systems   the development of improved techniques for preparation of heteroemtaxial 
semiconductor films   and the fabrication of some deviccs^tilizing these füms 

^oTe^Z* f0r- T PUrp0.Se ofrayaat[ne the ^teroepitaxTal materials but also to exploit the special properties of such films. 

with ^h!v?e0-retiC;ai, StUdieS COnsist of ^ ^P68"   First' there Is direct Interaction with the experimental program involving data analyses, suggestion of definitive 

Second, there is development of original contributions to the theory of heteroepitax"al 

The experimental investigations are also of two types.   First, fundamental 
explorations are carried out to delineate mechanisms and general empTrS principles 
of the heteroepitax al growth process.   Second, practical studies accompany fi^ 
ZlZ?™   invft gatL™ s° that ^w developments can be immediatelyPappl ed to 
the improvement of semiconductor films and thin-film devices on insulating substrates. 

h.oaJh^rk haS tmphasiz!d the CVD method of growing semiconductor thin films 
Mnd«™/«   ! ,mP0r-tanCe l^ semico"ductor industry.   This emphasis on the 
fundamen al mechanisms of CVD growth distinguishes this program from most 
previous fundamental studies of epitaxy, which have concentrated upon phy"foal 

LXiqueT (     D) meth0dS ^^ beCaUSe SUCh StudleS are ea^r with PVD 

(Ahnl^^TtT^8 [S 0n films of Si and GaAs and substrates of sapphire 
(AJ2O3) and spinel (MgA£204).   The initial emphasis was on the Si-on-A?2Oo svstem 

r; te
irrassingHaren

A
tio; beinKg given to the v-™-^^ ^ GaA8-onS?2S systems    Si and GaAs have been chosen because of the preeminence of the former in 

XTaS Ä ,;dUStri anCi the hl*™l*V*™y ^d hlgh-temperatuJ attributes 
of the  atter; In addition, they represent the elemental and compound semiconductors 
for which most comparative information exists. semiconciuctors 

»    M. The prograni ^ carried on primarily at facilities of the Electronics Group of 
Noith American Rockwell Corporation (NR) by NR personnel. Parts of two of the 
mrr MS fn^^        ^ by Personnel of the University of California at Los Angeles 
(UCLA), m the Department of Electrical Sciences and Engineering.   Work on 
another of the subtasks is being done in part in the Department of Chemistry of 
California State University. San Diego (CSUSD).   Both the UCLA and the CSUSD programs 
are supported by subcontracts from NR. Frugrams 
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3.   PROGRAM DESCRIPTION BY SUBT/SK 

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

The seven subtasks, which will be modified as needed as the program progresses, 
are as follows: 

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

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

Subtask 3:  Analysis and Purification of CVD Reactants.   Analysis of the 
'mpurity content of reactant materials used in metalorganic-hydride and other 
CVD processes; preparation of research-sample quantities of improved-purity 
reactants for use in film growth experiments; investigation of the chemistry and 
reaction kinetics of CVD processes to improve the detailed understanding and control 
of the chemical reactions involved in the preparation of heteroepitaxial semiconductor 
films by CVD. 

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

Subtask 5:   Studies of in. §M Film Growth in the Electron Microscope. 
In_situ observation and study"öl the early stages of growth of CVD films in the 
electron microscope, to develop additional fundamental knowledge of the epitaxy 
process; results of experimental observations to be incorporated into theroetical 
studies wherever possible. 

Subtask 6:   Evaluation of Film Properties.   Measurement of the electrical, 
optical, crystallographic, and thermal properties of heteroepitaxial semiconductor 
films on insulators, by a variety of measurement techniques.   Standard techniques 
will be employed and new methods developed where required for measurement of 
film properties which best characterize ultimate device performance. 

( 

i Mi ii^iir mwnu *mm^^—k i atrntm 



'/*••*< 

Subtask 7:   Design and Fabrication of Devices.   Design and experimental 
fabrication of certain types of devices, using heteroepitaxial films produced in the 
above studies.   Some devices will be used to evaluate material properties and others 
to exploit semiconductor film characteristics unique to heteroepitaxial systems. 

The results obtained during the fifth six-month period of the contract are 
discussed by subtask in Section II.   An outline of the work planned for the final 
six months is contained in Section III, and a program summary to date is given in 
Section IV. 
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SECTION II 

RESULTS AND DISCUSSION 

The work of the fifth six-month period of the contract is described in detail in 
this section.   There is extensive overlap among several of the subtasks, so the dis- 
cussion in several instances involves some activities and results which are primarily 
part of another subtask. 

1.   FUBTASK 1.    THEORY OF EPITAXY AND HETEROEPITAXIAL INTERFACES 

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

Meeting these criteria is difficult.   However, the criteria are important in 
providing a framework and goals for the theoretical studies.   Although the Si/A^Oß 
system is of considerable commercial and practical importance, existing theories 
and calculations in the literature fall drastically short in that there is no real connec- 
tion with systems such as Si/A^Os.   The emphasis of previous theories has instead 
been on simple and unrealistic one- or two-dimensional cubic lattices which  unfortu- 
nately cannot be applied to Si/AH20^.   The intent of the initial theoretical studies of 
this contract has been to develop an approach which relates specifically to the Si and 
the A£203 lattices. 

During the first year of the contract a formal theoretical method of replacing 
overgrowt1, atoms on a substrate with Gaussian mass distributions was further 
developed ior those cases where the effective interatomic potential is known.   The 
technique, applicable to irregular-shaped islands or films of finite extent, was 
applied to a simplified model to determine preferred orientation relationships from 
calculated film-substrate interaction energies.   The method was not pursued further, 
however, because it was not sufficiently adaptable to real systems.   Several other 
possible approaches to the theoretical modeling of heteroepitaxial systems were 
critically reviewed, including the Frank-Van der Merwe model, a Green's function/ 
Wannier-function approach, a contrived potential-energy model, and the two-body 
interatomic potential method.   It was concluded at that time that most existing 
theories are inadequate for application to real systems. 

The feasibility of a molecular orbital development of the heteroepitaxial interface 
was then investigated.   However, it was determined infeasible to apply this technique 
in a manner directly relevant to heteroepitaxy, so the effort was terminated.   The 
interatomic potential approach to heteroepitaxy was then reinstigated, with the goal 
being the computer simulation of growth of Si on A^O^.   Mechanical stability condi- 
tions for an A^oOß lattice modeled with two-body potentials were investigated and 
determined to tne depth required for the applications.   Computer programming of the 
A^Oß lattice energy and elastic constants was begun for use in determining appro- 
priate empirical potentials required for modeling the A^O^ lattice, a major 
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requirement for modeling Si growth on A^Og.   In addition, the application of the 
electron-on-network theory to the problem of determining surface configurations and 
intevfacial bmding energies in heteroepitaxial systems where the surface structure 
is allowed to relax was investigated and for a time appeared promising for the real 
systems of interest. 

In the final half of the second year the theoretical studies were devoted to three 
main areas:   (1) modeling of the Si/A^Og system by means of interatomic potentials 
and computer simulation; (2) use of the electron-on-network technique to calculate 
work functions and sunace double-layer potentials of monovalent metals; and (3) cal- 
cuations relating the mobility of Si films on A£203 to stress effects arising at the 
heteroepitaxial interface and caused by differential thermal contraction of film and 
substrate.   The electron-on-network method has not been pursued further for 
possible application to heteroepitaxial systems, however, because of severe limita- 
tions of the method encountered in the preliminary studi s. 

The modeling of the A^Oa lattice has been carried out in terms of Morse 
potentials; only anion-anion and cation-anion potentials have been employed.   These 
were chosen to conform to specific constraints related to the physical lattice.   Inves- 
tigation of surface reconstruction in basal-plane All203 was also initiated, using 
these potentials, smce this phenomenon plays a major role in predicting Si film 
orientations on A^Og    Relaxation of the four atomic planes nearest the surface was 
treated for the case of a surface composed of oxygen atoms with the constraints of 
translahonal symmetry in the surface and three-fold rotational symmetry normal to 
the surface.   Programming of the case of an A? atom surface was also begun, with 
he same symmetry constraints being imposed.   However, the work on this aspect of 

the theoretical studies has not been further pursued in the past six months, as 
indicated below. 

The theoretical studies during the past six months have concentrated exclusively 
c"/™  AT^    

y amsotroPy and Piezoresistance investigations in the Si/A^Oo ?nd 
Si/MgA^204 systems (Ref 4).   The theoretical modeling of heteroepitaxiaf systems 
using interatomic potentials was deemed to be of secondary importance to the 
amsotropy studies at the present time, and as a consequence no further work was 
done on the modeling studies in this report period.   However, that effort will be 
resumed during the next six months, with a slightly different direction and emphasis 
designed to illuminate some practical questions which have arisen concerning the 
possibility of residual growth stresses occurring in some Si/A^Og orientations. 

«i f, lt ha,Sl0nFfl
be.en re1

C0Snized that the differential thermal contraction between a 
Si film and its A£2Og substrate will produce substantial stress in the Si film 
rhrough the piezoresistance effect, this stress acts to modify the electrical 'properties 
of the semiconductor, including the carrier mobility. F^iic» 

An assumption which is usually implicit in most semiconductor thin-film 
material evaluations is that the electrical properties are Isotropie and thus do not 
depend upon orientation in the plane of the film.   However, during the previous 
reporting period (Ref 4) it was determined experimentally that most Si/A?9O0 films 
^ AT?,* ?!fee Sf m,0bility anIsotroPy In the Plane of the film.   It was^cognized 
that a detailed theoretical investigation of this anisotropy could possibly lead to a 
greatly improved fundamental understanding of the mechanisms determining carrier 
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mobility in Si/A^Oß heteroepitaxial films and thus could be of practical significance 
to the technology.   This has been the basis for emphasizing the mobility anisotropy 
studies in this reporting period. 

The theoretical model for the anisotropy in carrier mobility involves calculating 
the changes in mobility and resistivity due to the stress originating in the differential 
thermal contraction of film and substrate.   For completeness, the difference in 
thermal expansion coefficients parallel and perpendicular to the c-axis in A^Oß has 
been taken into account.   The resulting theoretical model is thus the first which is 
valid for the case of anisotropic thermal expansion. 

At the end of the previous reporting period theoretical formulas had been 
developed which were valid and applicable for both Si and Ge films and for A^OQ 

and 
MgAßAsubstrates (Ref 4).   The (001), (110), (111) and (221) Si film orientations were 
treated specifically, as were some "off-orientation" cases.   In the past six months 
publications describing the results for (221) Si (Ref 5) and (001) Si (Ref 6) were 
prepared.   Calculations were performed for the 5 deg-off-(lll) Si films investigated 
experimentally. 

Extensive computer evaluations of theoretical formulas for the general 
orientation (XXI) Si were also completed.   By letting X vary from zero to infinity, 
all Si film orientations of the form (XXI) lying along the zone defined by (001) Si, 
(111) Si, (221) Si, and (110) Si were treated and predicted anisotropy results 
obtained.   Since Si film quality is usually highest for (001) and (111) types of growth, 
this general treatment is expected to encompass all orientations of major interest 
now and in the near future. ' In this extensive treatment, four modes of epitaxy have 
been considered for Si/A^03 and one mode for Si/MgA^O*!«   The general mathe- 
matical model for the various modes of epitaxy has been completed.   A basic and 
comprehensive account of the work is now being written for publication; it will contain 
fundamental information on mobility anisotropy in epitaxial Si and will constitute the 
first such compiehcnsive treatment of this subject and thus be of considerable 
importance. 

The theoretical analysis of mobility anisotropies and the responsible physical 
mechanisms began as an "on-line" response to the important experimental discovery, 
earlier in the contract program, that an anisotropy was present in the carrier 
mobility in (001) Si, '221) Si and (111) Si heteroepitaxial films grown on A^O* and 
would probably occur in all orientations of Si/Af 203»   Ii was recognized thut 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 the Si/A^Oß films.   The anisotropy 
studies are therefore of great importance to this contract program and to hetero- 
epitaxial semiconductor film technology in general. 

Physical phenomena which could, in principle, lead to a mobility anisotropy in 
these heteroepitaxial systems include (1) surface scattering, (2) hot electron 
phenomena, (3) surface quantization, (4) dislocation scattering, and (5) both surface 
and bulk piezoresistance effects.   All of these phenomena are inadequately understood 
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afc the present time   and - with the exception of the piezoresistance studies done on 

A^^^nrxrA ^been carried out ha8 reiated - ^ ^ 
c^ieT^ 
piezoresistance effect.   A theoretical model was developed which correcfly Dredicted 

üemmfofwHorf MZ
0™^ 

aniSOtrOPy and the ^^rectlonZZX^Te film for whiCh moblllty maxima and minima would (221\Si 
epitaxial films on A^Og.   Analysis of the theoretical and experimenLl dato has 
shown that he model and thermal stresses do indeed largetyj^t for Ä 
an sotropy In the mooility and the angular location of mobility maxima and minima 
Thus, the anisotropy in mobility can be substantially described in terms ofThermal 

ItlTZl ^r/ rfe?0UrSe t0 0ther Physical Phenomena suchls re Si growth 
stresses or dislocation scattering.   However, the magnitude of the overall average 
Tht .nVV^ lilmS iS f0Und t0 be 8,ßnincant,-y  Wr than bTk-crysS  XT 
This ind cate. that some other phenomenon, such as defect or dislocation scatterine 
is quite important In determining the properties of these (001) and (221)Sl fürns     ^ 

orientations10^8 'T f?*^? the (111)SI Case 0n ^ dIfferent A^20, substrate 
0hior?t cZ nrpH^f^/ 0fth? (1120) plane' and <10T4)-   In both cases the theoretically predicted anisotropy is too small by a factor of - 3 to G, and the oredicted 

dSS^^^ and minima are r0tated ** to 100 deg ;way S^ZT 

substantial .lata scatter and attempts hJe been made Lth t?de erm ni thr«   g n o" 
the scat er ana to reduce its magnitude.   Inhomogeneity In film propert es ta one 
potentia  source of both scatter and ambiguity in the e^erimentalTta    The results 

rlpoTt6   WhUe sf mm inho8.! ^ !rh0m0f-eity ^ d^CU88ed ln «ubtask 6 oHhls report.   While Si film inhomogeneity must be taken Into account in accuratelv 
measuring mobility anisotropies, the film Inhomogeneity doesVt itseuZlear to 
explain tne large anisotropy or location of mobilit? maxima and rnlnfma   PP 

.« „ nu fCOnd P^8'^1 mechanism - hot electron phenomena - has been ruled out 
fs fou^d n hr.86.^ Ä efPe

f
rirntaI re«u>t« on (iIl>Si since the mobimy an^'C 

inn^^ m ^pendent of the magnitude of the electric field.   Surface sea terfnT 
dlr^nin'r   IZati0n ^^ 0ther phy8,CaI P^omena which could plaTa ro lein 
determining the experimentally measured anisotropy.   For bulk thin films fl e     nn 
substrate both these effects should lead to isotro^^arrier mobiimes^n  he bisis 
of genera  synimetry arguments (Ref 6)*.   The stress applied by the substrate  s 
anlsotropic and would thus be expected to lead to some ani«otr<»y    However   intu, 
lively th s anisotropy would be expected to be of the same orÄ the Tool) SI resii.s 
- an anisotropy of 6 to 9 percent.  These phenomena appear ImplauTb e as n eclSn «ms 

^SSSSL     
rnthCr ^^ (16 t0 30 PerCent -™lll) sranTsot^y8 ZttT™ 

•This reference is Included in this report as Appendix A 
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A definitive interpretation or analysis of the (111) Si results can not be made 
at this time.   Experimental efforts are underway (Subtask 6) to more adequately 
assess the effects of film inhomogeneity and to establish the magnitude of the 
contribution of possible surface effects and surface-state conductivity. 

However, for purposes of discussion, suppose that the (111) Si data are shown 
to be correct and further that the anisotropy is substantially a bulk effect, not a 
surface effect.   With these assumptions, it is useful to explore other potential origins 
for the anisotropy within the framework of a piezoresistance model.   Calculations 
thus far have employed stresses calculated from the thermal expansion mismatch of 
film and substrate; it has long been recognized that lattice-constant mismatch 
between dissimilar materials can, in principle, lead to residual growth stresses. 

In considering the possibility that residual growth stresses are responsible for 
the experimental results for (111)Si, the growth stresses that would be required for 
piezoresistancc effects sufficient to produce the observed results have been calculated. 
In the theoretical analysis, where T^Tg, and T6 are contracted-notation stress 
components, it is found that ~ in general ~ (Tj - T2) must be substantially larger 
than that derived from thermal stresses, and the stress Ty is of the opposite sign to 
that derived from the thermal stress and partially or totally cancels the thermal T6. 

At present there is apparently no way of deciding whether or not such growth 
stresses do in fact exist in Si films In the (HI) orientation and—if they are important 
here--why such stresses do not appear to be required in the theoretical explanation 
for the (001, Si and (221) Si anisotropy cases.   However, the possibility of a residual 

rowth stress explanation appears plausible; this explanation would, if found to be 
correct, represent a major step forward in understanding some of the basic physics 
of heterocpitaxial Si films.   Attempts are to be made in the coming reporting period, 
by means of either atom matching or interatomic potential modeling, to determine if 
growth stresses of the qualitative nature required to explain the (111)Si mobility 
anisotropy results in terms of a stress model are likely to occur. 

During this reporting pe-«od calculations for mobility anisotropy In the general 
(XXI)Si orientation were carried out.   Here X varies from zero to Infinity to map out 
all oricntationR of the form (XXI) lying along the zone defined by (001)SI, (111)Si, 
(221) Si and (110)81.   These calculations have been performed for four different 
modes of SI/A £2^3 epitaxy and one mode of SI/MgA^C^ epitaxy, for both n-type and 
p-type Si.   A substantial amount of data has been generated by computer calculations. 

Heprescntativc data for the anisotropy lactor A = (Kmax - Mm|n)/l/2 {nmav * Hmin) 
is given In Table 1 for n-type SI.   The first column contains the values of the Miller 
Index X In the crystallocraphlc plane (XXI) of SI.   The second column shows 
the angh 0 (in deg) ol the (XXI) plane measured from the (001) plane toward the 
(110) plane.   The remaining columns list the values of the anisotropy factor A (in 
percent) for varlou« modes of epitaxy, where the modes of epitaxy are as 
follows: 

Model : 
Modell : 
Mode Dli 
Mode IV: 
Mode V : 

(001)SI//(0112)A£2O3 
(lll)Si//(ll24)A/203 and (221)SI//(ll22)Al203 
(lll)SI//(n20)A«2O3 
(in)Si//(10l4)Af2O3 
(lll)Si//(lll)MRAf204 
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Table 1 allows comparison between variour. modes of epitaxy with respect to the 
anisotropy predicted by the theory and permits somo distinction to be made between 
the various mechanisms likely to be responsible for tne anisotropy.   For example. 
Mode V is for the Si/MgA^C^ system and thus represents the case of isotropic 
thermal expansion.   The anisotropy A in this case is thus due solely to anisotropy 
in the piezoresistance coefficients and in the elastic constants.   On the other hand 
for the (001) Si and (111) Si cases (X = 0 and X = 1, respectively) the anisotropy in 
mobility arises only from the anisotropy in thermal expansion. 

It is of interest to note the fairly rapid increase in anisotropy values in going 
only 5.27 deg from the (111)Si plane toward the (110) Si plane.   Also it should be 
pointed out that the (110) Si plane (6 = 90 deg from the (OODSi plane) probably repre- 
sents the greatest anisotropy possible in this system, although this has not been 
rigorously proven.   This fact may, however, be somewhat academic in that high 
quality (110; Si film growth has not yet been ac hieved on substrates of A^oO-i or 
MgA«204. 

z   a 

The anisotropy factor A of the General (XXI) Si orientation has been given in 
Table 1 over a wide range of angles for the sake of completeness and to illustrate how 
the anisotropy depends upon crystilographic orientation and mode of epitaxy.   However, 
it should be recognized that not all of these Si orientations will be of experimental and ' 
practical significance for all epitaxy modes.   In general, in proceeding away from the 
"natural" plane for a given mode—say (001)Si//(0112)A^2O3 (Mode I)--the quality of 
the film growth deteriorates and may become multimoded or highly defected.   The 
exact relationship between film quality and the number of degrees off of the orienta- 
tion of a pure mode is not known in detail, although some general information has 
been established by earlier workers (Kef 7).   The (221)Si//(1122) A^OQ is an 
example of an orientation that is ■ IG deg off the "natural" (111» si // (1124) A^O, nlane 
and y t yields good quality films (Ref 5). '     2  3 P 

2.   SUBTASK2.   DEPOSITION STUDIES AND FILM PREPARATION 

During the first ye%r of the program the emphasis on this subtask was placed on 
determining the effect of experimental growth parameters on the quality of SI   Mtaxial 
films grow.: by the CVD method of pyrolysls of SIH4 on substrates of various orienta- 
tions of AP2O3 and MgAF204.   It was established for the growth system used that 
autodoplng occurs in SI on A^C^ at temperatures greater than about 1050 C, so a 
concerted study was made which considered the effects of such factors as growth 
temperature, growth rate, and nucleatlon phenomena at or below this temperature 
(Ref 2).   It was determined that the electrical properties of undoped n-type hetero- 
epltaxlal SI films grown on various orientations of Af 2O3 (and also MgA^Oj) by the 
CVD method of pyrolysls of SIH4 are dominated by surface-state conduction for 
carrier concentrations of ~10l6 cm-3 or below.   Essentially equivalent (100)- and 
(lll)-orlented SI films were grown on (0112) and (1014) \£203 substrates at deposition 
temperatures below the autodoplng range (-1050 C).   A^Oß orientations near the 
(1120) plane, not previously used in heteroepltaxy studies, were utilized as substrates 
for (111)81 heteroepltaxy: this resulted In electron mobilities of 600 to 700 cmZ/v-sec 
for carrier concentrations of IQlS- iol7 cm-*, exceeding mobilities obtained on 
either (0112) or (10T4)Af2O3 substrates. 
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These studies revealed the strong interrelationships that exist among the various 
parameters involved in optimizing Si growth on insulators.   Evaluation of the electrical 
properties of Si films on those A^Oa orientations that produce «n best Si overgrowths 
has demonstrated that growth conditions (1) must be maximized for the particular sub- 
strate orientation chosen; (2) differ for those A^Og orientations which lead to the 
same Si orientation; (3) are dependent upon reactor geometry and gaseous atmosphere; 
and (4) must be optimized for the particular film thickness desired.   Studies of Si 
growth by SiH4 pyrolysis at reduced pressures (1 to 10 torr) indicated that single- 
crystal growth can be obtained over a fairly wide temperature range, when conditions 
are optimized, on both All203 and MgA^C^ substrates; these results provided neces- 
sary confirmation of the feasibility of Si film growth in the pressure range to be used 
in the in situ CVD experiments in the electron microscope (Subtask 5).   Investigation 
of the growth of Si films on Ai203 and MgA£204 «sing He as the growth atmosphere 
and the carrier gas showed that epitaxial growth could be achieved, although the 
conditions for best growth were not established at that time. 

The effort on this subtask in the final half of the second year was concentrated 
on continuing attempts to optimize the Si deposition process for growth on~(1120) 
and (0112) A^Og surfaces.   In the course of this work the effects of post-nucleation 
annealing during the deposition process on ultimate film properties were examined 
but no significant improvement in overall quality of Si films resilting from these 
procedures was demonstrated.   The effects on film growth of gas-phase etching of 
A?203 surfaces prior to deposition have been evaluated further; there is some indica- 
tion that surface damage may not be the primary factor in determining the quality of 
Si overgrowths, but this question must be examined in more detail.   The effect of 
cooled reactor chamber walls on the Si growth process was investigated further 
but no significant advantage of cooled walls in the vertical reactor systems used in 
this work has been observed. 

Considerable additional study was made of the growth and properties of Si films on 
Czochralski-grown stoichiometric spinel (MgA£204).   This work indicated that Si 
films with electrical properties at least as good as those grown on A^oOg can be 
obtained when IIe-H2 S*8 mixtures are used for the growth environment.   It also 
determined that autodoping te operative in the Si/MgA^C^ system (in He-Ho 
atmospheres) at approximate^- the same   temperatures as for Si/A^O*. 

During the past six months the work of this subtask was concentrated in several 
areas.   These include (1) the preparation of Si films on various orientations of 
A^Oo in order to study the electrical anisotropy as a function of A^Og orientation, 
film thickness, and doping level (Subtask 6); (2) the preparation of samples of 
GaAs/A^Og and Si/A^Og for use at UCLA in the measurement of carrier lifetime 
and high-field transport properties mi in fabrication of Schottky-barrier FET 
structures (Subtasks (i and 7); (3) the preparation of samples of Si/A^2Oo and 
GaAs/A^Og for the evaluation of new tanks and sources of SilL (Subtask 3); and 
(4) the growth of SI and GaAs films on MgA^204 and A^Og in an attempt not only to 
identify the preferred substrate but also to examine the effect of various subst-te 
processing steps on film quality. 

a.   CVD Growth of SI on MgA^204 

As Indicated In the previous semiannual report (Ref 4), good quality n-type 
SI films have been grown on (lll)MgA«204 with carrier mobilities higher than 
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those achieved in the Si/A^Oß system.   Mobilities as high as 925 cm /V-sec were 
measured in ~2 \sm films, but the mobilities were influenced by the source tank of 
81114.   ^ fact. more recent attempts to duplicate earlier growth rate and dopant data 
in Si films on MgAtfgC^ as a function of the He-H2 ratio have not been successful and 
have indicated that even these important factors appear to be dependent on the source 
tank of SiK4 used.   Yet the purity of the SiH4 as determined by growth of Si on Si in 
a H2 atmosphere has been quite acceptable, with thick films ( -lOO^m) possessing 
essentially bulk Si mobilities (see Subtask 3).   The results seem to indicate that 
impurities present in the SiFLj behave quite differently in H2 and in He-H2 mixtures. 
Because of these now-recognized differences only those data obtained on films grown 
on insulators with the same source of SiH4 can be used for comparison purposes. 

Considerable subsurface work damage has been found in (111) MgA^204 
processed into polished substrates by various vendors and at NR.   This damage has 
been revealed by etching the polished surface in hot HF or hot HBF4 for -45 to 90 min. 
A high temperature (~1500C) anneal in air seems to reconstruct the MgA^C^ surface 
and to minimize or remove scratches, but the electrical properties of films grown on 
these surfaces do not appear to be any better than those measured in films grown on 
those containing obvious work damage.   This conclusion is based on the data shown in 
Table 2. 

A few experiments were performed to determine the effect of heating 
(lll)MgA^204 in H2 at 1100 C prior to film growth at 1025 C in He-H?.   The elec- 
trical properties of Si films grown on these surfaces and on surfaces not treated in 
H2 are not considered significantly different.   The data involved are recorded in 
Table 3. 

Most of the studies of Si growth on MgA^C^ on this program have been 
directed to the use of (ll^MgA^C^ .   since this orientation has produced higher 
mobility films than have been reported in the literature for either (100) or 
(llO)MgA02O4«   However, it was hoped that the process now in use for Si deposition 
would provide better film growth on the (110) and (100) orientations.   To date the 
number of experiments involving tnose orientations has been limited. 

The Si films grown on (100) MgA^C^ were only partially reflective at growth 
temperatures of 1025 C and were slightly inferior electrically to (111) Si films grown 
simultaneously on (111) Mgki^O^ substrates.   For example, a 2(im-thick (100) film 
had the following properties:   resistivity = 0. 53 ohm-cm; carrier concentration 
= 3. 5 x 10l6 cm~3; carrier mobility = 470 cm^/V-sec,   The properties of the compan- 
ion (111) Si film were p = 0.70 ohm-cm, n = 1.4 x 1016 cm-3, \x = 630 cm2/V-sec. 
At 1050 C, essentially similar results were obtained with the (111) film being better 
than the (100) film. 

Film growth on (110) MgA^C^ appeared to improve with deposition temperature, 
for where only gray films were formed at growth temperatures of 1025 and 1050 C. 
under growth conditions satisfactory for (111) substrates, somewhat reflective films 
were obtained at 1075 C and 1100 C.   The differences In quality may be thlcknesö- 
dependent rather than growth temperature-dependent, for epitaxial film quality Is 
normally expected to Improve with thickness. 
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Table 3.   Effect of H2 Etching of Substrate at 1100 C on Properties 
1 _. _..       „* »«„A a  r». in Ho-Hr, Atmosohere 

Ul   Ol   i- Xllll — ^   t                 " 

Growth 
Rate 

(^m/min) 

Film 
Thickness Resistivity 

(ohm-cm) 
Carrier Cone 

(cm-3) 
Mobility 

(cm2/V-sec) 
H2 

Etched 

1       0.33 2.3 0.17 5.7 x 1016 660 No 

0.27 1.9 0.88 1.5X1016 480 No 

0.23 1.6 0.33 3.4X1016 560 Yes 

0.21 1.5 0.46 3.2X1016 420 Yes 

0.22 1.6 0.72 2.9 xlO16 300 Yes 

work with MeAJoO, suostrates on another program at NR has led to the 
IntereSreäÄÄ Si epitaxial growth also occurs on ("O)^04^b- 
strates, in addition to the (110) Si growth previously observed.   The orientation 
relationships are 

(lü0)Si//(110)MgAf2O4 and [110] Si//[011]MgAfi2O4. 

Thus   (110) MgAßo04 is found to influence the epitaxial growth of (100) Si Just as it 

parameters. 

With resoect to the Ugkh^ substrate surface and its effect on film quality, 
the foZ^Äsiona can bl Cached based on the results of electrical measure- 
ments on Si/MgA£204 samples: 

1    When the MgA<204 substrate is properly processed (i. e., polished and cleaned) 
TfiLs groin on good quality MgAfi204 from two different vendors are 
essentially equivalent. 

9    Substrates with high-density subsurface damage but which have not been 
eteheTto reCve fhe work-damaged surface layer can still support the 
growth of Si films with acceptable electrical properties. 

3. Even heavily-etched scratched surfaces can permit the growth of films with 
good electrical properties. 

4. Thicker films (-.5|xm) exhibit higher carrier mobilities than thinner ones 
(<2him). 
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5. The electrical properties of 2fJim-thick films of (111) Si on MgA^204 are 
at least as good as those of (111) Si on A^O^ and quite often better than 
those of (100) Si on A^O^. 

6. Although annealing has been found to change the MgAj^C^ surface in some 
manner, the electrical properties of Si films grown on annealed surfaces 
do not appear to be better than those measured in films grown on unannealed 
surfaces. 

b.   CVD Growth of Si on A^03 

The preparation of Si films on AJ^C^ for the anisotropy measurements (Subtask6) 
also provided films whose properties could be used in evaluating the quality of the 
SiH4 used in the deposition process,   (See Subtask 3.)   It was observed, in the course 
of those studies, that substandard properties of Si films on~(1120)-oriented AC2O3 
substrates (i. e., lower-than-usual carrier mobilities for a given set of deposition 
conditions) coincided with the use of a Silfy source tank   which had a high level of 
impurities as identified by mass spectrometric analysis. 

For example, as reported in Table 4 (Subtask SJ.SiH^ tank C-1016 was found to 
contain an unusually high H2 and H2O content.   Film mobilities for the (111) Si films 
grown on~(1120) A^Oß using this tank were ~500 cm2/V-sec, lower than the 600 to 
800 cm2/V-sec values previously obtained using other tanks of SiH4, but the quality 
of (100) Si growth on (0ll2) AJ^QJ did not seem to be similarly affected.   Thick (lll)Si 
films ('-lOjim thick) on the ~(1120A£2O3» however, were found to possess good 
mobilities, a value of ~950 cm2/V-sec  having been measured in a film with a 
carrier concentration of 4. 5 x lO^6 cm-3.   Further consideration is being given to 
the possible significance of correlations of this type, as part of the attempt to identify 
the important controlling parameters in the Si deposition process. 

' 
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3.   SUBTASK 3.   ANALYSIS AND PURIFICATION OF CVD REACTANTS 

aMlvs^nte-Af.« J1
e
f
chnique« of f8 chromatography were developed for 

n,™! u r^ctants used for semiconductoi heteroepltaxy by CVD.   A general- 
sZed   with   M hng ^f^ ^ constructed for the highly Volatile and reactive gases 
pSrlnpn.^ T* 0l} and ^^^ Columns used for the chromatography.   Sevfral 
extraneous impurity peaks were observed in the chromatograms of SiH4 samples 
notrnnZ Ä3 ^ tentatively iden"fied as a significant Impurity ( ~10pZ   although 
?ri« n?^60 by maSS sPectrometer techniques.   Small quantities of purified SiH4 
anunHH*0™6: Were PrTred by succes^e injections in the Chromatograph    4' 
quantities were too small, however, for use in laboratory CVD experiments 

rr in   BeS^ning Ln the second year of the Program samples of SiH, and of trimethvl- 
colUnT^™G) ^ed f0r Si and GaAs CVD ^eriments were analyledlf impurity' 
content by sensitive mass spectrometric techniques.   Disilane and trimethXlane 

TaSlyls STMG iT^T^ ^l^ ^^ **'* ^und inSn^"mples. i ne analyses of TMG left some uncertainties regarding the correct impurltv levels 

the "Id yeearWere  "^ reSOlVed ^ later analyses —ied out in the final half^f 

Significant impurity concentrations in some of the reactants texoeciallv SiH^ 

on^i flTm6«1' ""I"60 the aCCUraCy 0f the Study of the effectro?depolTon"Lame ers 
e?forts ^fh

r
v
0PneHrtieSf0n SeVeral 0CCaSi0nS dUrine the contract work.   Cooperaüve 

continued preparation and analysis of improved-purity reaciants have 

An important study of the chemistry and reaction kinetics of CVD processes 

"cÄÄ S^tems ™* initiatedlateTn the secona year at the California State University, San Diego (CSUSD).    The first exoeri- 
men s undertaken were directed toward determining the role of the A^Oo surfaS in 
?Äf S   H

0
 
Pyr0lriS 0/SiH4: e^«riments with the trimethylgallium fTM^-arsL (ASH3) reaction used for GaAs growth were also begun. 

During the past six months additional analyses of reactants have been made bv 

^■ÄÄ^Äffi *oXd rr ^r -^—- ^ •»- 
a .   Analysis of CVD Reactants for Impurity Content 

imDur^Uprnn;^nt-tan^-0f "PUreM SiH4 Were analyzed ^ mass spectrometry for impurity content during this reporting period,   in some cases after some Si films 
were grown using that particular tank.   The analyses are recorded in Table 4 

Cylinder C-1016   (tank DC), from Synthatron Corporation, was returned to the 
Iftl H0' ^f Kr"1 after the high con^ntrations ofH2, H2d, and ^wSe found 
higher^uHt^  ab,e, ^ replacement W™** 6-^) wa2

S fo5nd to be of ^^derably 

1 

i 

SanclhrdlcT **** ^^^ ^ ^ WeSt COaSt Technical Service, Inc., 
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Both tanks DI and DM (see Table 4) have been evaluated by means of SI growth 
on p-type Si substrates    A lOOjim-thick film of Si grown using tank DI had the 
following electrical properties:   P=  9.3 ohm-cm; n = 4.8 x lO^cm"3; and   ^ = 1390 
cm2/V-sec.   A film grown using tank DM had the following properties: P"  57 ohm-cm; 
n = 6 x 1013cm-3; and   hi= 1750 cm2/V-sec.   In both cases, the electrical characteris- 
tics are indicative of very good film quality and thus of good Silfy having relatively little 
content of impurities damaging to the properties of the Si films. 

As indicated in the previous semiannual report (Ref 4), a tank of AsHg-in-He had 
been returned to the vendor (Airco) because of the high content of water, O2, CO2, and 
H9S found in the tank by mass spectrometric analysis.   Its replacement was received, 
after many months delay, and analyzed for impurities. 

The results for this tank (DP) are shown in Table 5 together with results obtained 
for a tank (DN) of AsH3-in-H2 obtained from Three-H Corporation and for tank CP, 
10 percent AsHg-in-I^, obtained from Phoenix Research Corporation.   Based on 
attempts to condense H^Ofromthegases in tank DN, it was concluded that the mixture 
was quite dry.   GaAs films grown using tank DN were found to have a doping level 
(3xl014cm~3) as low as that obtained with the best gases evaluated to date, but the 
mobility was also quite low; therefore, this tank is to be further evaluated by growth of 
films with doping levels ~1016cm"3, which lead to higher mobilities when grown on 
insulators such as Af 2O3 or MgA^C^.   Because of the long delay in the receipt of 
replacement tank DP, tank DN was put into use before the analysis supplied by the 
vendor could be verified by a local analytical service laboratory.   Such a comparison 
is to be made in the near future. 

The AsHg-in-Hg from Phoenix Research Corporation was found to be relatively 
good for GaAs growth on A ^03; a doped 20 Kun-thlck film on (0001) A^Oo bad the 
following electrical properties: P= 0.07 ohm-cm; n = 1.7xl016cm-3 and   ^ = 5470 
cm2/v-sec.   At higher doping levels (n = 5.5xl017 cm-3) a 31 i^m-thlck GaAs film 
had a mobility of ~3900 cm2/v-sec, also a reasonable value for a film with that 
doping level. 

b.   Study of Chemistry and Reaction Kinetics of CVD Processes 

In these studies the basic chemistry Involved In the formation of GaAs from 
the metalorganlc-hydrlde reaction of trlmethylgalllum (Ga(CH3)3) and AsH3 and ln the 

deposition of SI by the pyrolysls of SIH4 Is being Investigated experimentally. 

The flow pyrolysls of trlmethylgalllum (TMG) with ASH3 Is being examined over 
an Inert surface (Si mirror) to determine the requirements for the formation of pure 
GaAs.   The parameters being varied are the pyrolysls temperature, the TMG-ASH3 
ratio, and the partial pressure of H2.   In addition, the volatile products are being 
determined.   The decomposition modes of ASH3 and TMG are to be examined to 
determine what radicals are produced In the pyrolyses of ASH3 and of TMG and in the 
co-pyrolysls.   The reaction of these radicals with TMG and ASH3 will also be 
Investigated. 
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Table 6.   81H^ Pyrolyals Experiments 

Expt.           Pyrolysls 
No.             Temp. pC) 

Teat Surface 
Expoaed to 
Pyrolyala 

sin, 
Conaumed 

(mmol) 

812H6 
Produced 

(mmol) 
Produced 

(mmol) 

surface/volume "2.84 

1                    521 8IO2 (quartz) 0.09 0.03 0.17 

2                    521 81 Oj (quarts) 0.07 ''.03 0.17 

3                     521 ■ 0.07 0.03 0.20 

4                     521 SI 0.09 0.08 0.22 

surface/volume  ■   11.9 

5                    522 Pyrex 0.09 <0.01 0.29 

6                     522 Pyrex 0.11 <0.01 0.30 

7                     522 Pyrex 0.13 <0.01 0.29 

8                     522 ■ 0.09 <0.01 0.28 

9                   M Si 0.08 <0.01 0.24 

Mir1ae«/volume ■ 42.8 

10                   815 AfjO, 0.17 0.03 0.48 

11                    828 A'208 0.19 0.03 0.81 

12                     824 si 0.18 <0.01 0.80 

18                     824 SI 0.17 0.01 0.49 

^^mm 









It is desirable to sLirt with crystals less than 0.001 In. thick because the Ion 
thinning process Is relatively slow ( <0.5^in/hr) and surface irregularities are more 
likely if greater amounts of material must be removed by ion thinning.   A variety of 
mechanical polishing techniques has been attempted, with extremely limited success- 
n n^?T of <0lT2)-orIe'rted crystals were polished to thicknesses of 0.0017 «n. and 
0.0024 in. 

The mechanical lapping and polishing procedures used in these investigations 
have typically started with (0112)-oriented A^ wafers 0.010 in. thick with both 
sides commerciaily polished.   The wafers are attached to a polishing jig with a 
low-melting-point wax and lapped on a vibratory polishing machine to ^0.006 in thick 
using 400-mesh boron carbide abrasive.   The jig and mounted wafers are then trans- ' 
ferred to an optical polishing machine and polished with successively finer diamond 
abrasives   beginning with 3jxm particle size.   The wafers processed In this way have 
often shattered at thicknesses of 0.005 to 0.003 In. 

n,« n IAI6/011^1^ Parameter8 were changed In various ways In attempts to produce 
the 0.001 In. thickness required: shape, mounting arrangement, and edge condition of 
wafers; size and number of wafers (hence surface area and polishing pressure): size of 
abrasive and wafer thickness at which the abrasive Is first applied: type of slurrv 
size and surface configuration of lapping plate; and type of polishing motion. 

k-,i iJ^1!1. £f gevner^ ,?.Pp,ng and P0,,8hln8 method, only one group of wafers (which 
had been lightly chemically etched In H3PO.: H2S04 (1:1) solution before lapping) wTs 
seccess u y polished on both sides to , thlcWss of 0.0017 In.   This group was th^n 
successfully cut  Into about 0.030-ln. d.a disks for subsequent ion-beam thinning 
A  empts to reproduce the polishing were unsuccessful.   A second group of wafers 
without the chemical etehinftwas polished to 0.0024 In. and subsequently cut Into 
0.030-ln. dla disks.  Only one side of the latter group was polished:   the other side was 
lapped only and quite rough. 

»K- n ^'yrther 'n-house me rhanlcal polishing of this type Is now planned.   In view of 
ur IH       8UCCC88 and the diminishing rate of Improvement. It has been decided to 

shif the manpower to a different facet of the program.   Furthermore, wafers <0.001 
In.   « ck «re now commercially available, and these have recently been successfully 
cut Into 0.030-ln. dla disks.   Actually, wafers as thin as 0.0006 In. are available ♦ 
but no technique has yet been found to cut them into small disks without shattering. 

.. . JrS001 CtCh,n?.wf. A?203 ^ KMn04 fux at 700 to 1000C has also been attempted 
as a possible merns of thinning substrates.   (0112)-ortented wafers originally 0.010 In. 
hick were radllv recced to   0.004 In. with a relatively flat and uniform surface. 

However, further etching to thicknesses of 0.002 In. leads to rapid edge dissolution 
S! aJ;0.rrAT? .,ng.,aiF ^^ ,n lh,ckne88-   As an alternate approach, samples 
thinned to 0.004 In. In the KMn04 flux were then etched further at -225C In all 
mixture of H-P04 and H28O,. which provided a much slower etching rate (0.25um/hr) 
Several samples were etched to slightly less than 0.002 In. with only moderate breakage 
and surface faceting. One sample was further thinned to 0.0003 to 0.001 In.. but severe 
bnnknge was encountered and only a few small pieces survived: those have been cut Into 
<n«mi for Ion thinning. 

E. g., Insaco. Inc.. Quakertown. PA. 
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c.   Ion Thinning of Substrates 

Development of the Ion-beam sputtering technique as a method for thinning 
Ai203 substrates has continued during the past six months.   The operation of the 
ion-beam machining apparatus has been refined Into a relatively routine, albeit 
time-consuming, operation essentially free of difficulties. The thinning rate for 
A£2^3 remains low, ~0.5jim/hr, so each sample required 2 to 5 days of operating 
time. Of the samples thinned to date, ~20 percent have yielded thin areas at least 
marginally suitable for use In the in situ studies. 

A typical Ion thinning procedure begins with the mounting of one or more AioO^ 
disks 0.030 in. in diameter onto a sample holder. A beam of Ar+lons at G-10 kV and 
-100 pamp/cm^ Is directed at tb^ central area (0.015 to 0. 020 In. across) of the 
crystal at a glancing angle of 10 to 30 deg. Thinning proceeds until a perforation occurs. 
The area around the perforation Is wedge-shaped In thickness but suitably thin for 
substrate use over an area~5fim wide. The thin areas are surprisingly robust, so that 
the overall fabrication yield, Including Ion thinning and the handling Involved In loading 
onto the heating meshes of the electron microscope mlcrochamber (see Subtask 5), 
Is nearly 10 percent. 

The substrates that have been prepared In this manner were similar In character, 
the thin areas being comparable with those shown In Figures 12 and 20 In the fourth semi- 
annual report (Ref 4). Thickness Irregularities were normally present, so that extended 
areas of unlformly-thln electron-transparent substrate were seldom found. The thickness 
gradient always present limited the usable thin region to ~ 5 um in width.   Flux-grown 
(OOOl)-oriented AJgOg crystals Initially Sfxm In thickness (obtained from Prof. E. White 
of the University of London) had thickness Irregularities that were less frequent and 
less severe. The factor most likely responsible Is the small Initial thickness, but 
another possibility Is the relatively smooth starting surface of the crystal.   An 
Improvement in thickness uniformity and the consequent enlargement of the thinned 
area is the strongest Impetus for producing starting (pre-ion-thinning) wafers less 
than  0.001 In. thick.   Other Impetus, of course, Is in the reduction of the ion-beam 
thinning time required. 

It was shown In the previous semiannual report (Ref 4\ that one apparent cause of 
the thickness Irregularities Is contamination blocking certain regions of the substrate 
from the ion beam. Experiments this period have shown that another causative factor Is 
an Initially rough surface. This was demonstrated by the lon-thlnnlng of samples 0.0024 
In. thick which were polished and smooth on one surface and lapped and quite rough on 
the other. The polished side remained smooth as a result of the sputtering action of the 
Ion beam, with the exception of the normal formation of a few "protuberances" (Ref 4). 
The lapped side was made smoother by the sputtering but was still relatively rough, 
even when some region of the crystal first reached zero thickness. At this juncture the 
surface was found to consist of numerous approximately hemispherical mounds 20 to 40(im 
In   dla. At the edges and Intersections of the mounds there were numerous electron- 
transparent regions which had an extremely large thickness gradient and a corresponding 
narrow thin area. This behavior was observed for beam Incidence angles of 10 and 30 
deg. Thus, It Is concluded that Initially smooth surfaces are a necessary condition for 
the formation of large lon-thiuned regions. 

27 

■ 

^M -—^ aal 



i"1" 

d .   Determination of Depth of Surface Damage  in AiLOo 

A series of experiments designed to provide a measure of the depth of the 
damaged region caused by the mechanical sawing, lapping, and polishing processes 
used on A^Og to produce epitaxy substrates has been started, with (0001) - and 
(i014)-oriented slices the first to be examined.   The (0112) and the 5-deg-off-(1120) 
orientations are also to be investigated. 

The technique used is to observe etching rate as a function of the amount of 
surface material removed (based on weight-loss determination), with the appearance of 
a constant etch rate taken as indication that the main part of the severely damaged 
region has then been removed.    The chemical etchant being used in these measurements 
is a 1:1 mixture of HßPC^ and H2SO4, with a temperature of 200 to 225C and continuous 
agitation of the etchant also required.   Although there may be some uncertainty at this 
stage about the structural significance of the etch rate reaching a constant value, the 
technique has been found useful with other substrate materials (e.g., BeO) for indicat- 
ing depths of severe damage and variations in this depth as a function of mechanical 
treatment and of crystallographic orientation. 

Only preliminary results are available at this time, but these indicate that both 
orientation differences for a given mechanical surface treatment and surface processing 
differences for substrates of a given crystallographic orientation are being detected 
by this method.   Results will be given in the next semiannual report. 
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5.   SUBTASK 5.    STUDIES OF IN SITU FILM GROWTH IN THE ELECTRON 
MICROSCOPE 

In the first year of the program many of the modifications required in the electron 
microscope for in situ observation of the nucleation and early-stage growth of C/D 
semiconductor films on insulating substrates were completed.   Provision for motion- 
picture recording of film growth was assembled and tested, and the heated specimen 
stage was installed and tested.    The first jn.situ PVD experiments were also carried 
out near the end of the first year. 

During the first six months of the second year a series of electron microscope 
modifications and tests was completed, culminating in the first series of successful 
PV    experiments inside the electron  microscope.   All was deposited onto a heated 
carbon substrate and a sequence of micrographs taken during the growth prot3ss, 
demonstrating the feasibility of performing in situ nucleation and growth studies in 
the equipment.   A transmission phosphor screen (for the motion picture camera) was 
installed, permitting motion picture photography which does not interfere with the 
normal still photography.   The auxiliary vacuum pumping system for the specimen 
chamber was fabricated, installed and tested.   The basic vacuum system of the 
microscope itself was improved by addition of a cooled baffle, by polishing the O-ring 
grooves, and by thoroughly cleaning the microscope interior.   A PVD source assembly 
was fabricated, installed and used in conjunction with the specimen heater to perform 
the PVD experiments. 

Calculations and design for the CVD microchamber were also completed, and the 
fabrication of the microchamber and the differential pumping apertures was begun. 
At the end of the second year a modified design of the CVD microchamber and associated 
hardware was developed and fabrication nearly completed.   Numerous additional in situ 
PVD experiments were carried out, with both Ml and Au deposited onto amorphous 
carbon substrates to delineate further the required techniques and experimental 
problems to be encountered in the CVD experiments. 

During the past six months, the fabrication of the CVD microchamber and its 
mounting flange has been completed.   A gas handling manifold has been installed on 
the electron microscope and connected to the CVD flange.   Focus tests of the micro- 
chamber were completed satisfactorily.   Gas flow experiments were performed to 
determine the flow rate of gas through the microchamber as a function of pressure .ind 
to determine the maximum pressure attainable in the microchamber.   Constructional 
details of the microchamber were described in a brief technical paper (Ref 8) during 
this period;   the paper is included in this report as Appendix B. 

Several in situ CVD experiments have now been performed, resulting in the 
successful growth of Si films on amorphous carbon substrates.   Although the experiments 
were preliminary in nature, several important features have been demonstrated: 

1. The pyrolysis of SiH. to form Si inside the electron microscope 
is feasible. 

2. Crystalline Si can be grown on amorphous carbon substrates. 

3. The pyrolysis reaction appears to have an "incubation period. " 
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4. Nucleation of Si on amorphous carbon is relatively slow, with 
subsequent growth rapid. 

5. The Si islands formed are three-dimensional, angular in nature, and 
do not change significantly during coalescence. 

a.   Microchamber Testing and Gas Flow Measurements 

Fabrication of the CVD microchamber and CVD flange was completed early in 
this reporting period; they are shown in Figures 1 and 2, respectively.   Beam focus 
tests were satisfactory, with the substrate in proper focus at all magnifications from 
1500X to 100,000X. 

With the removable aperture and aperture cap of the microchamber (Figure 1 of 
Ref 8 — see Appendix B) in place, the objective aperture of the electron microscope 
must be withdrawn and cannot be used.   The removable aperture is used in its place, 
with the resulting image quality a function of the aperture size, being better the 
smaller the aperture size.   Currently a 100^m dia removable aperture is used in 
place of the normal 25^m objective aperture, with a consequent slight reduction in 
image quality.    (This appears as a loss in contrast and an increase in overall back- 
ground intensity, which is visible to the experienced observer in Figure 7a.)  As 
more experience is gained in aligning the removable aperture, a smaller aperture 
size will be used and no loss in image quality will be present. 

A gas-handling manifold and metering system has been installed on the micro- 
scope.   It is shown in the photograph in Figure 3 and schematically in Figure 4.   The 
manifold is of stainless steel tubing (1/4 in. dia) connected to the microchamber through 
the CVD flange, which fits in the right-hand side of the microscope specimen chamber. * 
Gas is bled into the microchamber through a Whitey 22RS4-A metering valve, and the 
microchamber pressure is measured with a leybold-Heraeus TM202 thermocouple 
gauge. 

The gas flow tests conducted with the   microchamber and gas handling manifold 
were of two types:   (1) the gas pressure in the electron microscope was measured as 
a function of the microchamber gas pressure, and (2) the flow rate of gas through the 
microchamber was measured as a function of pressure.   The tests were conducted as 
follows.   The gas pressure in the electron microscope was measured by an ionization 
gauge mounted on the left-hand side of the specimen  chamber.   The microchamber 
pressure was measured by the thermocouple gauge mounted between the microchamber 
and the metering valve, so the measured pressure may be somewhat greater than the 
actual pressure in the substrate region.   Both apertures were 0. 004 in.  in diameter. 

Results of the pressure tests with only the normal microscope pumping system 
in operation are shown in Figure 5.   The maximum pressure permissible in the electron 
microscope is 1 x 10~4 torr, which corresponds to a maximum permissible micro- 
chamber pressure of approximately 1500 miilitorr.   The maximum permissible 

*The term "specimen chamber" refers to that relatively large portion of the electron 
optical column of the microscope containing the CVD microchamber and the specimen 
holder stage with its associated control mechanisms for translation.   With a con- 
ventional electron microscope specimen holder in position, the specimen chamber 
would also contain a specimen holder exchange and an airlock mechanism. 
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Figure 1.   CVD Microchamber, Disass    .bled 

M 

Figure 2.   CVD Flange for Electron Microscope, with 
Assembled Microchamber Mounted in Place 
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Figure 3.   Electron Microscope and Gas Handling Manifold 

microchamber pres-.sure will vary from one run to another, as shown by the four tests 
of Figure 5, presumably dependent upon how tightly the removable aperture is reinstalled. 

Pressure tests with the auxiliary pumping system installed showed only a slightly 
higher maximum permissible microchamber pressure.   It thus appears that a larger  " 
pumping capacity is required for the auxiliary system to be of significant value. 

The gas flow rate through the microchamber has been determined by measuring 
the pressure decay when the metering valve is suddenly closed.   The rate at which 
gas flows out is given by G = [VP^TBOCtg-tDlIn (P^Pg), where G is the flow in cm3/min 
corrected to standard temperature and pressure,  Pi and Po are the pressures in torr 
at times ^ and t2, and V = 9. 7 cm3 is the internal volume of the microchamber, 
thermocouple gauge, and connecting tubing, 
pressure as shown in Figure 6. 

The gas flow was found to vary with 

The presence of gas in the microchamber causes unwanted multiple scattering of 
many electrons in the electron beam, which consequently destroys the image quality 
Estimates of the magnitude of this effect (Ref 2) have been shown to be correct, as 
only a slight change in image quality is noticeable.   Figures 7a and 7b illustrate the 
loss of image quality visible in a network of cellulose acetate (a processing residue) on 
an amorphous carbon substrate, with the microchamber containing 50 percent SiH4 and 
50 percent H2 at a pressure of 3.5 torr. 
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SI whiskers, shown In Figure 10, became visible or the carbon substrate after 
-10 mln.   The SI whiskers grew by the vapor-liquid-solid (VLS) mechanism, as 
evidenced by the small liquid droplets visible on the tins of the whiskers.   The whisker 
growth was more prominent near the heating grid 'the source of the liquid contaminant) 
and quite sparse In the central substrate regions. 

Conventional SI nucleatlon, growth, and coalescence were observed on the substrate 
after 30 mln. These phases of the development of the depositare shown in Figures 11a 
through lie.   Although the original negatives were overexposed, a considerable amount 
of information concerning the growth mechanism can be obtained from photographs 
made during the growth process.   Perhaps the most significant feature Is that the 
ni'deatlon of SI on amorphous carbon Is slow compared with the subsequent growth of 
the deposit.   There appears to be an Incubation period, -30 mln In the experiment 
described here, during which no nuclei form on the substrate.   Once nucleated, however, 
the SI grows relatively rapidly and no further nucleatlon occurs. 

Another growth feature of Interest Is that the Si formed is three dimensional, as 
are the nuclei In most thln-fllm growth processes.   Different, however. Is the shape 
of the particles, the SI being considerably more angular In nature than most other 
nuclei that have been directly observed during film growth.   The growth sequence 
shown here (Figure 11) Is also different In that the SI Islands are quite large at the 
time of coalescence, with very little shape change occurring at the point where two 
islands coalesce.   This suggests a low surface diffusion coefficient for the Sl/carbon 
system. 

1 Win 
1 

Figure 10.   SI Whiskers Growing on Amorphous Carbon Substrate near Heating Mesh. 
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(a) 

(b) 

(o) 

Figure 11.   Growth Sequence on Amorphous Carbon Substrate (a) 30 min, (b) 32 min, 
(c) 33 min after SiH4 Was Introduced into Microchamber. 
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rvn J    H-W       Pj6»01»6^ shown in this experiment, if truly characteristic of Si 
5. & T ^ Pyrolysis of SiH4. are significantly different from conventional 
thin-film growth and thus warrant considerable study.   The conclusions stated above are. 
of course.preliminary in nature and must be verified by further experimentation. 

6. SUBTASK 6.    EVALUATION OF FILM PROPERTIES 

K        PKK"? 
t]le ^ ^^ the routine ev 'iation of film Properties was carried out 

by established methods of X-ray and electron diffraction analysis, metallogmphic 

A1*' f ^ eleftr!CaI ,!!eaS"rements of transPort Properties,   m addit S^new 
technique for evaluating the characteristics of the interfacial region of heteroepitaxial 
fltas was developed   involving measurement of the photoelectron emission from 
monochromatically-illuminated films in the MIS configuration on insulating (viz. 
fhfek3   in   ^f*- *?Miy*L^e Photocurrents due to electron transport through 
enetrl    pÄÄn^1,^208 substrates were «measured as a action of photon 
energy.   Photoelectric threshold energies, escape length (mean free path) of excited 
electrons, and band bending in the semiconductor film adjoining the interface were 
^"ined

fi
n t?e S[/^20* and GaAs/^203 systems.   Observation of the energ; 

spectrum of back-scattered proton or alpha-particle beams injected in channeline 
direct.ons to heteroepitaxial semiconductor films was also investigated as a means of 
measuring the density and the location of structural defects in the fitas.   E Jertments 

SÄr S1S1/^ W f;ImS.haVe 'TlimperfeCt interfacial regions thanTocX 
on ^1^ In     TK

he
f 
be,st str"ctures of those examined were found in (100) Si films 

on (0112) A£203 substrates and in (111) Si films grown on near-(1120) A^Og subTrates. 

In the first part of the second year the study of the effects of changes in 
^nc H     Kf™^!1,8 0n Si/A2203 Kl*" Properties continued.   Those studies provided 
considerable insight into the factors which most strongly influence film quahtv   so 
that identification of some of the conditions for optimised film gro^hI'varSs 
AioOg orientations could be made.   The importance of reactor geometry ws recognized 
and demonstrated; the extent of A* autodoping from the substrate was estaWish^and 
appropriate annealing procedures for minimizing the effects were dSemtoed    The use 

IrZZZt ZT' Y??* SUbStra? orientatio"s («.«. • near the (ufoTpLne) for Si growth led to epitaxial films as good as .r better than those previously reported. 

The measurements of photoemission of electrons from heteroepitaxial semi- 
conductor films and of the transport of electrons in A^Og were L?rLd fur her    Wo 
functions of additional metals were determined, and the mechanism of electron t^ 
port through the insulator was shidied further.   Measurements of high-feW transport 
properties of Si and GaAs heteroepitaxial films were also initiated. transport 

The evaluation work in the final months of the second year included (1) studv of 

enects attributed to high defect densities or inhomogeneous strains were observed- 
(2) the first stages of an extensive experimental study of the anisotropy of the Srir.l 
properties m Si/A^Og; (3) evaluation of the electrical properttero^Ls on 
Zlfifn       erdenCe ^ rtype filmS with mobilities higher than hose obteined in 
^Jl^VI-uTr?*? be 0btained; (4) additional measurements of the electScal 
properties of Si/A^Og to establish parametric relationships among temneSture 
growth rate, and substrate orientation; (5) further study onhe^hofoeSrfo effects 

Work 
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observed in the Si/A^Os system, including verification that the observed phenomena 
do result from photo injection of electrons from metal films into A^O« and determina- 
tion of the work functions of additional metals and the heights of the metal-A^Os 
interface barriers; and (6) additional measurements of the high-field transport 
properties of heteroepitaxial films. 

The anisotropy studies were concentrated in the (221)Si/(1122)Ai?203 and the 
(100)Si/(0112)Aj?2O3 systems.   These two Si planes are basically different in that the 
anisotropy in the (221) plane can be expected for any Si heteroepitaxial system, while 
that in the (100) Si plane results from the anisotropic thermal contraction of A^O^ 
and would not be present, e. g., in the Si/MgA^C^ system.   The mobility anisotropy 
factor A, defined as the ratio of the difference between the maximum and minimum 
values of carrier mobility in the plane of the film to the average value of the mobility in 
that plane, was found to be about 40 percent for the (221) plane and about 9 percent 
for the (100) plane.   Results of calculations (Subtask 1) based on the piezoresistance 
effect  in Si resulting from the difference in the thermal expansion coefficients for Si 
and A&2O3 agreed well with the experimental data.   The calculations and the experi- 
mental results also indicate that (221) Si probably exhibits higher electron mobilities 
than other more commonly used orientations. 

In the past six months further experimental studies of anisotropy in the electrical 
properties of (lllJSi/A^Oß have been in progress, using both (1014)- and   (1120)- 
oriented AünOs substrates.   The observed anisotropies have not agreed with the 
predictions of the piezoresistance model for this Si orientation, for reasons which 
have not yet been established (Subtask 1); anisotropies as high as 30 to 40 oercent have 
been observed, while the stress model predicts values the order of 6 percent.   These 
discrepancies are still under investigation because the anisotropy effects which ha re 
been discovered and largely explained by the stress model are highly significant to the 
entire technology of heteroepitaxial semiconductor devices. 

During this same period the electrical evaluation of (111) Si films on MgAuo04 
has continued, with some evidence that the mobility decreases much more rapidly 
with film thickness (for thicknesses less than -0.5 |Jm) than it does in the Si/A^O^ 
system.   This indicates a need for a comparative study of early stages of film growth 
in the two systems to assist in identifying the preferred substrate material for Si 
heteroepitaxial devices. 

Recently, the experimentally observed inhomogeneity in the donor concentration 
in a CVD Si/A^Os film from point-to-point over the film area has been investigated 
in an attempt to identify and correct the cause. 

In other recent evaluation work some additional attempts have been made to 
obtain high-field transport characteristics of Si and GaAs films on A^O^; although 
contact problems have continued to be troublesome, high-field data have been obtained 
(including some at 77K) with good consistency among the samples measured.   The study 
of photoelectric properties of A^C^-based systems has concentrated on attempting 
to determine the nature of the dependence of the photoinjected current upon the 
condition and method of preparation of the A^Os surface. 
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a.   Anisotropy Studies in the Si/A^Og System 

Experimental studies of the anisotropy in the electrical properties of 
(lll)Si/~(1120)A<2O3 have been nearly completed during this report period.   Thit, 
particular orientation of A^Oa has been explored in detail during the past year since 
it yields high quality nominally (lll)-oriented Si epitaxial films.   The specific 
orientation of the substrate that has been used (5 deg from the (1120) plane) is found 
to result in a Si film whose orientation is 4 deg off the .(111) Si plane. 

The anisotropy effects observed have not agreed with the piezoresistance calcu- 
lations previously carried out for the (1 ll)Si/(1120) A^*^ system.   These calculations 
predict a mobility anisotropy, described by an anisotropy factor AJRef 4) of 6.4 percent 
with a maximum mobility occurring parallel to one of the Aje2O^<1100> directions in 
the plane of the substrate.   In contrast, the experimental data indicate that a mobility 
maximum occurs approximately 50 deg from the [1100] axis.   The magnitude of the 
anisotropy varies considerably for the samples measured but averages -16 percent. 
Table 8 shows the pertinent results obtained from a computer fit of the data on various 
samples.   As in previous planes analyzed, a fit is made to the equation ^7% = 
(B + C cos 2e)~r, where B and C are constants. 

The transverse effect, given theoretically by an equation of the form 
ET/JPQ 

= D sin 26, where ET is the transverse electric field, has also been examined 
experimentally.   The coefficient D, deduced from a computer fit to the data, is also 
given for various samples in Table 8.   The experimental curve for the transverse effect 
is found to result in Em = 0 at approximately 50 deg from the [1100] axis.   The 
theoretical treatment for the "on-axis" case predicts a zero transverse field for 
j//[1100].   Thus, the experimental results for the transverse effect are displaced the 
same amount from the theoretically predicted direction as they are for the longitudinal 
effect. 

Calculations for the off-axis case (5 deg from the (1120) plane) have been completed 
(see Subtask 1).   Both the location of the mobility maximum and the magnitude oi the 
anisotropy calculated from the thermal stress model do not appear to agree with the 
experimental results discussed above. 

Studies of the electrical anisotropy in (lll)Si/(10i4)Af 2O3 have also beeb continued 
during this report period.   Detailed data on six films grown in a vertical reactor and 
three films grown in a horizontal reactor have been obtained.   Those grown in the 
vertical reactor were found to have considerable scatter in the mobility data, probably a 
result of inhomogeneities in donor concentration in different regions of the film. 
Estimates indicate that the anisotropy factor (a computer fit has not yet been carried 
out) for these films is -30 percent.   The three films grown in the horizontal reactor 
showed relatively homogeneous properties and little scatter in the mobility, although 
the mobilities were quite low.   The latter, films yield an anisotropy factor of ~40 percent. 

A summary of the data obtained on these samples is shown in Table 9.   The 
coefficient D of the transverse effect for this orientation averages 0.17, compared 
with the theoretically predicted value of 0.012.   Also shown in the table is the maximum 
variation in carrier concentration (^n) measured on the different legs of a given sample. 
It can be seen that the homogeneity in film properties (represented by a small An) is 
much better for the films grown in the horizontal system, although the average mobilities 
of the films are lower. 
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Table 8.   Anisotropy Parameters for -(lll)Si/~(1120)A£2O 

Sample No. 

^A 
2 / 

(cm /V-sec) 
A 

(Percent) 

Anele of ^max 
from [1100] 

(deg) 
D 

Angle of.Zero 
Transverse Effect 

(deg) 

LM-71 489 32.5 42 0.158 42 

LM-67 578 14.6 47 0.153 45 

LM-83 557 6.9 55 0.091 51 

LM-91 587 11.0 63 0.046 71 

LM-105 570 15.8 55 0.077 55 

LM-1Ö9 527 21.5 44 0.13 50 

LM-110 594 10.8 41 0.17 45 

Averages 16 50 0.12 51 

It is evident that the anisotropy in mobility and the associated transverse effect 
in the (lll)Si/(10T4)A£2OQ system are much larger than the values predicted  (-4 percent 
and 0.012, respectively) by the stress model heretofore applied.   Further studies of 
the (lll)Si system are clearly necessary before an understanding of the origin of the 
discrepancies between theory and experiment can be acquired. 

Attempts have_been made recently to examine the variation of the anisotropy 
factor in (221)Si/(1122)A£203 films as a function of film thickness.   It is hoped that 
such data may provide information of the variation of stress in htlüroepitaxial films 
with film thickness.   The results of this preliminary study are shown in Figure 12, 
Where the measured anisotropy factor A and transverse-effect coefficient D are plotted 
versus film thickness.   Although there is considerable scatter in the data, there does 
appear to be a trend for the anisotropy effects to increase for the thinner films.   At the 
present time, however, there is still some question as to whether the anisotropy is a 
function of the average mobility in the film.   Such a dependence of anisotropy upon 
mobility would also lead to the results shown in Figure 12, since the mobility decreases 
with decreasing film thickness.   Further experiments now being planned should provide 
more insight into this question. 

In order to rule out surface conduction effects as a significant contributor to the 
observed anisotropy in Si/A^Os films, a set of photolithographic masks has been 
designed to allow measurement of transport properties under flat-band conditions. 
Using this technique, the anisotropy bridge pattern will be covered with an oxide and 
the active portion of the bridge will in turn be covered with an A £ film.   This structure 
will then form an MOS device, and the transport properties will be measured as a 
function of gate voltage. 
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Pl«ure 16.   High-field l-E Characteristic of N-type (lll)GaA8/(0001)A/2O3 
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Figure 17.   High-Held l-E Characteristic of N-type (100)Sl/(0112)A/2O3 
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7.   SUBTASK7.   DESIGN AND FABRICATION OF DEVICES 

SI/A,2o3 nims as a meana of evaluating their electrleal propertlea Were „ot aLeceaafuI 

In Si/A^oO. films were obtained   nftLi„m, f rel
1
,mInary re8uUs on carrier lifetime 

strueturea, on the L^S^Tt^Si'SS^^S^t ^ 
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Lifetime measurements in both Si and GaAs films as a function of film thickness, 
carrier concentration, and crystallographic orientation were obtained on numerous 
samples, with thicknesses ranging from ~1 to ~10fj.m and resistivities from -0.01 to 
-1 ohm-cm.   Analysis of the data for Si films Indicated values ranging from 9 x 10"12 

to -5 x 10-1° sec.   Attempts were made to find correlations between carrier lifetime 
and film resistivity and thickness but those studies have not been completed.   Similar 
measurements were begun on GaAs films on Ai203 substrates. 

In the past six months an analysis of surface effects on the results of the lifetime 
measurements was carried out.    Recent device efforts have produced Schottky-barrier 
diodes (in n-type Si/Ae203 samples) having good reverse but unsatisfactory forward 
characteristics, so further improvements are being sought.   The Schottky-barrier FET 
structures that have been made are still not satisfactory, with further work still in 
progress.   Plans have also been made to adapt surface charge transport techniques 
developed with bulk single-crystal Si at NR (to facilitate fabrication of a variety of 
memory, shift register, analog delay line, and optical imaging devices) to Si/A^Oß or 
Si/MgA£204 to produce charge-coupled devices (CCD).  Observation of CCD operation 
will give information about the density of trap states at the Si-oxide interface, the rate 
of generation of minority carriers in the Si film, and the effects of various processing 
steps on these characteristics.  An existing set of masks and an already-developed 
process will be used initially; tolerant specifications will permit a minimum of experi- 
mental effort being spent studying charge transfer itself.   The Si to be used must have 
carrier concentrations <101('cm~^ and preferably be n-type; film thickness should 
exceed ~3|am to accommodate the gate depletion regions. 

a.   Minority Carrier Lifetime Measurements 

The pulsed-capacitance MOS technique used at UCLA for measurement of 
minority carrier lifetimes in the heteroepitaxial films has been described in previous 
reports (Refs 3, 4).   This technique has been used to provide data on both the 
minority carrier lifetime Tg and the surface recombination velocity s in Si/A^C^ 
films of thicknesses ranging from 1. 4 to 9. 0|j.m and of various resistivities in the 
(100) and (111) orientations.   The following analysis of the pulsed-capacitance MOS 
technique has been performed in order to establish the effects of surface phenomena on 
the lifetime measurements. 

Let D be the diameter of the gate electrode of the n-type MOS capacitor. 
(The following analysis is valid for D>20fjLm.)  When a negative voltage is applied on the 
gate electrode a space-charge region (SCR) is formed in the semiconductor.   The 
value of s is a maximum immediately after the application of the voltage step (depleted 
surface) but decreases rapidly as the minority carrier concentration increases through- 
out the transient.   If the MOS capacitor is pre-biased into inversion prior to the 
depleting voltage step, then the surface recombination velocity in the region of the 
surface directly beneath the gate electrode will remain at a very low value throughout 
the transient. 

Due to impurity redistribution effects the SCR width yd along the Si surface will 
differ from the SCR width xj perpendicular to the gate electrode.   For a boron-doped 
Si sample oxidized in steam at 900C typically yd = 2.7 xj.   For a phosphorus-doped SI 
sample oxidized under identical conditions yj = 0. Sxj.   With the surface generation 
currents being reduced to an edge effect when pre-biased into Inversion and with 
Impurity redistribution effects being considered, the MOS transient is now described 
by the equation 
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where C  = MOS capacitance per unit area, 

Co= oxide capacitance per unit area, 

CF= MOS capacitance per unit area at end of transient, 

Ng- Si bulk doping concentration, 

Ng= Si surface doping concentration, 

nj = intrinsic carrier concentration, and 

C1=!L. 
1     Xj 

In the last tenr, «   = Si permittivity, xj is a parameter that defines the extent of the 
ft^y redlStributl0n (Ref 4)' and Tgeff is an "effective" thermal generation lifetime 

'eff 

4as 
D (4) 

where Tg = actual bulk thermal generation lifetime, D - gate diameter, and a B 

H«nl«^Sl >     ?lnl   qi4) 1S the Value 0f the surface recombination velocity for the 
Äf    ? f ai.SCR a|ld SO Should rePresent the maximum surface recombination 
velocity of he Si sample.   The effect of the surface on the MOS transientXs now been 
reduced to that of an edge effect.   Schroder and Nathanson (Ref 9  first noted th^ 
effect on pulsing from accumulation to inversion.   With the capacitor pre-bTased into 
inversion, however, the surface effects are essentially eliminated. 

The maximum possible value of s is given by Smax = | , where v is the thermal 

velocity of the minority carriers.   For holes with v = 5 x 106 cm/sec the maximum 

possible value of the surface term ^ is. for a = 0.5 and D = 5 x lO^cm. equal to 

10   sec-l.   For bulk thermal generation lifetime values of T£   SIQ-S Sec the surface 

KÄ/AT^
68

, 
negUgible in C™P*™™ with the^oulk generation term     For 

all of the Si/AigOg samples measured thus far Tgeff was found to be < 5 x 10-1<W   °o 

t^n «.SK be eoncluded that the generation-recombination mechanisms are bulk - rather 
than surface-dominated in these samples. ratner 
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One further feature of Eq (4) is that a plot of l/rg     versus 1/D should yield a 
straight line whose intercept on the lh       axis is proportional to 1/T„ and whose slope 
is proportional to s. e" B 

No correlation has been found between Tg and the Si resistivity in these Si/A^O-j 
samples fcpr resistivity values between 0.018 and 0.3 ohm-cm.   Values from 2 x IQ-li 
to 5 x lO-^O sec were observed for x .   The Si film thicknesses ranged from 1. 4 to 9. O^m 
in the samples studied.    Lifetime varües of 6 x lO"11 sec  were observed in the thinnest 
(1.4pm) films and values of 5 x 10"10 sec in the thickest (9. Oixm) films.   In general, the 
thicker films exhibited the larger T„ values, but much scatter in the data is evident. 
All of the samples  have been pulsed at several pulse amplitudes in order to investigate 
the variation in lifetime with depth below the top surface of each film; these data are 
presently being analyzed.   Low temperature measurements are also being performed 
on Si and GaAs films on A^Oß in an attempt to establish the effective energy level 
of the traps involved. 

b.   Miscellaneous Device Studies 

The attempts to develop a Schottky-barrier FET in heteroepitaxial film structures 
have been continued at UCLA.   The main difficulty encountered in this work to date 
has been in obtaining good chmic contact to the source and drain regions of the FET 
structure.   The method finally found successful has been described in the discussion of 
high-field transport property measurement (Subtask 6). 

In order to obtain a good Schottky-barrier exhibiting low leakage current several 
alterations in the masks and the associated processing steps were made; these 
resulted in fabrication of devices considerably improved over those made previously. 
However, Schottky-barrier diodes in these sc. nples still exhibited leakage currents 
higher than desired. 

Despite this continuing problem, such Schottky-barrier diodes have been used 
as the basis for Schottky-barrier FET structures fabricated in the composites.   The 
drain-to-source current-voltage behavior of one of these FET's in Si/A^Oß is shown 
in Figure 19.   The principal feature of the data shown is the domination by leakage 
currents in the low current-voltage region.   Further attempts to improve the FET 
characteristics are in progress. 

Preliminary studies of the properties of photovoltaic cells fabricated in SI/MOOQ 
samples, designed to exploit some of the unique features of these composites, have 
been undertaken.   Both a p-n function cell and a Schottky-barrier cell have been designed, 
although only the latter has been fabricated to date.   A p-type Si/A^Oß film l^m thick 
was used for deposition ofM contacts, after the usual buffer etching and predeposition 
cleaning of the Si surface.   The kl electrodes were sintered at 500C in a N2 atmosphere, 
and Cr-doped Au was deposited to form the Schottky-barrier electrodes on the composite 
sample.   This and similar devices are now under test for photovoltaic response; 
results will be described in a later report. : 
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Figure 19.   Drain-to-Source I-V Characteristics of Schottky-Barrier FET 
in Si/AiJ^o Composite 
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SECTION III 

WORK PLANNED FOR NEXT SIX MONTHS 

The planned effort for the next six months in the seven subtasks of the program 
will include the following.   There will be increased emphasis on device work in this 
period.   Because this will bs the final six-month period of the originally planned program 
it is anticipated that various changes will be made during the conduct of the work to 
ensure that the subtasks will all be advanced to the required level of accomplishment by 
the end of the contract performance period. 

1. SUBTASK 1.    THEORY OF EPITAXY AND HETEROEPITAXIAL INTERFACES 

The theoretical activities will be of two types and will include (1) additional 
studies of the piezoresistance effect and mobility anisotropy for certain orientations of 
Si/A^Oß films and (2) completion of the computer simulation of Si growth on A^OQ by 
pairwise-potential modeling. 

The comprehensive description of the mathematical framework of the Si/A^O« 
piezoresistance - mobility studies will be completed and will be published.   Attempts 
will be made to resolve the current difficulties in assessing and interpreting the 
•experimental results for  -(111) Si films on various substrates.   The current anisotropy 
studies have suggested that lattice constant mismatch stresses should be examined 
qualitatively as a function of film/substrate orientations; an attempt will be made in 
terms of an atom-matching model and/or an  interatomic potential model to determine 
if the qualitative and semiquantitative features of such stresses can explain the (111) Si 
results within the framework of a piezoresistance - stress model. 

The interatomic   potential modeling of the Si/A^Os system will also be resumed, 
initially for the case of Si on basal-plane A^Oß.   The atomic configuration of a small 
cluster of Si atoms will be determined under the constraint of minimum energy.   The 
end result sought is determination of the relative orientation between film and substrate 
in the Si/Ai203 system.   It is also intended that a second substrate orientation (perhaps 
(0112)Af2O3f which produces the (100) Si orientation) will be examined theoretically if 
time permits, with surface reconstruction and computer-simulated Si growth again 
attempted. 

2. SUBTASK 2.    DEPOSITION STUDIES AND FILM PREPARATION 

The work of this subtask will explore further the conditions required to obtain 
optimized single-crystal Si growth on AÜ2O3 and MgA£204 of various crystallographic 
orientations in order to identify the preferred substrate for Si device applications. 
Particular attention will be paid to the use of He-H2 carrier-gas mixtures in the growth 
process for Si and the effect of such mixtures on minimizing the autodoping phenomenon. 
The nature of the autodoping mechanism will be explored further, using bulk Si wafers 
and AJ(!203 and MgAj?204 substrates as sources of dopant in various gaseous atmospheres. 
The effects of gas flow rates and patterns, reactor and pedestal geometries, and 
temperature on film properties will also be examined.   P-type doping techniques for 
Si films on insulators will be developed so as to permit the growth and study of multilayer 
structures and the accompanying film interfaces and permit the fabrication and evaluation 
of such devices as bipolar transistors.   Achievement of higher mobilities in hetero- 
epitaxial Si films has renewed the possibility that bipolar transistors may now be 
feasible in the Si/insulator system. 
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Experiments will also be performed to determine the properties of GaAs Hlma trmwn 
on GaAs substrates and on AI2O3 and MgA£204 substrates'whch a ready cöntoin h^ 
S v      ^ f^S/. Ad?itional experiments with nucleation and early s4e nimVrowth 
otTntll    f Sl^n8ulat0/»nd GaAs/insulator systems will also be cTrrled ouUn 
LT ?K 

t^f
dcPendence of «1« electrical properties and structural characteristics on 

the method of preparation of the substrate.   Multilayer films of GaAs of .Itorn.Vin. 
conductivity type will be prepared on both A£203 i^Ä^Är Ä^S? 
interface problem and for fabrication of experimental deviL structures! 

3.  SUBTASK 3.   ANALYSIS AND PURIFICATION OF CVD REACTANTS 

film« hvhec!nlUdieS Sf the chfm,istry and reaction kinetics involved In the formation of Si 
films by SU 4 pyrolysis and of GaAs films by the trimethylgallium {TMG)-arsine (AsH^ 
reaction w,ll be continued.   Three main investigations will be undertaken. (       3) 

The first is based on the data obtained to date for the TMG-AaHo reaction     TWo 
date suggest that the reaction of TMG with AsIIo below 275C generates fC^o IG^H 
and (CH3GaAsII2)x as intermediates in the formltion of G^s"   Exper Slo Äe 
these compounds and examine their thermal decompositions will bTcoSed    Tit 
also planned that the reaction of (CII^Ga with AsHg above 320C. where^CH^OGV 
decomposes, will be investigated further. ^"s'S^ 

The second series of experiments is the study of the pyrolvsis of SiH^ over Aßnn0 
prior to the deposition of one monolayer of Si. to clarify mo^e J^tterolT^ * 

^L  f\SarfaT'   The Catalytic effect after the A*203 is preheated wiH ^e examined 
nlrp

eomerVatiC:nS Will
+u

e Carried 0Ut over a range of^emperatures to esteS the nature of the reaction m the Si deposition temperature region. 

The third investiation will be an examination of the suggestion that the rate of 
SiH4 pyrolys.s should increase at temperatures above ^700C in the presence of H 
penmen al data in the standard CVD reactors at NR indicate an incrSse in the2* 
efficiency" of the pyrolysis reaction as H2 is added to a He carrier ga^and also an 

increase, for a given carrier gas, with temperature.   The extent to ÄThepyrSSrBis 

n^a^ae\b
p%:n'iSSocbwy nT^^" T™**™6 by ^ ^^ V™*™ Zrt™ in im range up to -lOOOC will be examined carefully in these studies. 

in addition to the chemical kinetics studies, the analysis of CVD reactants 
«ÄÄy mU2S sPectrometric techniques, will be continued, as will cofkborative 
efforts with various vendors to obtain reactants of improved purity.   A  the orewnt 
.me there is no plan to initiate the synthesis of any of the rekctente a^NR laboratories 

o^erlÄTS^h^^^^^ impurity Content (and WeltStoT* oi a series ol Si and GaAs heteroepitaxial films as a function of distance from the film 
substrate interface will probably be carried out during this period utuSngn^wAuglr " 
elec ron spectroscopy apparatus; these data can provide an indirect measure (rf the 
purity of the reactants used.   Growth conditions and the electrical properties of fiLs 
will continue to be correlated with the results of reactant impurSya^fes to attempt 
to identify the primary sources of the properties observed in these films 
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4. SUBTASK 4.   PREPARATION AND CHARACTERIZATION OF SUBSTRATES 

A major part of the effort of this subtask consists of routinely preparing and 
characterizing substrates of Ak'-jO^ and M^.W.jC >.( for use in growing Si and GaAs films 
for other parts of the program.   In addition to this activity, however, the development 
of improved substrate surface preparation methods will continue to be a significant part 
of the subtask effort.   Mechanical and chemical-mechanical polishing methods, gas- 
phase etching-polishing procedures, ion-beam sputtering methods, liquid-phase etching 
methods, and annealing cycles at various elevated temperatures, as well as various 
combinations of these procedures, will be further evaluated for the purpose of finding 
the best available procedure for producing surfaces for heteroepltaxy. 

The preparation of ultra-thin (~200Ä) substrates of A^203 for the in situ CVD 
experiments in the electron microscope (Subtask 5) will continue.   The thinning tech- 
nique now employed — mechanical polishing to 0.001 — 0. 002 in. and subsequent ion- 
beam sputtering to ~200A — will still be used.   The alternative approach of chemically 
etchingofrom ~0.004 in. thickness down to ~0. 001 in. followed by ion-beam sputtering 
to -200A will be further investigated as a possible means of obtaining these substrates. 
Considerable effort will be placed on developing a technique for producing larger and 
more uniform thinned regions. 

The depth-of-damage studies. Initiated In the past six months using etch-rate 
methods, will be extended to other substrate orientations at various stages of surface 
preparation.   Other specialized techniques of material evaluation, such as reflection 
electron diffraction, replica and scanning electron microscopy. X-ray topography, 
backscatterlng of charged-particle beams, and Auger electron spectroscopy will be 
further exploited In order to find correlations between the Initial properties of the 
substrate surfaces and the eventual properties of the SI and/or GaAs films grown on 
these surfaces. 

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

The Initial work In the next six months will concentrate on determining the 
reproduclblllty of substrate heatlngand on calibrating the substrate temperature versus 
the grid heating current.   If necessary In order to attain a higher temperature, tungsten 
grids will be substituted for the present stainless steel and a higher current substrate 
power supply installed. 

In situ CVD experiments will be performed on (0112)-orlented A^Oß substrates, 
with later experiments on (0001) and/or (1014) orientations.   The nucleatlon, growth, 
and coalescence process will be studied primarily as a function of temperature to 
determine the mechanism whereby structural defects (e.g., stacking faults and grain 
boundaries) are incorporated into the growing film.   The effect of substrate surface 
defects, such as etch pits and scratches, on the film nucleatlon rate and the orientation 
of nuclei pinned at such defects will be examined and compared with nucleatlon 
phenomena on defect-free regions of the surface.   All variables will be examined with 
particular emphasis on the differences, if any, between the nucleatlon and growth 
mechanisms observed In a CVD system and those known to exist for PVD systems. 
Both bright-field and dark-field transmission electron microscopy as well as electron 
diffraction analysis will be used in these investigations. 
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The effects of Sil^/Hg ratio and the total gas pressure will be examined 
experimentally later In the program.   Further Improvements in the motion picture 
recording system will also be made, If needed. 

C.   SUHTASKG.   EVALUATION OF FILM PROPERTIES 

The routine evaluation of the structural and electrical properties of SI and GaAs 
heteroepltaxlal films will be continued by means of various methods of X-ray and 
electron diffraction analysis, metallographlc analysis, and measurement of both 
fundamental and device-related electrical properties.   Experiments using backscatterlng 
analysis of charged particle beams will be resumed for establishing the depth and 
density of defects In the films, with the results to be correlated with characteristics of 
the substrates used to grow the films.   Efforts to select the preferred substrate material 
in the Si/insulator system will continue, based on comparative measurements of film 
characteristics on A^Os and MgA<?204 substrates. 

It Is anticipated that new analytical equipment soon to be available will permit 
successive Auger electron analysis and removal of thin layers of the semiconductor 
film by ion-beam sputtering to be repeated sequentially, thus making posslbfc the 
investigation of the variation of film properties as a function of depth Into the film.   In 
addition, surfjce examination of both films and substrates will be carried out by 
techniques of scanning electron microscopy. 

Studies of the anlsotropy In electrical properties In the Sl/A£203 system will be 
continued with emphasis on determining the reasons for the anomalously large effects 
observed in Si films on or near the (111) orientation.   Similar studies will be under- 
taken on the Si/MgA^oO,   system.   Studies of the variation of electrical properties with 
temperature for Sl/AlLOg and Si/MgA£204 films will be continued, with emphasis 
placed on isolation of those effects associated with thermallv-lnduced stress.   The 
(221)Si/(1122)A£203 system will be used primarily for this work, since recent study 
has shown that there are current directions in these films for which the stress effects 
produce either (1) mobility degradation, (2) mobility enhancement, or (3) no effect on 
mobility.   Selection of the appropriate current direction thus will permit study of a 
variety of electrical properties.   These measurements will be supplemented by studies 
of amsotropic effects In the field-effect mobility in MOS devices, of particular 
Importance for potential device applications. 

The measurements of high-field transport properties of SI and GaAs as a function 
of temperature, film resistivity, film thickness, and crystallographic orientation will 
be concluded.   The studies of Internal photoemission in AinOa at various temperatures 
will be continued to help to characterize A^ substrate surface conditions; the effects 
of various annealing treatments on the photoemission characteristics will be explored 
Measurements will be made of the current-voltage characteristics and of the quantum* 
efficiency of the process In an attempt to model the charge transport mechanisms In 
AügOß. 

7.   SUBTASK 7.   DESIGN AND FABRICATION OF DEVICES 

There will be an emphasis in the final six months of the program on the design and 
fabrication of experimental devices In both SI and GaAs films on AloOs and MgA^oO,. 
substrates.   Some multilayer device structures will be grown directly (Subtask 2) by 
means of appropriate doping changes, but most devicea will be fabricated by conventional 
post-growth processing. 

63 

'   -    1 *^m mm 



Measurement of the properties of MOS devices will be used as a means for 
evaluating the characteristics of theSi/AfoOß and SI/MRAMM systems.   Comparison 
of devices formed in Si on various orientations of A^Os and MgAfnO.« will be continued 
so that the goal of selecting a preferred substrate for the growth of Si on insulators can 
be realized.   Attention will be given to the effects of stress on device performance, 
so that optimized device operation can be achieved. 

Existing surface charge transport techniques developed with bulk Si will be 
adapted to the Si/A?203 ^nd Si/MgA^O^ systems to produce charge-coupled devices; 
observation of device operation will provide Informationen the density of trap states 
at the Sl-oxlde interface, the rate of generation of minority carriers In the film, and 
the effects of various processing steps on these characteristics.   The fabrication and 
evaluation of both junction-type and Schottky-barrler photovoltaic cells will be continued, 
with cell performance characterized by current-voltage and quantum efficiency 
measurements under various conditions.   The measurement of carrier lifetimes will 
be continued on both SI and GaAs heteroepltaxial films on A?203 and MgA^^ substrates 
by the MOS pulsed C-V technique.   These measurements will be made as a function of 
film thickness, orientation and resistivity throughout a range of sample temperatures. 
Modifications now being made In the measuring equipment will permit measurement of 
lifetimes as low as 10~12 sec>   Analysis of the defect and impurity levels in Si and GaAs 
heteroepltaxial films using pulsed Schottky-barrler diode measurements will also be 
undertaken. 

In addition to fabricating, testing, and evaluating Schottky-barrler diodes and 
FET's In both SI and GaAs films on A^o^s and MgA^C^ substrates, some bipolar 
devices will be made in which carrier lifetime will be improved by UCi gettering during 
the oxidation process.   Attempts will also be made to fabricate, test and evaluate a 
solid state photomultlpller using heteroepltaxial films.   Other optical device applications 
Involving the unique optical transparency of the insulator substrate will also be examined 
if time permits. 
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SECTION IV 

PROGRAM SUMMARY TO DATK 

The overall objective of the program, for which this is the Fifth Semiannual 
Report, is to carry out a fundamental study of the nucleation and film growth mechanisms 
in heteroepitaxial semiconductor thin films, leading to new knowledge and understanding 
of these processes, and then to apply these results to the preparation of improved 
semiconductor thin films and thin-film devices on insulating substrates. 

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

1. Investigation of the many aspects of the mechanisms of heteroepitaxial film 
growth, to establish (through accumulation of basic knowledge) sets of 
technical guidelines for the preparation of better films which can then be 
applied to real situations. 

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

- methods. 

3. De'/elopment of methods of characterizing heteroepitaxial films as to their 
suitability for subsequent device fabrication. 

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

The general plan for accomplishing these objectives involves the study of the funda- 
mentals of heteroepitaxial semiconductor film growth on insulating substrates, with 
specialized device fabrication used as a means of evaluating certain film properties 
(and thus as a measure of film quality as the program progresses) and as a means of 
exploiting those properties unique to heteroepitaxial semiconductor-insulator systems. 

The determination of the fundamental mechanisms, properties, and processes to 
be investigated is based on extensive background knowledge of epitaxy and thin-film 
device difficulties encountered for many years in many laboratories.   The problems 
under study are not restricted to those identified^ priori;   experimental and theoretical 
attention is shifted as needed as the program progresses. 

The program involves both theoretical and experimental investigation of the 
nucleation and growth mechanisms of heteroepitaxial films in semiconductor-insulator 
systems.   The theoretical studies consist of two types of activity:   (1) direct interaction 
with the experimental program involving data analyses, suggestion of definitive experi- 
ments, and postulation of specific models to explain experimental observations, and 
(2) development of original contributions to the theory of heteroepitaxial growth, with 
the goal of generating significant advances in fundamental epitaxy theory. 

The experimental investigations are also of two types:   (1) fundamental explorations 
to delineate mechanisms and general empirical principles of the heteroepitaxial growth 
process, and (2) practical studies that accompany the fundamental investigations so that 
any new developments can be immediately applied to the improvement of semiconductor 
films and thin-film devices on insulating substrates. 
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The work has emphasized the CVD method of growing semieonductor thin films 
because of its importance in the semiconductor industry. Specifically, the program 
emphasis is on films of Si and GaAs and substrates of sapphire {AI2O3) and spinel 
(MgA^gOj).   The Initial emphasis has been on the Si-on-A^Oo system, with Increasing 
attention being given to the Si-on-MgA^^ and GaAs-on-A^Ofl systems.  Si and GaAs 
have been chosen because of the preeminence of the former in the semiconductor 
industry and the high-frequency and high-temperature attributes of the latter. 

The program is carried on primarily at the facilities of the North American 
Rockwell (NR) Electronics Group in Anaheim.   Parts ol three of the subtasks have 
been performed by personnel of the University of California at Los Angeles (UCLA), 
in the Department of Klectrical Sciences and Knglneering, and by personnel of the 
CaUfornia State University, San Diego (CSUSD), by means of subcontracts from NR. 

The accomplishments of the contract program to date are summarized by 
subtask as follows. 

1.   SUBTASK 1.   THEORY OF EPITAXY AND HETEROEPITAXIAL INTERFACES 

During the first year a formal theoretical method of replacing overgrowth 
atoms on a substrate with Gaussian mass distributions was further developed for 
those cases where the effective interatomic potential is known.   The technique, 
applicable to irregular-shaped islands or films of finite extent, was applied to'a 
simplified model to determine preferred orientation relationships from calculated 
film-substrate interaction energies.   The method was not pursued further, however, 
because it was not sufficiently adaptable to real systems.   Several other possible 
approaches to the theoretical modeling of heteroepitaxial systems were critically 
reviewed, including the Frank-Van der Merwe model, a Green's function/Wannier- 
function approach, a contrived potential-energy model, and the two-body interactomic 
potential method.   It was concluded that the existing theories are inadequate for 
application to real systems such as those of interest in this program. 

The feasibility of a molecular orbital development of the heteroepitaxial inter- 
face was then investigated.   However, it was determined infeasible to apply this 
technique in a manner directly relevant to heteroepitaxy, so the effort was terminated. 
The interatomic potential approach to heteroepitaxy was then reinstigated, with the 
goal being the computer simulation of growth of Si on A^Oß.   Mechanical stability 
conditions for an AÜ2O3 lattice modeled with two-body potentials were investigated 
and determined to the depth required for the application.   Computer programming of 
the A^Oß lattice energy and elastic constants was begun for use in determining 
appropriate empirical potentials required for modeling the A^Os lattice, a major 
requirement for modeling Si growth on A^03.   In addition, the application of the 
electron-on-network theory to the problem of determining surface configurations and 
interfacial binding energies in heteroepitaxial systems where the surface structure is 
allowed to relax was investigated, and for a time it appeared promising for the real 
systems of interest. 

In the second half of the second year the theoretical studies were devoted to 
three main areas:   (1) modeling of the Si/A^03 system by means of interactomic 
potentials and computer simulation; (2) use of the electron-on-network technique to 
calculate work functions and surface double-layer potentials of monovalent metals 
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(although this method has not been pursued further for application to heteroepitaxial 
systems because of severe limitations encountered In the preliminary studied and 
(3) calculations relating the mobility of SI films on A^Oa to stress effects arising at 
the heteroepitaxial Interface and caused by differential thermal contraction of film 
and substrate.   The modeling of the A/2O3 lattice was carried out in terms of Morse 
potentials;  only anlon-anlon and catlon-anlon potentials were employed.   These were 

■ chosen to conform to specific constraints related to the physical lattice. Investigation 
of surface reconstruction In basal-plane AP2O3 was also Initiated, using these 
potentials, since this phenomenon plays a major role In predicting SI film orientations 
on AI2O3.   Relaxation of the four atomic planes nearest the surface was treated for 
the case of a surface composed of oxygen atoms with the constraints of translational 
symmetry In the surface and three-fold rotational symmetry normal to the surface. 
Programming of the case of an Ar atom surface was also begun, with the same 
symmetry constraints being Imposed. (This aspect of the theoretical studies has not 
been further pursued In the past six months, however.) 

The theoretically claculated changes In mlbllity and resistivity In the plane of 
the film In the Sl/A^Os system caused by thermally Induced stresses and the 
plezoreslstance effect were found in excellent agreement with experimental results. 
Theoretical formulas were developed for both SI and Ge and for A^O^ and MgA^C^ 
substrates and for a variety of crystallographlc orientations.   Detailed calculations 
were combined with experimental observations (Subtask 6) for the (001)Sl/(0112) Ai^Os 
and (221) Sl/(1122) A^C^ Bystems, and Investigation of the (111) Sl/A^C^ system 
began.   These theoretical and experimental results have emerged as the most 
significant contribution of this contract program to dale; the results are of major 
importance to the entire technology of heteroepitaxial semiconductor films and 
devices. 

Theoretical studies in the past six months have concentrated exclusively on the 
mobility anisotropy In Si/Af203 and Sl/MgA^ hetero-systems.   During this period 
the investigation of (221) Si/A^03 was completed and the results published, and the 
(001) Si investigation was also completed and has been accepted for publication in 
May of 1973.   Considerable additional effort was devoted to the case of (111) Si growth 
on two different A«'203 substrate orientations.   Anisotropies calculated on the basis 
of thermal expansion stress were found to be too small to explain the experimental 
(ill) SI results.   Definitive resolution of this disparity has not yet been achieved.   The 
possibility that residual growth stresses are responsible has been explored and 
represents a plausible but as yet unproven explanation.   If found to be correct, this 
interpretation would add to the basic understanding of heteroepitaxial Si films. 
Extensive mobility anisotropy calculations have also been made for the general (.XXl)Si 
orientation for four modes of Si/A^C^ epitaxy and one mode of Si/MgAf204 epitaxy. 
These calculations encompass all the modes of major interest and include (001), (111), 
(221), and (110) Si orientations.   A comprehensive description of the theoretical models 
developed, the mathematical formalism employed, and the numerical results obtained 
is in preparation for publication. 

2.   SUtTASK 2.   DEPOSITION STUDIES AND FILM PREPARATION 

Dui.'ng the first year of the program the emphasis on this subtask was placed on 
determining the effect of experimental growth parameters on the quality of Si epitaxial 
films grown by the CVD method of pyrolysis of SiH4 on substrates of various orientations 
of AI2O3 and MgA^CV   K was established for the growth system used that autodoping 
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occurs in Si on A ^03 at temperatures greater than about 1050 C, so a concerted study 
was made which considered the effects of such factors as growth temperature, growth 
rate, and nucleation phenomena at or below this temperature.   It was determined that 
the electrical  properties of undoped n-type heteroepitaxial Si films grown on various 
orientations of A^Os (and also MgA^C^) by the CVD method of pyrolysis of Sill4 are 
dominated by surface-state conduction for carrier concentrations of -1016 cm~3 or 
below.   Essentially equivalent (100)- and (lll)-oriented Si films were grown on (0112) 
and (lol4) A^Oa substrates at deposition temperatures below the autodoping range 
(-1050 C).   A^Oa orientations near the (1120) plane, not previously used in hetero- 
epitaxy   studies, were utilized as substrates for (111) Si heteroepitaxy;   this resulted 
in electron mobilities of 600 to 700 crn2/V-sec for carrier concentrations of 1015 - 
1017 cm-3, exceeding mobilities obtained on either (0ll2) or (1014) A/2Ü3 substrates. 

These studies revealed the strong interrelationships that exist among the various 
parameters involved in optimizing Si growth on insulators.   Evaluation of the electrical 
properties of Si films on those A ^03 orientations that produce the best Si overgrowths 
has demonstrated that growth conditions (1) must be optimized for the particular 
substrate orientation chosen; (2) differ for those AP2O3 orientations which lead to the 
same Si orientation;   (3) are dependent upon reactur geometry and gaseous atmosphere; 
and (4) must be optimized for the particular film thickness desired.   Studies of Si 
growth by SiH4 pyrolysis at reduced pressures (1 to 10 torr) indicated that single- 
crystal growth can be obtained over a fairly wide temperature range, when conditions 
are optimised, on both A^03 and MgA?204 substrates; these results provided neces- 
sary confirmation of the feasibility of Si film growth in the pressure range to be used 
in the in situ CVD experiments in the electron microscope (Subtask 5).   Investigation 
of the growth of Si films on A ^03 and MgAf 2O4 using He as the growth atmosphere 
and the carrier gas showed that epitaxial growth could be achieved, although the 
conditions for best growth were not established at that time. 

The effort on this subtask in the final half of the second year was concentrated 
on continuing attempts to optimize the Si deposition process for growth on -(1120) and 
(0112) Af 2O3 surfaces.   In the course of this work the effects of post-nucleation 
annealing during the deposition process on ultimate film properties were examined, 
but no significant improvement in overall quality of Si films resulting from these 
procedures was demonstrated.   The effects on film growth of gas-phase etching of 
A'203 surfaces prior to deposition were evaluated further; there is some indi- 
cation that surface damage may not be the primary factor in determining the quality 
of Si over-growths, but this question must be examined in more detail.   The effect of 
cooled reactor chamber walls on the Si growth process was investigated further, but 
no significant advantage of cooled walls in the vertical reactor systems used in this 
work has been observed. 

Considerable additional study was made of the growth and properties of Si films 
on Czochralski-grown stoichiometric spinel (MgA£204).   This work indicated that Si 
films with electrical properties at least as good as those grown on A^03 can be 
obtained when He-H2 gas mixtures are used for the growth environment.   It was also 
determined that autodoping is operative in the Si/MgA?204 system (in He-H2 atmos- 
pheres) at approximately the same temperatures as for Si/A'203. 

During the past six months the work of this subtask was concentrated on studies 
relating to the growth of Si on MgA^CXi a™1 to the support of other phases of the pro- 
gram by preparation of Si/A*203 and GaAs/Af 2O3 films.   These were prepared for 
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further studies in anisotropy, lifetime measurements, fabrication of Schottky-barrier 
FET structures, high-field transport measurements, and for the evaluation of new 
tanks and sources of SiH4 and ASH3.   The Si/MgAf204 studies again indicated that 
good quality films could be grown on MgAf204 but that the Si growth conditions and 
film mobility are affected by the tank of SiH4 in use. 

3.   SUBTASK3.   ANALYSIS AND PURIFICATION OF CVD REACTANTS 

During the first year, techniques of gas chromatography were developed for 
analysis of the reactants used for semiconductor heteroepitaxy by CVD.   A general- 
purpose gas-handling system was constructed for the highly volatile and reactive gases 
studied, with silicone oil and polymer columns used for the chromatography.   Several 
extraneous impurity peaks were observed in the chromatograms of SiH4 samples; 
diborane (B2H6) was tentatively identified as a significant impurity (-10 ppm),  although 
not confirmed by mass spectrometer techniques.  Small quantities of purified SiH4, free 
of diborane, were prepared by successive injections in the Chromatograph; quantities 
were too small, however, for use in laboratory CVD experiments. 

Beginning in the second year of the program samples of SiH4 and of trimethylgal- 
lium (TMG) used for Si and GaAs CVD.experiments were analyzed for impurity content 
by sensitive mass spectrometric techniques.   Disilane and trimethylsilane, together 
with several other impurities of less concern, were found in the SiH4 samples.   The 
analyses of TMG left some uncertainties regarding the correct impurity levels, although 
these were largely resolved by later analyses carried out in the final half of the second 
year. 

Significant impurity concentrations in some of the reactants (especially SiRj) have 
severely limited the accuracy of the study of the effects of deposition parameters on Si 
film properties on several occasions during the contract work.  Cooperative efforts 
with vendors for preparation and analysis of improved-purity reactants have continued. 

An important study of the chemistry and reaction kinetics of CVD processes used 
for growing Si and GaAs films in heteroepitaxial systems was initiated late in the second 
year at the California State University, San Diego (CSUSD).   The first experiments under- 
taken were directed toward determining the role of the Af 2O3 surface in catalyzing the 
pyrolysis of Siüi; experiments with the trimethylgallium (TMG)-arsine (AsHg) reaction 
used for GaAs growth were also begun. 

During the past six months additional analyses of reactants have been made by 
mass spectrometer techniques, and the studies of CVD reaction kinetics have continued 
on both the Si and the GaAs reaction systems.   Four different tanks of SiH4 were 
analyzed by mass spectrometry for impurity content and evaluated by means of Si film 
growth on p-type Si substrates.  Two of the tanks were found to be of high quality, pro- 
ducing Si films with n ~ 1014cm"3 and high mobility.  Two tanks of AsHs-in-He were 
similarly found to be of high purity, producing undoped GaAs films of low donor- 
impurity carrier concentration (-lO^cm-*'). 

The studies of the basic chemistry of formation of Si and of GaAc by CVD reactions 
have continued, using both flow and static pyrolysis systems.   Initial experiments under- 
taken to determine the role of the AI2O3 surface in the pyrolytic decomposition of SiHj 
demonstrated that any catalysis by AI2O3 surfaces (or by Si02 or pyrex surfaces) 
rapidly disappears with the formation of a monolayer of Si on the surface.  Subsequent 
experiments with improved (static pyrolysis) apparatus clearly demonstrated that 
Ai203 does act as a catalyst in the decomposition of SiH4 at moderate temperatures 
(-500 C) but leaves determination of the catalyst role at Si deposition temperatures yet 
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to be determined.   Studies of the deposits of GaAs from trimethylgallium (TMG) and 
AsHg were also begun, with the decomposition modes of both TMG and AsHß being 
examined.   Pyrolysis of TMG, ASH3, and equimolar TMG-ASH3 mixtures were carried 
out.   TMG apparently does not decompose below 320 C; ASH3 slowly decomposes at 
150 C   The first apparent product of the TMG-ASII3 reaction — (CH3 GaAs H)x — is 
apparently stable below 360 C.   Further experiments on the stability of this compound 
at other temperatures are in progress, and additional studies of the decomposition of 
ASH3 have also been initiated. 

4.   SUBTASK 4.   PREPARATION AND CHARACTERIZATION OF SUBSTRATES 

In the first year of the program it was demonstrated that A^03 surfaces prepared 
by mechanical polishing techniques and used routinely for semiconductor heteroepitaxy 
typically have severe surface and subsurface damage, with many scratches often several 
microns deep yet often rendered invisible to close inspection because of amorphous or 
fine-grained debris embedded in the scratches in the final polishing stages.  Some 
improvement in mechanical polishing procedures was achieved in terms of the density 
and depth of such damage.  Gas-phase etching/polishing procedures using SFg and 
various fluorinated halocarbons in the 1350 to 1500 C temperature range produced 
essentially scratch-free surfaces on (0112) and near-(1120) A^203 substrates.. Extensive 
gas-phase etch-rate data were obtained as a function of crystallographic orientation in 
this temperature range. 

During the first part of the second year a much improved technique for polishing 
(1014) A^203 was developed, and very good surfaces in this orientation can now be ob- 
tained.   Gas-phase etching/polishing techniques were further developed for (1) thinning 
A ^03 substrates to thicknesses the order of 1 mil; (2) evaluating the effects of pro- 
longed etching on (0ll2), (0001), and -(1120) A^C^; and (3) assessing the subsurface 
damage caused by various mechanical polishing procedures. 

More recent work on this subtask has included verification of the polishing pro- 
cedure for (1014) Af 2O3 as a reproducible process.  Evaluation of polishing methods 
for MgAl204 surfaces has indicated that surface fill-in occurs for this material just 
as for A'203.   Preliminary gas-phase etching experiments with MgA^204 surfaces 
were also carried out. 

Ion-beam sputtering techniques have been under development for pr jparing ultra- 
thin (~200Ä) Af 2^3 wafers for use as substrates in the in situ CVD experiments with Si 
(Subtask 5).   Some wafers successfully thinned to -0.002 in. by mechanical polishing 
techniques have been subsequently thinned by ion etching to the point of perforation in 
some areas, which results in adjoining regions of thicknesses suitable for transmission 
electron microscopy as applied in the in situ experiments.  Typical thinning rates are 
0.2 to 2.0 fim/hr.  Three different A^Os orientations have been successfully thinned 
by this method - (0001), (1014), and (0ll2).   Considerable study of properties of the 
resulting thinned substrates has been carried out. 

The routine characterization of substrate surfaces at various stages of preparation 
has continued throughout the program to date, utilizing various standard techniques of 
X-ray and electron diffraction analysis and optical and electron (including scanning) 
microscopy." 

During this reporting period additional Ai203 substrates were prepared for 
epitaxial growth experiments by mechanical polishing techniques previously developed 
on this pvogram.  Additional effort was expended on attempts to prepare suitably thinned 

wafers for subsequent final thinning by the ion-beam sputtering technique; con- 
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slderable further Improvement in the lon-thiimlng process for preparing substrates 
for the in situ CVD experiments In the electron microscope (Subtask 5) was aohjeved; 
Id ctotrl^ experiments to determine the depth of damage In A (203 substrate wafers 

maSsuoeeLful, but this work will continue    The thin »f" «" ^^ 

previously. 

5    SUBTASK 5.   STUDIES OF mSITU FILM GROWTH IN THE ELECTRON MICROSCOPE 

SSge^s InSaUed and. tested.   The first in situ PVD experiments were also earned 
out near the end of the first year. 

During the first six months of the second year a series of electron microscope 
modificSs and tests was completed, culminating in the first series of successful 
PVD eSerimen^s inside the electron microscope.   A« was deposited onto a heated 

was ImptV^by addrtion of a cooled baffle, by polishing the O"'«"« «"»"^atod 
ToroZly meaning the microscope interior.   A PVD source assembly was fabr.eated, 
inSdland used In ooujunction with the specimen heater to perform the PVD 
experiments. 

Calculations and design for the CVD microchamber were also completed, and the 
fabrication of he mTcrochamber and the differential oumping apertures was begun    At 
he end of the second year a modified design of the CVD microchamber and associated 

hardware was developed and fabrication nearly completed.   Numerous additional in situ 
PVD^erimenL wSfcarried out, with both Al and Au deposited onto amorphous 
carbon^ubs^rates to delineate further the required techniques and experimental 
problems to be encountered in the CVD experiments. 

During the past six months, the febrication of the CVD microchamber and its 

of nressureTnd to determine the maximum pressure attainable n the microchamber 
before the performance of the microscope becomes impeded by the pressure rise. 
ÄÄ4l dXlTs of the microchamber were described in a technical paper given 

during the report period. 
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Several in situ CVD experiments were performed, resulting in the successful 
growth of crystalline Si films on amorphous carbon substrates.   It has now been demon- 
strated that the pyrolysis of SiH4 to form crystalline Si films inside the electron 
microscope is feasible.   Although the observations are preliminary in nature, several 
growth features have been observed, including an apparent incubation   period and a 
growth morphology different from that of physically vapor deposited (PVO films. 

6.   SUBTASK 6.    EVALUATION OF FILM PROPERTIES 

During the first year, the routine evaluation of film properties was carried out 
by established  methods of X-ray and elertron diffraction analysis, metallographic 
analysis, and electrical measurements of transport properties.    In addition, a new 
technique for evaluating the characteristics of the interfacial region of heteroepitaxial 
films was developed, involving measurement of the photoelectron emission from 
monochromatically-illuminated films in the MIS configuration on insulating (viz., 
A^203) substrates.   Relatively large photocurrents due to electron transport through 
thick (-10 mils) single-crystal A^Og substrates were measured as a function of photon 
energy.    Photoelectric threshold energies, escape length (mean free path) of excited 
electrons, and band bending in the semiconductor film adjoining the interface were 
determined in the Si/A^C^ and GaAs/A^Og systems. Determination of the energy 
spectrum of back-scattered proton or aIpiia-particle beams injected in channeling 
directions in heteroepitaxial semiconductor films was also investigated as a means of 
measuring the density and the location of structural defects in the films.    Experiments 
indicated that Si/insulator films have less imperfect interfacial regions than do GaAs/ 
insulator films.   The best structures of those examined were found in (100) Si films on 
(01T2) A?203 substrates and in (lll)Si films grown on near-(1120) Af203 substrates. 

In the first part of the second year the study of the effects of changes in deposition 
parameters on Si/A^Oß film properties continued.   Those studies provided considerable 
insight into the factors which most strongly influence film quality, so that identification 
of some of the conditions for optimized film growth on various A^Oß orientations could 
be made.   The importance of reactor geometry was recognized and demonstrated; the 
extent of A* autodoping from the substrate was established and appropriate annealing 
procedures for minimizing the effects were determined.   The use of previously unused 
A^Og substrate orientations (e.g., near the (1120) plane) for Si growth led to epitaxial 
films as good as or better than those previously reported. 

The measurements of photoemission of electrons from heteroepitaxial semi- 
conductor films and of the transport of electrons in Al^Og were carried further.   Work 
functions of additional metals were determined, and the mechanism of electron transport 
through the Insulator was studied further.   Measurements of high-field transport 
properties of Si and £laAs heteroepitaxial films were also initiated. 

The evaluation work in the final months of the second year included ^1) study 
of the variation of the electrical properties of Si/A^Oß with temperature, in which 
some effects attributed to high defect densities or inhomogeneous strains were 
observed; (2) the first stages of an extensive experimental study of the anisotropy of 
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the electrical properties in Si/A^Cty (3) evaluation of the electrical properties of Si 
films on MgA^C^, with evidence that n-type films with mobilities higher than 
those obtained in the Si/A^O^ system can be obtained; (4) additional measure- 
ments of the electrical properties of Si/A^C^ to establish parametric relationships 
among temperature, growth rate, and substrate orientation; (5) further study of the 
photoelectric effects observed in the Si/A^Oß system, including verification that the 
observed phenomena do result from photoinjection of electrons from metal films into 
AfoOvand determination of the work functions of additional metals and the heights 
of the metal-A£20„ interface barriers; and (6) additional measurements of the 
high-field transport properties öf heteroepitaxial films. 

The anisotropy studies were concentrated in the (221)Si/(1122)Af203 and the 
(100)Si/(0112)Af2O3 systems.   These two Si planes are basically different in that 
the anisotropy in the (221) plane can be expected for any Si heteroepitaxial system, 
while that in the (100) Si plane results from the anisotropic thermal contraction of 
Af203 and would not be present, e. g., in the Si/MgA^C^ system.   The mobility 
anisotropy factor A, defined as the ratio of the difference between the maximum and 
minimum values of carrier mobility in the plane of the film to the average value of the 
mobility in that plane, was found to be about 40 percent for the (221) plane and 
about 9 percent for the (100) plane.   Results of calculations (Subtask 1) based on the 
the piezoresistance effect in Si resulting from the difference in the thermal expansion 
coefficients for Si and AfgOa agreed well with the experimental data.   The calculations 
and the experimental results also indicate that (221) Si probably exhibits higher electron 
mobilities than other more commonly used orientations. 

In the past six months further experimental studies of anisotropy in the ejectrical 
properties of (lllJSi/AigC^ have been in progress, using both (1014)- and -(1120)- 
oriented A^Oa substrates.   The observed anisotropies have not agreed with the 
predictions of the piezoresistance model for this Si orientation, for reasons which 
have not yet been established (Subtask 1); anisotropies as high as 30 to 40 percent have 
been observed, with an average of about 16 percent, while the stress model predicts 
values the order of 6 percent.   These discrepancies are still under investigation, 
because these anisotropy effects — largely explained by the stress model — are 
highly significant to the entire technology of heteroepitaxial semiconductor devices. 
Preliminary measurements of the variation in anisotropy in (221)Si/(li22)A(203 
films as a function of film thickness indicates there is a trend for the anisotropy 
effects to be iarger for thinner films; further study is required to esxablish this, 
however. 

During this same period the electrical evaluation of (lll)Si films on MgA£o04 
has continued, with some evidence that the mobility decreases much more rapidly 
with film thickness (for thicknesses less than ~0.5|jLm) than it does in the Si/A^Oß 
system.   This indicates a need for a comparative study of the early stages of film 
growth in the two systems to assist in identifying the preferred substrate material for 
Si heteroepitaxial devices.   The experimentally observed inhomogeneity in the donor 
concentration in a CVD SI/A^OQ film from point to point over the film area has been 
investigated; there is evidence that a concentration gradient exists from the center of 
the susceptor radially outward, so that films will reflect this variation depending upon 
the placement of the substrate on the susceptor during the CVD growth.   Gas flow 
characteristics or a non-uniform temperature of the rf-heated pedestal (susceptor) 
may account for the effect; Investigations are continuing. 

] 
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In other evaluation work, additional measurements have been made of the high- 
field transport characteristics of Si and GaAs films on A^Oß-, although contact problems 
have continued to be troublesome, high-field data have been obtained (including some 
at 77K) with good consistency among the samples measured.   The continuing study of 
photoelectric properties of AinOj-h&aed systems has concentrated on attempting to 
determine the nature of the dependence of the photoinjected current upon the condition 
and method of preparation of the A^OQ surface. 

7.   SUBTASK 7.   DESIGN AND FABRICATION OF DEVICES 

In the first year of the contract apparatus for determining minority carrier 
lifetime by pulsed C-V measurement 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 interface 
characteristics of heteroepitaxial films.   Initial attempts to fabricate Schottky-barrier 
diodes in Si/A^Oo films as a means of evaluating their electrical properties were 
not successful. 

In the first half of the second year the preliminary design of a Schottky-barrier 
type of FET was .nmpleted for use in fabricating experimental FET structures in 
GaAs/insulator films for operation at 1 GHz.   Preliminary results on carrier life- 
time in Si/A^Oo films were obtained, after initial development of the measurement 
technique on bulk single-crystal Si samples was completed and after impurity contamin- 
ation problems encountered in the oxide growth process were solved. 

During the second six months of the second year the device-oriented effort 
centered about the determination of carrier lifetimes using the MOS pulsed C-V 
technique and attempts to fabricate a Schottky-barrier FET in GaAs/A^O^.   Numerous 
processing difficulties were encountered in both of these investigations.   An analysis 
was made to evaluate the effect of the impurity redistribution in the Si in the region 
near the oxide interface (resulting from the oxidation process used for making the MOS 
structures) on the interpretation of lifetime data obtained by this technique. 

Lifetime measurements in both Si .nd GaAs films as a function of film thickness, 
carrier concentration, and crystallographic orientation have now been obtained on 
numerous samples, with thicknesses rangirg from -1 to ~10^m and resistivities from 
-0.01 to -1 ohm-cm.   Analysis of the data for Si films has indicated lifetime values 
ranging from 9 x 10"12 to -5 x 10"10 sec.   Attempts are being made to find correlations 
between carrier lifetime and film resistivity and thickness, but no such correlations 
have yet been detected.   Similar measurements on GaAs films on A^O^ are now 
being carried out. 

Recent device efforts have produced Schottky-barrier diodes (in n-type 
Si/A^Oß samples) having good reverse but unsatisfactory forward characteristics; 
further improvements are being sought.   The Schottky-barrier FET structures are 
still not satisfactory, with further work still in progress.   Preliminary work on fabri- 
cating and evaluating Schottky-barrier photovoltic cells has begun, and work is about 
to begin on fabrication and test of charge-coupled devices in Si/A^Og composites. 
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APPENDIX Af 

ANISOTROPY IN THE ELECTRICAL PROPERTIES OF  {001}Si/{0lT2}Ail203* 

A. J. Huohes and A. C. Thorsen 
North Arcorican Rockwell Corporation 

3370 Miraloma Avenue 
Anahein, California 92803 

ABSTRACT 

A detailed investigation of the Hall nobility has been carried 

out on a series of ~2un thick n-type {001}Si/{0lT2}AiU)3     films.    A 

specially designed Hall bridge pattern has been used to obtain independent 

measurements of nobilit;   as a function of current direction in the plane 

of the film.    The data show an anisotropy in the nobility of approximately 

9XV with a naxinun in nobility occurring along the <100> Si direction that 

Is parallel to the <2TTo> At 0. direction in the plane of the substrate. 

This behavior is found to be a consequence, through the piezoresistance 

effect, of the anisotropic thernal contraction of AAJD. on cooling fron the 

deposition temperature, which leads to an anisotropic thernally induced 

stress in the Si. 

* Supported in part by ARPA under Order 1585, monitored by USAMICOr-!, 

Redstone Arsenal, AL, under contract DAAH01-70-0-1311 
t See Reference b, p. 75/T6. 
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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 parameter 

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 v.-hich the measurement is made. 

We present results in this paper of a detailed investigation of the 

electrical properties of n-type {001}Si/{0lT2}A)i203 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 direction that is parallel 

to the <2TTo>A£203 direction in the plane of the substrate. 

The experimental anisotropy in mobility reported in this paper will 

be explained theoretically in terms of the piezoresistance effect and 

anisotropic substrate-induced thermal stresses. While we believe this 

to be the principal 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 semiconductor inversion 

and accumulation layers are reviewed briefly by Stern^2' and a number of 

recent references are listed. Sato et al ^3' have investigated the mobility 

anisotropy of carriers in p-type anc* in n-type inversion layers on oxidized 

Si surfaces in MOSFET device configurations. These references compare field- 
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effect mobilities in each of two perpendicular orientations for a number of 

different surface plane orientations. For some orientations, sizable aniso- 

tropies were reported. However, for the (001)Si orientation, the field-effect 

mobility is isotropic because of symmetry considerations. 

The work of Sato et 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 hetero- 

epitaxial (001)Si/A£203 films, induced by surface charge and/or oxide layer 

impurities and taking the form of an accumulation or inversion layer, the 

resulting surface component of mobility would also be isotropic, except for 

the fact that there is an anisotropy in the film stresses. The mobility of 

a surface layer would therefore 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 therefore, that a small component of 

surface conductivity could contribute substantially to the total mobility 

anisotropy that would be measured in (001 ^i/A^Oß films. 

The mobility anisotropy to be discussed in the present paper is 

believed not to be associated with either surface quantization or self- 

accumulation or inversion effects. 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 measurement of film properties. 

In addition, the high donor concentrations in the films tend to mask 

contributions to the electrical conduction from surface effects. To 

numerically 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 

primarily to substrate-induced thermal stresses acting through the piezo- 

resistance effect. The agreement between theory and experiment lends 

confidence to this interpretation. 
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THEORY 

In order to explain the experinental observations discussed belov;, v.'e 

have examined theoretically the effect of stress in the Si film on the electron 

transport properties of the film. As is well knov;n, transport properties such 

as resistivity and mobility can be related to applied stresses throuqh the 

piezoresistance effect. Numerous studies of the piezoresistance effect in 

bulk Si have been reported in the literature over a number of years. 

Much less attention has been paid to stress and its effect on the transport 

properties of epitaxial films. 
(4 I 

Stress in Si filns on sapphire (AiuOJ has been examined by Dumin  , 
" J (5) 

and in Si films on spinel substrates both by Schlotterer   and by Robinson and 

(6) 
Dumin  . Schlotterer presents formulae for the fractional change in 

resistivity (Ap/p ) in terms of piezoresistance coefficients itp, TT^I ^ 

and an assumed isotropic stress or- 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 tho induced changes 

in resistivity were isotropic in the plane of the film. In this section of 

the present paper, we treat the anisotropy in stress and piezoresistivity 

and present formulae which are applicable to the anisotropic case. 

Before presenting the theoretical results obtained, we will briefly 

sketch the method. A more detailed theoretical discussion will be given 
(7) 

elsewhere  , The theoretical determination of the effect of thermally 

induced stresses on film resistivity and mobility can be divided into three 

parts: (1) calculation of the piezoresistance effect in terms of 

stresses; (2) calculation of these    stresses in terms of the various 
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coefficients of thermal expansion; and (3) successive transformations of 

film and substrate coordinate systems to achieve the proper relative 

crystal!ographic orientation and to include anisotropy in the plane of the 

Si film. 
(8) 

The resistivity and stress are related through the equation 

F   . p^. j# + *...,<]. T.,, where E is the electric field, J the current 

density, p the zero-stress resistivity tensor, T the stress tensor and IT 

the piezoresistance tensor.    For   cubic crystals such as Si, p^. is both 

diagonal and isotropic and equal to p 6.. , v.'here p   is the zero-stress 

resistivity.    This tensor equation is commonly contracted to a single-subscript 
(8) 

notation for p and T and to a double-subscript notation for IT      .    In this 

notation, T can be written as a 6-component column vector and * as a 6 x 6 

matrix.    Referred to the Si crystal axes, v has only three independent 

coefficients iru, nl2, and w^j however, all  36 n coefficients may be non- 

zero when referred to a cartesian coordinate system having an arbitrary 

orientation with respect to the Si crystal axes. 

We first consider the so-called longitudinal piezoresistance effect for 

the case in which there is only one component of current (J,), and the field 

(E^ is in the direction of the current flow.    Then (Ej/Jj = p (l+n   T. ), 

where p0 is the zero-stress Si resistivity and k is summed from 1 to 6. 

Defining (E^J^ as p^, the longitudinal piezoresistance is then given by 

Ap, 
=ft -1)= '"V 
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The longitudinal piezoresistance effect can thus be calculated if the n 

coefficients and the Si film stresses Tk are known.    For a cartesian coordinate 

system with axes along the Si crystal axes, the nlk are particularly simple 

and the sum involves only ^^ 1^ + *u ^z 
+ V«    For an arbitrary orientati 

of axes, which is of primary interest to us here, "rotated" it coefficients 
(9) 

are given by Pfann and Thurston     .   These transformed n coefficients are 

given in terms of the direction cosines of the arbitrary 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 (0lT2)Ajy)3.  A state of compressive stress arises in 

the Si film due to the relative thermal contraction of the Si and the Ai203 

substrate. 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 S< 

Is proportional to the difference in thermal contraction between the two 

materials. In addition, the thermal contraction is assumed to take place 
00) 

over a temperature range from room temperature to the growth temperature 

The cartesian coordinate system employed is defined as follows. The 

z axis is normal to the surface of the Si film and thus is i(001) Si and 

also i (0lT2) Ai203. The x and y axes are in the plane of the film with 

x || [100] Si and || [2110] Ai^. The y axis is || [010] Si 

and || [01TTJAÄ203. 

82 



1 

The six stresses T,, T . T     T     T     T   / T 
1      2*    3*    &*    5' T6 * Tyv» T    . T    , T       T       T 

h- T4. and T5 are «ro at the free Surface of the Si film and tf „e further 

«irectlon. then T3 * V T5 are zero everywhere in the fi1m.   r   js ,„ 

genera, „on-zero hot for the re.ative orientation of fi,m and substrate 

under consideration   is identicaU, zero.   Thus on,y T, and T, are non-zero. 

Denotin, the e.astic constants of SI hy c^ and the stiffness     coefficients 

by V we find the foHowing tmp„c1t   re,atlo„s for m ^^ ^ ^ ^ , 

T, ♦ T C.,2 t c      C      - 2r    2 

'       z =       11 11    12     e{-iz      r 
~2~         tq\ L'-287 (as • V + 0-"3 («s  - .2)]   AT 

(2) 

n^ 4 S^r L'-287 (°s - °l) + 0.713 («s-a2)]    4T, 

1        2    . „ „,    C11  " c 

rl-*.™^ ,„,.,, 4T 

(a1   - a2)  AT    . 

"ere H is the (isotropic, Si then.,, expansion coefficient and ,, and „, are 

themal expansion coefficients for the A^ substrate. perpendicuUr to 

the c-axis of Az^   and parallel to the c-axis of Az.Oj. respectively. 

«T is the temperature difference between growth and roor, temperatures and 

1" Eqs. (2) and (3) is understood to be a positive number.   In the limit 
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o, = oo, T, and T0 are equal, and Eq. (2) reduces to that aiven by 
1   2  1(5)  2 

Schlotterer  . The thermal stresses in the Si film due to the substrate 

and required for calculation of the piezoresistance effect have now been 

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/AiuO- relations given. Using the results of Ref. 9 the n^ coefficients 

in Eq. (1) are then transformed to the same coordinate systems used for 

the stress. The piezoresistance (Ap^/p^ thus obtained represents the 

change in resistivity due to stress for a current J, and field E1 in the x 

direction || [100]Si.  V.'e are, however, interested in the piezoresistance 

as a function of angle in the plane of the film, A second transformation on 

both the n's and the stresses is then performed which represents a rotation 

about the z axis. The angle G of this rotation is measured from the x axis 

and is positive toward the y axis. The longitudinal piezoresistance effect 

corresponding to current flow at an angle 0 from the [100]Si direction then 

becomes 

T—y M1   12/        (4) 

where T and T« are given inEqs. (2) and (3). To avoid ambiguity in 

orientation, we repeat that the angle 0 is measured from that <100> Si direction 

in the plane of the film that is parallel to the <2110>Ai203 direction in 

the planeof the substrate. Note that the term depending on 0, which determines 

the amount of orientational anisotropy in resistivity and mobility, also depends 
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directly on (ou - a2).    That is, the anisotropy in piezoresistance 

in the (001) Si plane depends directly on the anisotropy in thermal 

expansion coefficients of the Ail203 substrate.     Using as = 3.9 x 10   /0C     , 

a   = 8.31 x lO'Vc, <*z = 9.03 x 10"6/oC(11). AT = 1100oC. and 

the known elastic constants of Si'12^ , Eqs. (2) and (3) yield 

stresses of 

(5) 

1       2 = -0.9206 x 101Ü dynes/cm2 and 

1       2 = +0.2852 x 109 dynes/cm2. 

Substituting values of piezoresistance coefficients for n-type Si 

f-om Snrith^13,14^, Eq.  (4) becomes 

-J-   = 0.44192 - 0.04449 cos 20. (6) 
po 

Since the mobility M can be related to the resistivity p1 by 

y = Rn/Pi. where RH ■ the Hall constant, the theoretical anisotropy in 

mobility can be written 

(u/u )  = ,        .]     .     ■  =  [1.44192 -  0.04449 cos 29]"   ,    (7) 

where y^ is the zero-stress mobility. 
o 

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. 

Tha amount of anisotropy can be described conveniently by a parameter 

. A which we define as A = (ymax - 1^,,)^. where yA = (ymax + ymin)/2 is an 
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(15) 
approximate average mobility in the plane  . The predicted mobility 

anisotropy is found to be A = 6.2% and the average mobility is found to 

be wA = 0.694u0. Thus we find a 6.2% anisotropy in mobility superimposed 

on a substantial 30% overall theoretical reduction in mobility for n-type 

Si. 

The theory also predicts a transverse piezoresistance effect correspond- 

ing to an electric field {E2) in the plane of the film and orthogonal to the 

current (0^)   direction.   This transverse piezoresistance effect is also 

found to deperJ upon orientation and is given by 

(Wo' ■ 
T,  " T2 

^11 ' Vu^ sin 2G = +0'04449 sin 20'     (8) 

and is zero along the [100]Si    direction and is of maximum magnitude along 

the [010]Si    direction.   The sign convention employed here is that E? is 

positive if J1 X E2 is out of the plane of the film and is thus in the plus-z 

direction. 

The transverse piezoresistance ^/J^) associated with a field E- 

normal to the Si film has also been examined and for (001)Si on (0112)AJi90- 

is found to be identically zero. 

Although the results described above were obtained explicitly for 

n-type Si, the fonnalism is also valid for p-type Si providing that 

appropriate      values for the TT coefficients are used.   The quantity 

(TT^-TT^), which is important for the anisotropic effect, is found to be 

approximately a factor of twenty 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. 
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EXPERIMENTAL 

The fürs used for this study were grown by chemical vapor deposition 

techniques in two different reactor systems.    One of these is a vertical 

system and the other is a horizontal system.    In both cases,  the 

films were formed from the thermal decomposition of si lane (SiHj, with H? 

used as a carrier gas.    Intentional doping to concentrations of l-o-xl016cm'3 

was achieved with the use of arsine {AsH3).    Growth temperatures ranged from 

955C in the horizontal system to 1075C in the vertical system, and film 

thicknesses varied from 1.5 to l.Spm. 

After growth the samples were annealed at 1100C in 0. for 30 minutes 

followed by a N2 anneal for 2 hours at 1100C in order to stabilize film 

properties and electrically neutralize any A£ impurities in the filn/17^. 

The resulting oxide flm was removed prior to making electrical measurements. 

Measurements of resistivity and Hall effect were made on each film using 

a specially designed Hall bridge pattern 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 degrees from each other, and the arms 

of one bridge are rotated by 18 degrees with respect to those of the other 

bridge.   This allows an Independent measurement of electrical properties 

(Hall coefficient and resistivity) every 18 degrees in the plane of the film. 

Electrical data were taken on eight samples of {001' S1/{0lT2} Ai 0 

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 loca Jng a <2TTo> Ai^ direction In the 

plane of the substrate    that is paralle1 t0 a <100> Si d1rect1on 1n the f11m 

plane.   The mobility In each leg can then be plotted versus the angle e between 

the current direction and that particular <lüü> Si axis.   Typical room tempera- 

ture mobility data from two samples are shown plotted In Fig. 2.   The mobility 

87 

H^MM W*A 



can be seen to vary with angle and appears to approach a maximum at 0 ~ 0 degrees 

and a minimum at 0 ^ 90°. This is consistent with the behavior predicted by 

Eq.(7) and suggests that the theoretical form of the mobility could be used to 

fit the experimental results. 

The theory leading to Eq.(7) predicts that the mobility anisotropy should 

be of the form 

{Vi/M0) = [a - b cos 20]"1 (9) 

where a and b are constants. Eq.(9) cannot be employed directly in analyzing 

the experimental results in that the zero-stress mobility M0 is not known and 

would be expected to be a function of growth conditions and to vary slightly from 

sample to sample or run to run. Accordingly, we have fitted the experimental 

results by the method of least squares to a theoretical curve of the form 

y = [a' - b' cos 2G]"1. 0°) 

The numerical curves thjs determined are shown by the two solid curves 

In Fig. 2 for two samples. The anisotropy parameter A is independent of u0 

and is equal to 2b/a = 2b7a,. 

The electrical data taken on the eight samples of {001}Si/{0lT2}Ai203 were 

all fitted by least squares and analyzed in terms of Eq.(lO). The maximum 

mobility {u  ), minimum mobility {vm]n),  average mobility (PA) and anisotropy 

parameter A were calculated. These four quantities are tabulated in Table I 

for the samples measured. 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 results shown in 

Figure 2, is probably due primarily to inhomogeneities 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 differences are taken into account In 

calculating the mobility in each arm of the bridge, slight error^ may be 

introduced since the spatial extent over which the resistivity is measured is 

much larger than that over which the Hall constant (carrier concentration) is 

measured. (See configuration of bridge in Figure 1.) 

The RMS error (in percent) between the experimental points and the 

fitted theoretical curve for each sample is shown in Table I. The error 

in all cases is sufficiently small compared with the anisotropy to indicate 

that the fit and hence the correlation between theory and experiment is 

statistically significant. 
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Measurements were taken at 77K on two  selected samples 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 procedure for this 

data are also shown in Table I. The anisotropy A is found to increase in goinn 

from rcom temperature to 77K by roughly a factor of three for those samples 

measured. Correlation of this increase in anisotropy with theory would roquire 

information on the variation of the Si piezoresistance coefficients n.. and i!1? 

with temperature. Data for ir,, as a function of temperature is available 

(18) 
in the literature    and indicates n.. increases by a factor close to 

three in going from room temperature to 77K. Data on ir^ as a function of 

temperature does not appear to be available; however, it is not unreasonable 

to assume that the temperature dependence of both coefficients is the same. 

If this is the case, then the experimental increase in anisotropy at low 

tenperature is consistent with theory. 

The last column in Table I lilts values of y0, the zero-stress mobility. 

As mentioned earlier, v0 cannot directly be determined from experimental data 

but must be obtained from a combination of theory and experiment. The re- 

lationship between zero-stress mobility w0 and the average mobility PA may be 

(15) written as 

yA 
,2 . ^ *PAa. (ID 

We then assume that Eq. (7) holds and that a ■ 1.44192.   The values jf w0 

thus determined are given in thy last column of Table I and range from a high 

rf 717 to a low of 584 with an average uf 636. 

The rather low value of y0 compared with bulk mobilities in SI (>1000 cr^/V-sec 

it these carrier concentrations) should be noted and strongly suggests that a 

considerable mobilHy reduction results in these films from caüs*«: other than 

thermal stress. 
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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 extremely difficult. The voltage is 

measured across the same terminals as the Hall voltage, with no magnetic field. 

As a consequence, any misalignment in the terminals would result in an "offset" 

voltage which would tend to mask the transverse voltage and introduce errors. 

In addition, inhomogeneities in bridge am thickness and width also introduce 

some ambiguity. 

Notwithstanding the above difficulties, some experimental transverse- 

effect data have been obtained. In obtaining these data, the sense of the 

transverse voltage must be properly accounted for since Eq. (8) predicts a 

negative voltage over some range of angles. The sign convention employed is 

that the transverse field is taken positive if the current direction crossed 

into the transve/se field yields a vector out of the plane of the film. 

Representative data on one sample taken at 300K are shown in Fig. 4. 

A least-squares fit of this data to a sin 20 term as suggested by Eq. (8) is 

shown by the solid curve in Fig. 4. The resulting coefficient of the sin 20 

term  is approximately equal to 0.08. which is larger than predicted from 

Eq. (8); however, the fit of the experimental points is not good. The value 

of p0 used in Eq. (8) is the value of oo determined from the longitudinal 

mobility measurements described above. 

The transverse voltage also becomes substantially larger at 77K, 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 tor the longitudinal 

effect. Note that the least-squares fit to a theoretical sin 2e tenn is much 

better at 77K than at 300K. due probably to the larger signal. 
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SUMMARY AND CONCLUSIOflS 

Detailed studies of the electrical properties of {001} S./{0lT2} At2G3 have 

shown the existence of a significant anisotropy in nobility. This aniiotropy 

car. be accounted for through the piezoresistance effect in terms of a simple 

model of thermally induced stress taking into account the difference in thermal 

expansion coefficients of A^Oß parallel and perpendicular to the c-axis. Both 

longitudinal and transverse piezoresistancs effects were considered and theoreti- 

cal formulae developed which account for the anisotropic effects. 

The theory for the longitudinal piezoresistance effect predicts an 

anisotropy in mobility of about 6.2% and for the transverse piezoresistance 

effect predicts a sin 20 anisotropy coefficient of about 0.044 for the normalized 

transverse electric field. The value of each of these quantities is strongly 

dependent upon the deta used for the thermal expansion ^f Ato0i. Recent 
(19) 2 J 

measurements  at this laboratory using a differential technique have given 

a difference in thermal expansion coefficients (a, - aj of(-1.03 ± 0.12) x 10'6/oC 

for the Ai203 substrate. Usinq this value for (a, - a?) leads to a predicted 

mobility anisotrop^ of 9.3%  and a transverse electric field anisotropy 

factor of 0.067 which are in good agreement with the experimental »esults. 

A few concluding points suggested by our investigation of the electrical 

properties of {001} Si/{0lT2} At203 should be mentioned. The f rst is simply 

that the anisotropy in mobility reported here must be taken in.o account in 

the evaluation and/or optimization of film growth proces5.es. frevious prac- 

tice 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 

& built-in «10% scatter due to this anisotropy. Such scatter renders the 

task of definitively evalua'w'ng changes in film growth processes sonewha. 

difficult. 
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Secündly, for some Si film applications in which the mobility is 

important it would be desirable co orient the current flow (alcng the 

<100> Si direction || <2TT0>Ail203 direction) to obtain the maximum mobility. 

The third and final point concerns the interpretation of the origin of 

the mechanisms determining mobilUy in these heteroepitaxial films. The 

excellent agreement between theoiy and exppnrnent for the mobility anisotropy 

suggests that the anisotropy can be substantially accounted for in terms of 

thermal stresses induced by the AJUCL substrate. 

In principle, residijal 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 

anisotropy can be adequately explained without recourse to these effects. 

Or* the other hand, the rather low average value ^636 cm /V-sec) deduced 

for the zero-stress mobility u from analysis of the theoretical and experi- 

mental data indicates that thermally induced stress is not the dominant 

mechanism in lowering the overall average 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 suggests that additional detailed investigations, which 

examine the variation of anisotropy with film thickness, growth conditions 

and temperature, may well prove valuable in better understanding and improving 

S1/AA203 films. 
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FIGURE CAPTIONS 

■ 

FIGURE 1.   Specially designed Hall-bridge pattern permitting an independent 

measurement of electrical properties every 18 degrees in the plane 

of the film. 

FIGURE 2.    Typical room temperature mobility data for two (001) Si/(0112) 

At,07 samples.    The solid curves are least-squares theoretical 

fits to the experimental points.   The maximum mobility is at 

e « 0° and is along the [100] Si direction and the minimum is 

at G = 90° along the [010] Si    direction. 

FIGURE 3.    Low temperature (7710 mobility data for one (001)Si/(0lT2)At203 

sample and corresponding least-squares theoretical curve. 

FIGURE 4.    Plots of the normalized transverse field (E2/J1PO) for one sample 

at 77K and at 300K.    The transverse field E2 is at right angles 

to the current flow J, and both are in the plane of the film.   The 

least-squares theoretical fits to the data are shown as the solid 

curves. 
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TABLE 1    Anlsotropy Data for (001}Si/{0112}At203 

Room Temperature Data 

Sample 
irva Y 

ymin HA 
A(«) RMS Error (%) 

yo 

102 446 408 427 8.9 1.6 615 

18-1 432 397 415 8.6 1.4 598 

15 472 425 449 10.5 2.5 648 

3412-3 513 472 493 8.2 1.9 711 

3411-1 516 478 497 7.6 2.1 717 

18-2 422 387 405 8.6 2.5 584 

31 451 401 426 11.6 2.2 614 

*                13 443 394 419 11.7 2.9 604 

(average) (462) (420) (441) ( 9.5) (636) 

  

18-1 1014 

Liquid N, 

797 

Tempera ture (77K) Data 

5.7 906 24 1305 

31 1063 832 948 24 7.0 13tJ 
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APPENDIX B f 

.trprinlrd from: 

'30th  Ann. Proc. Electron Micr^ copy Soc. Amer." 
Los Angeles, Calif., 1972. C. J. Arreneaux (ed.). 

PRHUMINARY F.M6 MODIMCATIoNS FOR IN SITU CHEMICAL VAPOR DF.POSITION* 

J. L. Kenty 

North American Rockwell Corporation, tlectronics Group, Anaheim, CA 92803 

An AEI liMO electron microscope is being modified for in situ chemical 
vapor deposition. The objective is to observe the nucTeation and growth 
kinetics and structure of silicon deposited by Sill, gas pyrolysis on 
substrates of sapphire (single crystal a-AH 0 ). 

An Edwards DCB2 themoelectn cally cooled baffle has been installed using 
a simple adapter which permitted attachment without dril ing or cutting 
of the EMb frame or vacuum system.  Prior to installation the measured 
contamination rate was 240A/min; afterward the contamination rate was 
less than lOOA/min. 

An auxiliary pumping system is mounted to the left rear of the column 
and attachtl by a special stainless steel flexible bellows to the pumping 
port at the »-ear of the specimen chamber. The auxiliary system has an 
ultimate prcsure <I x 10_° torr, but the measured pressure in the specimen 
chamber was no better than \  x 10" torr, due primarily to the high out- 
gassing rate of the beam deflector coil immedi-^ely above the specimen 
chamber. Future modifications planned include coi..pletion of the differ- 
ential pumping system by addition of an impedance tube between the 
specimen chamber and beam deflector stage and a permanent aperture between 
the specimen chamber and objective lens. 

The bottom of the plate camera has been modified to accept a transmission 
phosphor screen of aluminized P-il phosphor material. A 16 mm motion 
picture camera has been mounted directly below this screen so that 
sequences of in situ growth may be photographed. Normal operation of the 
microscope is not affected. 

A CVD microchamber, Figure 1, has been constructed which sits in the 
objective lens at the normal 4 mm focal length position. A new center 
post, brazed into the extensively modified base of a standard AEI speci- 
men holder, acts as one electrode. The center post contains a lOOum dia. 
hole which serves as a gas limiting aperture. An outer cylindrical 
electrode is fastened by screws to e fired lava insulator, which is 
similarly fastened to the base. A gas-tight seal is obtained by lapping 
the insulator, base, and outtr electrode base flat. Once assembled, the 
outer electrode need not be disassembled to load the specimen. A 
removable disc containing a \00\n  dia. aperture is held tightly in place 
by a threaded cap.  The specimen is held between two resistively heated 
200-mesh stainless teel grids attached to the electrodes by two #80 NM 
screws. The holder is inverted for loading permitting the specimen and 
removable aperture to be aligned with the fixed aperture. Gas is admitted 
to the microchamber through a flexible nickel bellows, flows through the 
annular space between the electrodes, and exhausts through the apertures 
The sp,>ce between apertures is 2 mm, which at2a SiH pressure of 2.9 torr 
correspmds to a nass thickness of 0.S5 Mg/ca , giving a 10^ intensity 
loss as; uning o ■ 2.S x 10  cm . 

•This research sponsored by ARPA under Order 1585, monitored by USAMIC0M, 
Redstone Arsenal, AL, under Contract DAAH01-70-C-1311. 

f See Reference 8, p. 75/76. 
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Rfprwted frmm: 

"30th Ann. Proc. Electron Micraoopy Soc. Amer." 
Los Angelet. Calif., 1972. C. J. Arceneaux  (ed.). 

Figure 1.    In Situ Chemical Vapor Deposition MIcrochaMbtr. A, center 
eTcctrode and gas limiting aperture; B, lava Insulator; 
C, outer electrode; D, heating grids; E. saMple; F, reanyablc 
aperture; G, aperture cap. 

102 


