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I».   ABITWACT 

The results of a three-year research program are described. The overall objective 
of the program was to carry out a fundamental study of nucleation and film growth 
mechanisms in heteroepitaxial semiconductor thin films. The specific technical 
objectives were l) investigation of various aspects of the mechanisms of hetero- 
epitaxial film growth, to establish technical guidelines for the preparation of 
better films; 2) preparation of improved, high-quality, device-grade heteroepitaxial 
films of Si and GaAs on insulating substrates by chemical vapor deposition (CVD) 
methods; 3) development of new or improved methods of characterizing heteroepitaxia] 
semiconductor films; and h)  design and fabrication of selected thin-film devices 
taking advantage of the unique properties of heteroepitaxial films. The program 
involved both theoretical and experimental investigations of nucleation and growth 
mechanisms and development of improved techniques for film and substrate preparatio: 
and characterization. The CVD method of growing semiconductor films was emphasized 
because of its importance in the semiconductor device industry. Main emphasis was 
on the Si-on-Al203 system, with attention also given to the Si-on-MgAl20L and 
GaAs-on-AlgOß systems. The work was divided among seven subtasks: l) theory of 
epitaxy and heteroepitaxial interfaces; 2) deposition studies and film growth; 
3) analysis and purification of CVD reactants; k)  preparation and characterization 
of substrates; 5) studies of in situ CVD film growth in the electron microscope; 
6) evaluation of film properties; and 7) design and fabrication of special devices. 
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!!i?CJPa^ ^^if51/cc°mPli3hnents include l)  experimental discove'ry and 
ofsi/M 0    ?nrerJZati0n ?' Sigriificant anisotropy in the electrical properties 
°5 ?i/Ai2?3 nJ*f of several crystallographic orientations, and theoretical 
explanation of the effects in terms of a model that combines thermauj- nSced 
S?    2    In' '^ eXpan

p
si0n coefficient differences with the piezoresistance effect in 

?llm LSh      J        ^ Preferred substrate orientations, deposition temperatures' 
film groyth rates,  and carrier gas atmosphere for optimized film properties 
^rface    t^i 3 T f /MgA120* ^^ ^ identification of the Lf^nce of 

surface-state conduction on measured electrical properties in Si films with 
carrier concentrations  <lol6cm-3;  h) identification of the role of the SS, 

oHrnL^C^I)'^ 'T ^^^ decomPOSiti- ^ ™u in the fo^Ln 
^i?«hf«rJ. K        

J    . develoPment of g^-phase etching and improved mechanical 
polishing techniques for preparing surfaces of AloOo and MgAloO.   substrates  f^r 

sputtering technique for preparing ultrathin    <500i?)  regions in Al 0, substrates 
for transmission electron microscopy; 7) observation of the in sitS Ä of 
Si by physical vapor deposition (PVD)  and CVD on AlnCH and a^s^SITs carton 
substrates in the electron microscope;  8) observati^and characterization of 
the transport of photoinjected electrons through single-crystal AlpOJ 9) measure- 

r/iiJetimeTXh11'6^11163 ^ Si.hete-eP"-ial Tilsä on A^O. aÄreiaUon 
of lifetimes with various experimental parameters; 10)  determination of surface- 
state density distributions  in Si heteroepitaxial films on Alp07; ^d llWhe 
successful fabrication in Si/Al20    of charge-coupled devices Ix&biUng good 
rStl In^'f61" e!ficJ?ncy at hi^ bauendes.    Details of these and otSer 
results and investigations are given by means of data tabulations, graphs    photo- 
fS ™.r,?arratiVe-    ^ eXtenSiVe bibli0^aphy of electron mi^os^ope Jn^itu 
film^leatlon and growth studies is also included.    The report is boLiTn^ee 
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ABSTRACT 

The results of a three-year research program are described. The overall 
objective of the program was to carry out a fundamental study of nucleatlon 
and film growth mechanisms in heteroepltaxlal semiconductor thin films. 
The specific technical objectives were 1) Investigation of various aspects 
of the mechanisms of heteroepltaxlal film growth, to establish technical 
guidelines for the preparation of better films; 2) preparation of improved, 
high-quality, device-grade heteroepltaxlal films of Si and GaAs on insulat- 
ing substrates by chemical vapor deposition (CVD) methods; 3) development 
of new or improved methods of characterizing heteroepltaxlal semiconductor 
films; and 4'i design and fabrication of selected thin-film devices taking 
advantage of the unique properties of heteroepltaxlal films. 

The program Involved both theoretical and experimental investigations of 
nucleation and growth mechanisms and development of improved techniques for 
film and substrate preparation and characterization.  The CVD method of 
growing semiconductor films was emphasized because of its importance in the 
semiconductor device industry. Main emphasis was on the Si-on-Al„0. syutem, 
with attention also given to the Si-on-MgAl.O and GaAs-on-Al20„ systems. 
The work was divided among seven subtasks:  1; theory of epitaxy and hetero- 
epltaxlal interfaces; 2) deposition studies and film growth; 3) analysis and 
purification of CVD reactancs; ^i) preparation and characterization of sub- 
strates; 5) studies of in situ CVD film growth in the electron microscope; 
6) evaluation of film properties; and 7) design and fabrication of special 
devices. 

Principal technical accomplishments include 1) experimental discovery and 
empirical characterization of significant anisotropy in the electrical 
properties of Si/Al„03 films of several crystallographic orientations, and 
theoretical explanation of the effects in terms of a model that combines 
thermally-induced stresses due to expansion coefficient differences with 
the piezoresistance effect in Si; 2) delineation of preferred substrate 
orientations, deposition temperatures, film growth rates, and carrier gas 
atmosphere for optimized film properties in the Si/Al20. and Si/MgAl„0, 
systems; 3) identification of the influence of surface-state conduction on 
measured electrical properties in Si films with carrier concentrations 
<1016cm 3; 4) Identification of the role of the Al^O- surface as a catalyst 
for the pyrolytic decomposition of SiH. in the formaEion of Si films by CVD; 
5) development of gas-phase etching and improved mechanical polishing tech- 
niques for preparing surfaces of Al-C^ and MgAl-O. substrates for the hetero- 
epltaxlal growth of semiconductor films; 6) develooment of an ion-beam 
sputtering technique for preparing ultrathin (<500A) regions in Al-CL sub- 
strates for transmission electron microscopy; 7) observation of the in situ 
growth of Si by physical vapor deposition (PVD) and CVD on Al^O- and amorphous 
carbon substrates in the electron microscope; 8) observation and characteriza- 
tion of the transport of photolnjected electrons through single-crystal A190 ; 
9) measurement of carrier lifetimes in Si heteroepltaxlal films on A1?0. and 
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Al203; *** ^  the successful ^ ^    ^ n SiMl'o^of6^'"181 ^ ^ 
devices exhibiting good charge-transfer ^clen^a? hlgh^uC?^ 

s^:bittL\Xp0h?^e?ott:Dhr inr?tigations *™ *™ * **™ of 
graphy of electr^n^icroscope ifsJtu'flll T^T'    ** eXtenSiVe blblio- 
ls also Included.    The  r'port II SSH !J ^    eatl0n ^ 8rOWth Stuüi<iB 

report  is bound In  three separate parts. 
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PROGRAM SUMMARY 

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

The specific technical objectives were the following: 1) investigation of 
various aspects of the mechanisms of heteroepitaxial film growth, to establish 
technical guidelines for the preparation of better films which could be applied 
to real situations; 2) preparation of improved, high-quality, device-grade 
heteroepitaxial films of Si and GaAs on insulating substrates by chemical vapor 
deposition (CVD) methods; 3) development of methods of characterizing hetero- 
epitaxial films as to their suitability for subsequent device fabrication; and 
A) design and fabrication of selected thin-film devices which take advantage 
of the unique properties of such films. 

The plaii for accomplishing these objectives involved the study of the funda- 
mentals of heteroepitaxial semiconductor film growth on insulating substrates 
as the primary activity, with specialized device fabrication used as a means 
both of evaluating film properties and of exploiting certain unique properties 
of heteroepitaxial semiconductor-insulator systems.  Both theoretical and 
experimental investigations were involved.  The theoretical studies consisted 
of two types: 1) direct interaction with the experimental program, involving 
data analyses, suggestion of definitive experiments, and postulation of specific 
models to explain experimental observations; 2) development of original contri- 
butions to the theory of heteroepitaxial growth.  The experimental investigations 
were also of two types: 1) fundamental explorations to delineate mechanisms and 
general empirical principles of the heteroepitaxial growth process; 2) practical 
device studies accompanying the fundamental investigations, so that new develop- 
ments could be applied to the improvement of films and thin-film devices. 

The chemical vapor deposition (CVD) method of growing semiconductor films was 
emphasized because of its importance in the semiconductor device industry. 
Main emphasis was on the Si-on-Al-O system, with attention also given to the 
Si-on-MgAl„0^ and GaAs-on-Al^O. systems.  The work was divided among seven sub- 
tasks: 1) theory of epitaxy and heteroepitaxial interfaces; 2) deposition studies 
and film growth; 3) analysis and purification of CVD reactants; A) preparation 
and characterization of substrates; 5) studies of in situ CVD film growth in 
the electron microscope; 6) evaluation of film properties; and 7) design and 
fabrication of special devices. 

The program was carried out primarily at facilities of the Electronics Group 
of the Rockwell International Corporation, by Rockwell personnel.  Parts of 
three of the specific subtasks were performed by personnel of the University 
of California at Los Angeles (UCLA), in the Department of Electrical Sciences 
and Engineering and the Chemistry Department.  Work on another subtask was done 
in part in the Department of Chemistry of California State University, San Diego 
(CSUSD).  Both the UCLA and the CSUSD programs were supported by subcontracts 
from Rockwell. 
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The principal technical accomplishments of the program include the following: 
1) experimental discovery and extensive characterization of significant anlso- 
tropy in the electrical properties of Si/Al 0 films, and theoretical explana- 
tion of the effect in  terms of a model that combines thermally-Induced stresses 
with the piezoresistance effect in Si; 2) delineation of preferred substrate 
orientations, deposition temperatures, film growth rates, and carrier gas 
atmospheres for optimized film properties in the Si/Al 0 and Si/MgAl 0, systems; 
J) identification of the influence of surface-state conduction on measured elec- 
trical properties in Si films with carrier concentrations <10i6cm~'3; 4) Identi- 
fication of the catalytic role of the Al-O surface in the heterogeneous pyrolytic 
decomposition of SiH4 to form Si films by CVD; 5) development of gas-phase etch- 
ing and Improved mechanical polishing techniques for preparing surfaces of A1„0, 
and MgAl20. for the heteroepitaxial growth of semiconductor films: 6) development 
of an ion-beam sputtering technique for preparing ultrathln (<500A) regions In 
A120^ substrates for transmission electron microscopy; 7) observation of the 
111 situ growth of Si by physical vapor deposition (PVD) and by CVD on Al ü and 
amorphous carbon substrates In the electron microscope; 8) observation and 
characterization of the transport of photolnjected electrons through single-crystal 
Al-O ; 9) measurement of carrier lifetimes in Si heteroepitaxial films on Al, Ü ; 
10) determination of surface-state density distributions In Si heteroepitaxial5 

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

A surrmary of the work of the contract program by subtask. fallows: 

Subtask 1; Theory of Epitaxy and Heteroepitaxial Interfaces.  Several separate 
Investigations were carried out In attempts to model heteroepitaxial systems. 
An extension of the island alignment model using a Gaussian-atom Fourier-transform 
technique, the Frank-van der Merwe model, a Green's-function/Wannier-function 
approach, a contrived potential-energy model, and  a molecular-orbital method for 
developing the heteroepitaxial Interface were all critically reviewed for the 
purpose, and all were found inadequate for application to the real systems of 
Interest. A two-body interatomic potential method, although also initially 
rejected, was finally adopted for modeling the Al Ü  lattice with Morse potentials 
and a suitable computer program; mechanical stability and surface reconstruction 
phenomena In Al^ were treated successfully by this method. Involving relaxation 
of the several atomic planes nearest the A120 surface.  An electron-on-network 
method was also considered for determination of surface atom configurations and 
interfacla1 binding energies in situations where the surface structure is allowed 
to relax, but was also eventually found inadequate for realistic calculations in 
heteroepitaxial systems. 

Extension of the modeling to the Si/Al 0 composite was interrupted by the 
theoretical investigation of the effects on electrical properties of stresses 
in the Si films resulting from differential thermal contraction of substrate and 
film, prompted by the experimental observation of -10% anisotropy in the carrier 
mobility in (001)Si/Al2O3 and -40% anisotropy In (22l)Sl/Al 0 . A model com- 
bining thermal expansion stress and the piezoresistance effect, incorporating the 
anisotropies In substrate thermal expansion, SI elastic constants, and SI ple?:)- 
resistance coefficients, was developed and applied to (Ü01), (221) and (111)31 

vi 
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films on A12CL. Excellent agreement was obtained between theory and experi- 
ment in the first two cases; the amount of aniaotropy and the directions (in 
the plane of the film) of maximum and minimum carrier mobility were correctly 
predicted. In (lll)Si (on two different A120„ substrate orientations), however, 
l:he theoreticaMy predicted effects were too small to account for the experi- 
meutal observations, indicating that other (not yet identified) phenomena are 
more important in determining anisotropy in the (llDSi/AUO- system. 

Extensive calculations were made for ehe general (xxl)Si orientation (0<x<°o), 
which defines all Si orientations along the zone that includes (001), (111), 
(221), and (110)Si and thus all of the Si/;\1 0 epitaxy modes of major interest. 
For n-type Si/Al20 , the predicted stress e/fects ranged from a -30% reduction 

ir (001)Si to a -25% enhancement in Maximum mobility near (110)Si.  For p-type 
Si films, the predicted stress effect is always a mobility enhancement, with 
the maximum mobility ranging from ~l.iJ7M for (001)Si to ~2.Ay for (110)Si 
vhere yo is the zero-stress mcbility. I? is significant that ?he Si film orlenta- 
ion most used in commercial devices - (001) - is the one showing the lowest 

mobilities of all those investigated. Thus, considerable improvement in perfor- 
ce of certain types of devices could be realized by exploiting these predicted 

t. jets, which have major significance for heteroepltaxial device technology. 

Suhtask 2; Deposition Studies and Film Preparation. A major part of the work 
of this subtask consisted of preparing a variety of Si and GaAs heteroepltaxial 
-Ira samples for use in other parts of the program.  Exparimental Investigations 

of the effects of various deposition parameters upon the properties of Si and 
'A? films continued throughout the p. ogram, including examination of the follow- 

ing: 1) dependence of electrical properties on growth temperature, growth late, 
and  crystallographic orientation of substrate (including the (1120) orientation 
roc previously used for heteroepltaxy studies); 2) variations in Si film prop- 
erties with thickness: 3) formation and properties of p-type Si/Al 0 films; 
4) effects of autodoping (at temperatures above ~1050C) in Si films on Al 0* and 
MgAl20 ; 5) effects of reactor configuration on film properties; 6) characteristics 
of early-stage growth of Si films on Al 0 j 7) growth of Si films by S1H. pyrolysis 
at reduced pressures (1 to 10 torr); 8) growth of Si films in gaseous atmospheres 
other than pure H2; 9) effects of annealing during growth on properties of Si 
rilms (no significant improvement in film properties observed); and 10) growth 
of GaAs films on Al^ and MgAl 0^.  These studies revealed the strong inter- 
relationships that exist among the various parameters involved in optimising Si 
growth on insulators.  Evaluation of the electrical properties of Si films on 
AUO^demonstrated that growth conditions (1) must be optimized for the particular 

?ro- 
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atmosphere; and (4) must be optimized for the particular film thickness desired. 

A1„0 demonstrated that growth conditions (1) must be optimized for the partic 
suBstrate orientation chosen; (2) differ for those Al 0 orientations which pi 
duce the same Si orientation; (3) are dependent upon reactor geometry and gase 

Based on electrical properties of the films grown, the preferred substrate for 
Si heteroepltaxy was identified as  one that produces (111)Si growth rather than 
(100)Si growth, namely ^L120)A120 or (lll)MgAl 0  the highest mobilities 
being obtained on (lll)MgAl 0 . Ogtimum growth temperatures varied with sub- 
strate orientation: (100)Si_on (0112)A190„, 1050-1075C: (lll)Sl on (1014)A1 0 . 
1075-1100C; (lll)Si on -(1120)A120  lO^llOOC; and (lll)Si on (ni^Xof.

3' 
~1025C. The preferred growth atmosphere appeared to be either H or a He^H 
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sys.e. uLd    LtntZl    f, ^ful g    dfs0"      ^    J ^ "f"?'1»- £" ^ —tor 
reactor geometr»s      These nh.f™ !, !    .™ fllm srowth ln systems with other 
Sl/Al 0    fn™ „rnt',,-, °bs°rva"0"s should lead to definite Improvements In 
Si/Ufa deiLP

a aPStclrc"t8'
hUS  ^ lmPr0"ed »«f°— ™* reUablUty In 

of the reactants used"„r sfand rS f'0matofraPhy "«^ developed for analysis 
polymer ool^ns used for the    u heteroepltaxy by CVD, with slllcone oil and 
»ere observ^ ?„ ^h      i ohromatography.     Several extraneous Impurity peaks 

mass ;ectr„met:r Uchn! Ss"    ^1 Ta'It ^ fo?"" k^^fsS ^f^/Tt "' 

z: ?ooepsam:?ibLrur liir:^10" L" t"e *-"-"p"^' -r;:^ t?s:rne ■ 

Ä-e?r^S;?^ 
Significant Impurity concentrations In s»e of the reactants (especially S1H > 

" s"" 1 7 ^ ru:s!CCCo"pL^l^J^^ "r e"e"S 0t ^""o^^iters 
improved-pur'lt: rea^ts^n" £       o:," J^' ^-J-J^^^»" "f  f 
reactants by mass soectromphpr ho.h^»«     -r     prograra, as did analyses of 

fiiililiilt 
atlng materials    oL    n eL'r^pll«t o^      Ihe"» T8""^ "^ 0f eValU- 
mate lack of   understandln. e? ,1T,       ^ .      analyses demonstrated the ultl- 

reactant supplier,   the analytical laboratory,  and  the ultimate uler Is needed. 

th/r^1116 SOme 0f  th!  fundamen^^  of   the chemistry and reaction kinetics of 
aatloL  ^0H SSeS USf f0r 8rüWin8 hete^P^axial  films  of  Si  and G^s     investi- 
gations  of    he reactions  Involved  in the  formation of Si by Sill    pyrosis and 
encS o    the   U ^T^11'™  ^^As^  reaction were undertaken      ^einfL 
ence ot   the  MO    surface on  the mechanism of decomposition of  SIH    *«  1  ft* 
of  temperature* a3nd  the decomposition modes and  reactio^ products^ m3 fnd        " 
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AsH3 as functions of temperature, concentration ratio, and H0 partial pressure 
(to attempt to determine the requirements for formation of optimum-quality GaAs) 
were examined.  It was found that the surface of single-crystal Alo0 does 
catalyze the thermal decomposition of SiH  whereas the pyrolysis ^homogeneous 
ZUrJ    SUrtace: N° effect of Preheating the Al 0„ to temperatures as high 
as 1 O.C was found. A variety of observations made 8n the TMG-AsH0 system 

llr^lt Tu  foll°win8' amon8 others: 1) GaAs does result from the3reaction of 
TMG with AsH3 and an excess of AsH should be used in any application of the 
process; and 2) both CH  (methane) ind H_ are produced In the series of step- 
wise reactions leading to the final proddct.  Further study of the reaction 
at high temperatures is recommended. 

SuMigkAL_Preparation and CharacterlzaHnn of Substrates,  it was demonstrated 
that Al 03 surfaces prepared by mechanical polishing techniques and used rou- 
tinely For semiconductor heteroepitaxy typically had severe surface and subsur- 
face damage, with many scratches often several microns deep yet often rendered 
invisible to close inspection because of amorphous or fine-grained debris 
embedded in the scratches in the final polishing stages.  Early in the second 
year a much improved technique for mechanical polishing of (1014)Al 0 was 
developed, and very good surfaces in this previously troublesome orL^tatlon 
were then obtained.  Gas-phase etching/polishing procedures using SF^ and various 
fluonnated halocarbons In the 1350 to 1500C temEerature range were ^ound to 
produce essentially scratch-free surfaces on (0112) and near-(1120)Al 0 sub- 
strates. Extensive gas-phase etch-rate data were obtained as a function of 
crystallographic orientation in this temperature range. The technique was 
further developed for (1) thinning Al 0 substrates; (2) evaluating the effects 
of prolonged etching on (0112), (UOOlf/and ~(1120)A190,; and (3) assessine 
the subsurface damage caused by various mechanical pollihlng procedures.  "5 

Evaluation of mechanical polishing methods for MgAl-O. surfaces indicated that 
surface fill-in occurs for this material, Just as fSAl-O. .  Some exploratory 
gas-phase etching experiments with MgAl 0 surfaces were^afso carried out during 
the second year of the program. 

Ion-beam sputtering techniques were developed for preparing ultra-thin 
(:200A)A1203 wafers for use as substrates in the in situ CVD experiments with 
Si.  Walers successfully thinned to ~50ym or less by mechanical polishing tech- 
niques were subsequently thinned by ion etching to the point of perforation 
in some areas, resulting in adjoining regions of thicknesses suitable for 
transmission electron microscopy as applied in the In situ experiments. Three 

/inT^ent: A1203-Ol;ien,:ations were successfully thinned by this method - (0001). 
(1014), and r0ll2). Considerable study of properties of the resulting thinned 
substrates was carried out, and improvements in the ion-thinning process were 
realized during the final year of the program, when the thinned substrates were 
used in the in situ CVD experiments (Subtask 5). 

Mechanical lapping and polishing methods that produce good quality surface 
suitable for use as substrates for epitaxy were developed during the contract 

m^r"!1 n^of^10118 0f ^3 " (0001)' (0li2) • <icl4)' (1120), .6 deg off 
U12U) and (1122). By means of etch-rate techniques developed for this 
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possible to determine the apparent depth of damage in A1.-0 
3 at various stages of preparation. At a given stage in the 

material it was 

substrate wafers ac various stages of preparation. At a given stage ... ,.., 
processing, the. damage depth was found to increase for various orientations 
in the following order: (1014), (1120), (01l2) , and (0001). 

A technique utilizing the photoelectric process in a metal-insulator- 
semiconductor structure, consisting of an AUO substrate with a Si or GaAs 
film grown on one surface and a semLtransparent Al film on the other, demon- 
strated that photoexcited electrons from either the semiconductor or the 
metal film can be transported through single-crystal Al 0 of several mils 
thickness.  Further study of the charge transport process also established 
that (1) the Al^ used for substrates for growth of heteroepitaxial semi- 
conductor films has trap levels approximately 0.18 eV below the conduction 
band; (2) the transport of photoinjected electrons occurs through the Poolc- 
Frenkel conduction mechanism; and (3) the quantum efficiency for the photo- 
electric process is quite low, approximately lO-5. 

Routine characterization of substrate surfaces at various stages of prepara- 
tion continued throughout the program, utilizing various standard techniques 
of x-ray and electron diffraction analysis and optical and electron (Including 
scanning) microscopy. iv.i.uui.uS 

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

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

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

In addition, a number of in situ Si CVD experiments were performed resulting 
in the successful growth of Si films in the electron microscope by the 
pyrolysis of SiH^.  The nucleation and early growth of Si on both amorphous 
carbon and single-crystal A120 substrates was observed, leading to the 
following conclusions: 1) the pyrolysis of SiH. to form Si films by CVD 
inside the electron microscope is feasible; 2) the in situ study by trans- 
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mission electron microscopy of the post-nucleatlon and early growth stages 
of a semiconductor film grown by CVD Is feasible; 3) the nucleatlon and 
early growth processes for CVD SI are fundamentally similar to those of 
metal films grown by PVD, although some specific differences exist; 4) 
single-crystal Si growth on (Ol^Al.O. results primarily from the growth of 
nuclei of a preferred orientation at the expense of randomly oriented nuclei, 
and not from the large nucleatlon rate of these favorably oriented nuclei; 
5) the ion-beam sputtering process can produce electron-transparent Alo0, 
suitable for use as substrates for in situ  CVD film growth experiments 2^3 

Subtask 6; Evaluation of Film Properties.  From the beginning of the 
program, routine evaluation of film properties vas carried out by established 
methods of x-ray and electron diffraction analysis, metallographic analysis, 
and electrical measurements of transport properties.  A new technique for 
evaluating the characteristics of the interfacial region of heteroepitaxial 
films was developed, Involving measurements of photoelectron emission from 
monochromatically-illuminated films in the MIS configuration on insulating 
substrates (see Subtask 4).  Photocurrents due to electron transport through 
the single-crystal Al-O- substrates were measured as a function of photon 
energy, permitting determination of various parameters in the Si/Al-0 and 
GaAs/Al20 systems.  These measurements gave values of l.OeV for the electron 
affinity of Al 0 , 3.15eV for the barrier height at an Al 0 -Al interface, 
4.50eV for the Si-Al 0 Interface barrier height, ~0.37eV for the band- 
bending in Si near the Sl-Al 0 Interface, ~0.10eV for the band-bending in 
GaAs films near the A12CL interface, and electron escape lengths of at least 
12Mm in Si and 23Mm in GaAs.  Values for the work function of various 
metals were also determined by these measurements. 

Determination of the energy spectrum of back-scattered proton or alpha- 
particle beams injected in channeling directions in heteroepitaxial serai- 
conductor films was Investigated as a means of measuring the density and the 
location of structural defects in the films. Experiments indicated that 
Si/insulator films have less imperfect interfacial regions than do GaAs/ 
insulator films.  The best structures of those examined were found in (100)Si 
films on (0112)A1203 substrates and in (lll)Si films grown on near-(1120)Al90„ 
substrates.  Information on the early growth stages of Si on Al 0- was also 
obtained by conventional transmission electron microscopy of very thin Si 
films grown on ion-thinned Al-O- substrates in a conventional (atmospheric- 
pressure) vertical-flow CVD reactor.  These experiments showed that the growth 
of a single-crystal Si film by CVD is the result of coalescence processes in 
the early growth stages and not of nucleation phenomena alone, producing 
films with a relatively higher incidence of defects and relatively lower 
carrier mobilities. 

Rapid acquisition of data on electrical properties of the films was very 
important to the conduct of film growth experiments, especially in the second 
and third years; measurements of film conductivity type, resistivity, carrier 
concentration, and carrier mobility were made routinely on a majority of the 
epitaxial samples prepared on the program, utilizing either the van der Pauw 
method or the more accurate and conventional Hall-effect bridge method. 
These data were essential for the study of the effects of changes in depo- 
sition parameters on SI/Al-O and Sl/MgAl 0, film properties, and provided 
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considerable insight into the factors which most strongiy influence film 

Said bVmad'e!' identification of the conditions for optimized fu" growth 

epit^ial S  fn      ^ eleC rlCal ProPerti" of -doped n-type hetero- 
epitaxial Si films grown on various orientations of A1„0, (and also MgAUOj 
by the pyrolysis of SiH are dominated by surface-statl Conduction for  2 4 

carrier concentrations Sf .I0^cm^  or below.  It was found that there were 
homogeneities in the donor concentration of typical CVD Si/Al.CK films 
over the film area, and that a concentration gradient existed f^ the center 
of the susceptor radially outward; films reflected this variation depending 
upon the placement of the substrate on the susceptor during CVD growth  Gas 
low characteristics or a non-uniform temperature of the rlheated peLtaf 

(susceptor were thought to account for the effect.  Measurements were Lde 
*nH on VarJa"0n °f Metrical properties of Si/Al_0, with temperature, 
(e E  LI '? 0bf^ Effects were attributed t^ hgh  defect densities 
^e.g., deep-Lying donor levels) or inhomogeneous strains in the films. 

The most significant development to come from the film evaluation procedures 

films  M Mr^1^ 0£ the ants0tr^ in electrical properties in luTCo 
Ums.  Mobilit;  .easurements as a function of azimuthal direction (every3 

10 deg) in the film plane indicated a maximum mobility in two directions and 
a minimum mobility in two directions, the latter displaced by 90 deg from 
he former The mobility anisotropy factor A, defined as the ratio of the 

difference between the maximum and minimum values of mobility in the plane 
of the film to the average value of the mobility in that plane, was found 
o be about 40% for (22l)Si/(ll22)Al Ü and about 9X   for (001) i/0 12)Al 0 
Resul s of theoretical calculations fs3btask I) agreed we 1 with the expir^ 

020 i  r:K-TheJavLCULatLOnS ^ the -P---tagl results indicated tLt 
rTritilLT t      8 Cr electron abilities than other more commonly used 
orientations  Measurements of anisotropy at 77K were also consistent with 

üre
COrn^P   ?8 incre^es in P^zoresistance coefficients at that tempera- 

ture.  Data ana yses predicted zero-stress mobilities significantly below 
bulk crystal values, however, indicating mechanisms other than thermally- 

Pnl^!?a? f?f
eS "r6 dominant in "ducing carrier mobilities in hetero- 

epltaxlal films.  Extensive studies of (lll)Si on (U20)A1„0, and on (10Ü)A1 0 
gave experimental anisotropies averaging 16% and 30%, resplclkvely. much    ' 

malo'rinn" the0reF
tiCal P^lctions, again indicating the'presence'of other 

major influencing factors. There appeared to be an inverse relationship 
between anisotropy in (lll)Si and the minimum or the average mobility, higher 
anisotropy corresponding to lower mobility.  Attempts were made to co^rellte 
these results with reactor configuration (i.e.. horizontal or vertical) and 
various deposition conditions.  Measurements were also begun to examine 
the possibility of mobility anisotropy being present in the Si/MgAl^ system. 

The surface-state density of thermally oxidized Si films on Al.ü, was deter- 
mined late in the program using the MGS C-V technique.  Eviden§e3of both 
donor- and acceptor-type surface states was found; a peak in the acceptor- 
state density appeared at ~0.l6eV below the conduction band, but the exact 

2 J 
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location of the donor-state density peak could not be determined. Measure- 
ments of high-field transport properties of Si and GaAs heteroepitaxial films 
on AljCL were also undertaken, early in the program, to obtain drift mobility 
data for some of the films. 

Subtask 7: Desigvi and Fabrication of Devices.  In the first year of the 
contract apparatus for determining minority carrier lifetime by pulsed C-V 
measurements in MOS structures was designed and constructed and tests were 
begun.  A special MOS structure was designed for measurement of channel 
cond xtance, high- and low-field transpor'. properties, and various inter- 
face characteristics of heteroepitaxial films.  Initial attempts to fabricate 
Schottky-barrier diodes in Si/Al„0„ films as a means of evaluating their 
electrical properties were not successful and were not pursued further.  In 
the second year the design of a Schottky-barrier type of FET was completed 
for use in fabricating experimental FET structures in GaAs/insulator films 
for operation at 1 GHz.  Most of the device-oriented effort centered about 
the determination of carrier lifetimes using the MOS pulsed C-V technique 
(work which extended to the end of the program) and attempts to fabricate 
Schottky-barrier FET's in GaAs/Al20 . 

Recent device efforts produced Schottky-barrier diodes (in n-type Si/Al„0, 
samples) having good reverse but unsatisfactory forward characteristics. 
The Schottky-barrier FET structures were still not satisfactory.  Preliminary 
work on fabricating and evaluating Schottky-barrier photovoltaic cells using 
illumination from the back side was begun, and charge-coupled devices (CCD's) 
in Si/Al-O- composites were successfully designed, fabricated, and tested. 

The lifetime measurement method used has the important advantage that the 
actual carrier lifetime is magnified by the factor N/n., where N is the 
impurity concentration in the semiconductor and n is the intrinsic concen- 
tration, so that very short lifetimes typical of heteroepitaxial systems 
(10~10-10-9sec) could be measured.  Carrier lifetimes and values of surface 
recombination velocity were obtained for As-doped n-type Si/Al„0„ samples 
and for As-doped n/n+-type Si/Al„0„ samples grown by CVD on this contract, 
as well as for some commercially-ootained Si/Al„0„ samples that were P-doped. 
Lifetimes for As-doped (lOO)-oriented Si varied from ~10~10 Sec for films 
l-3lJm thick to ~5 x 10"9 sec for films -lOym thick; the particular P-doped 
films measured exhibited lifetimes nearly an order of magnitude longer. 
No clear dependence of lifetime on As doping concentration or en Si orientation 
((100) and (111) were studied) was detected.  It was found that an underlying 
n+ layer (~3 x 10^°cm- ) significantly enhanced the lifetime in a 3ym top 
layer of As-doped (~10^"cm- ) Si for a given total film thickness, the enhance- 
ment being greater the greater the n+ layer thickness (x-lysec for ISpm total 
thickness); the n+ sublayer evidently acts as a "getter" for the trapping 
centers that tend to lower the lifetime in the n-type material. 

Since CCD's had previously been fabricated in Si and showed good charge transfer 
and since other Si/Al„0„ devices had exhibited good high-frequency and radiation- 
resistant characteristics it was determined that fabrication of CCD's should 
be undertaken in Si/Al-O-, The devices were successful, with good transfer 
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efficiency at high frequencies; four-phase 8-mtl-per-cell CCD's were operated 
at 2MHz with 0.99 efficiency.  Low-frequency operation, however, was found 
to be limited by the short carrier lifetime which allowed charge-up of the 
potential well. 
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SECTION   1 

INTRODUCTION 

This is the Final Technical Report for this contract.  It describes work 

carried out during the period 25 June 1970 - 30 June 1973.  Semiannual 

reports (Refs 1-5) have described work done in the first 30 months of the 

program; this report summarizes the work of the entire program. 

1.  CONTRACT OBJECTIVES 

The overall objective of the program, as originally proposed, was to carry 

out a fundamental study of nucleation and film growth mechanisms in hetero- 

epltaxial semiconductor thin films which would lead 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 w^re the 

following: 

1. Investigation of various aspects of the mechanisms of heteroepitaxial 

film growth, to establish technical guidelines for the preparation of 

better films which could be applied to real situations. 

2. Preparation of improved, high-quality, device-grade heteroepitaxial 

films of Si and GaAs on insulating substrates by chemical vapor depo- 

sition (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. 
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Tlie general plan for accomplishing these objectives involved as the primary 

effort a study of the fundamentals of heteroepitaxial semiconductor film 

growth on insulating substrates.  Specialized device fabrication was used 

both as a means of evaluating certain properties of the films (and thus as 

a measure of film quality as the program progressed) and as a means of 

exploiting certain unique properties of heteroepitaxial semiconductor- 

insulator systems. 

The identification of the mechanisms, properties, and processes to be 

investigated was based on previous knowledge of epitaxy and its problems 

and on experience with thin-film device difficulties encountered over a 

period of several years.  The problems studied were not restricted to those 

identified a priori; experimental (and theoretical) attention was shifted as 

needed as the program progressed, to help achieve the goal of a better 

understanding of heteroepitaxial processes and the corollary improvements 

in thin-film active semiconductor devices. 

2.  PROGRAM SCOPE 

The program involved both theoretical and experimental investigations of 

nucleation and growth mechanisms of heteroepitaxial films in semiconductor- 

insulator systems, the development of improved techniques for preparation of 

heteroepitaxial semiconductor films, and the fabrication of some devices 

utilizing these films. 

The theoretical studies consisted of two types.  First, there was direct 

interaction with the experimental program involving data analyses, suggestion 

of definitive experiments, and postulation of specific models to explain 

experimental observations.  Second, there was development of original contri- 

butions to the theory of heteroepitaxial growth.  The experimental investi- 

gations were also of two types.  Fundamental explorations were carried out to 

delineate mechanisms and general empirical principles of the heteroepitaxial 

growth process.  Also, practical studies accompanied the fundamental investi- 

gations so that new developments could be applied to the improvement of 

Ufe^^.-a.!. ,....:,*.........:^.^u ,-.,^,..,^,..;i...„.^..1..';... ,.,:J.,..J,^,-.» ^^„.^^..h:.,;^^.*.,.^:^.^,,.: 
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semiconductor films and thin-film devices. 

The work emphasized the CVD method of growing semiconductor thin films 

because of its importance in the semiconductor Industiry.  This emphasis on 

the fundamental mechanisms of CVD growth distinguished this program from 

most previous fundamental studies of epitaxy, which concentrated upon physical 

vapor deposition (PVD) methods. 

The program emphasis was on films of Si and GaAs and substrates of sapphire 

(A1203) and spinel (MgAl20.).  The main emphasis was on the Si-on-Al20. 

system, with increasing attention being given to the Si-on-MgAl.O and GaAs- 

on-Al2CL systems as the program progressed.  Si and GaAs were chosen because 

of the preeminence of the former in the semiconductor industry and the high- 

frequency and high-temperature attributes of the latter; in addition, they 

represent the elemental and compound semiconductors for which most comparative 

information has existed. 

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

of the Rockwell International Corporation by Rockwell personnel.  Parts of 

three of the specific subtasks were performed by personnel of the University 

of California at Los Angeles (UCLA), in the Department of Electrical Sciences 

and Engineering and the Chemistry Department. Work on another of the subtasks 

Mas  done in part in the Department of Chemistry of California State University, 

San Diego (CSUSD).  Both the UCLA and the CSUSD programs were supported by 

subcontracts from Rockwell. 

3.  PROGRAM DESCRIPTION BY SUBTASK 

The three-year program was originally divided into nine subtasks - two theo- 

retical 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 year had developed, that the contract work would be more accurately 

described in terms of seven main subtasks.  The seven subtasks, which were 

modified as needed as the program progressed, were as follows: 

»»-''-'•- mi-  vi.iirnivM,-"—■■■-■-■•'-■■-~^^^^ —,^.,-J..-^--..^.,1 ■■  . 
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S'ibtask  1:     Theory of  Epitaxy and HeteroepL taxiaL  Interfaces .     Theoret Lea 1 

examLiuitLun  uE  CVD kiiiütLcs  .aid   i-he  prucussus  o£  nucLeatiun,   surface mLgra- 

tiun,   and  film gruwth wLth tmphasls on  cryatallographLc   reLatLoiuihLps 

between ovetgruwLh  and sulistrate  tu  attempt  tu   LdentLfy mechanisms  and  estab- 

lish gmeral  principles   JC  heteroep Itaxinl growth;   tlieuretical modeling of 

the  heteroeplt.ixlal   Interface  using  appropriate  potentials   to determine 

surface   conf igurat ionr,  and   interfacial  binding  energies   In   real  and/or 

s imp 1 if led   ly. terns. 

Suhcask  2:     Deptisitlun  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 

impurity  content  of  reactant materials  used  In metalorganlc-hydr Ide  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  hetero- 

epltaxlal 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 situ Film Growth  in  the  Electron Microscope. 

In  situ observation and study of   the early stages  of  growtli of  CVD films  in 

the electron microscope,   to  develop additional fundamental  knowledge of   the 

epitaxy process;   results  of  experimental observations   to be  incorporated   into 

theoretical  studies wherever possible. 
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Subtask 6; Evaluation of Film Properties. Measurement of the electrical, 

optical, crystallographic, and thermal properties of heteroepitaxial semi- 

conductor films on insulators, by a variety of measurement techniques; 

standard techniques employed and new methods developed where required for 

measurement of film properties which best characterize ultimate device 

performance. 

Subtask 7;  Design and Fabrication of Devices. Design and experimental 

fabrication of certain types of devices, using heteroepitaxial films produced 

in the above studies; some devices used to evaluate material properties and 

others to exploit semiconductor film characteristics unique to heteroepitaxial 

systems. 

The principal results and activities of this three-year program are described 

herein. The report has been organized along subject-matter, rather than 

subtask, lines to provide a more logical presentation. The reader is 

referred to the Program Summary for a brief overview of the entire contract 

program, but specific details can be found by reference to the Table of 

Contents. 
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results of direct  experimental significance  in   the Si/Al203 system. 

Adoption of  the above  criteria for  relevance  of   theory  to Si/Al20    epitaxy 

is  in no way  indicative  of  any attempt to  demean  the model  calculations 

which have appeared  in  the  literature  in  recent  years.   These calculations 

may someday form  the  "building blocks" of  a unified  theory of epitaxy and 

then be highly  significant.     However,   the  theoretical goals  adopted here 

are more specific and-to  the extent possible-focus on  the basic phenomena 

important  to film quality and on physical parameters,  such as  carrier mobility, 

which are directly  relevant  in device  applications  of  Si/Al20    films. 

The basic theoretical studies  consisted of  several short-to-medium term 

investigations which were eventually  terminated  in  favor of a  long-term 

theoretical investigation of  Si charge  carrier mobility and mobility anisot- 

ropy  in  terms of   thermal stress effects  arising  at  the heteroepitaxial  inter- 

face  and  caused by  the  differential  thermal contraction of  film and substrate. 

The  latter study originated  as  an on-line  response  to  the experimental 

discovery  (In   this  program)   of  an anisotropy  of   carrier mobility  in hetero- 

epitaxial Si  films.     The  results  appear to have major practical significance 

in determining useful  film/substrate orientations   to  investigate experiment- 

ally and  in  improving  device performance in  some  applications.     This work 

has emerged as   the most  significant  theoretical  contribution to epitaxy 
developed on  this  contract. 

During  the first year  of  the contract 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-subs träte  interaction energies.     The 

method was not  pursued  further,  however,  because  it was not  sufficiently 

adaptable  to real systems.     Several other possible  approaches  to  the  theo- 

retical modeling of heteroepitaxial systems were  critically reviewed,   including 

the Frank-Van der Merwe model,   a Green's-function/Wannier-function  approach, 
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a contrived potential-energy model,   and   the   two-body   Interatomic  potential 

method.     it was  concluded  at   the   tinu>   that    most  existing   theories  are 

Inadequate   for application   to  real systems. 

The   feasibility  of  a molecular orbital  development   of   the  heteroepltaxial 

Interface was   then   investigated.     However,   early   in   the  seccud  year   it was 

determined   LnfeasU.le   to apply   this   technique  in  a manner  directly   relevant 

to  heteroepitaxy,   so   this   effort was   terminated.     Ihe   interatomic  potential 

approach   to  heteroepitaxy was   then   reinstigated,   with   the  goal  being   the 

computer simulation  of   growth  of  Si   on  Al^.     Mechanical  stability  conditions 

for  an  Al^   lattice  modeled with   two-body  potentials  were   Investigated 

and  determined   to   the   depth   required   for   these  applications.     Computer 

programming  of   the AL.C^   lattice  energy  and  elastic  constants  was   carried 

out  for use   in  determining appropriate  empirical potentials   required  for 

modeling   this   lattice. 

The  empirical   interatomic  potentials  determined  for   the  Al^   lattice were 

then employed  in a  theoretical   treatment  of   the surface  of  the  Al^  substrate 

in which   the  0  and  Al  atomic  planes   are   allowed   to   relax   to new  interplanar 

separations  determined  by minimizing   the   lattice  energy.     Following   the 

successful completion   of   this   phase  of   the  study,   the modeling  of   Si  and Al 0 

lattices using   interatomic potentials was  terminated   in   favor of  the   theo- 

retical  investigation  of   carrier mobility   in  Si   films mentioned above. 

In addition,   during   the   first half  of   the  second  year   the  application of   the 

electron-on-.etwork  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   initially   it  appeared 

promising  for   real systems.     Normalized  eigenvectors  were  developed  as  a basis 

for a  secular  equation   the  solution  of  which   is   fundamental  to   the  solution 

of   the   total  problem.      The  electron-on-network   technique vas   then  employed   to 

calculate work  functions  and surface  double-layer   potentials  of monovalent 

metals.     Extension of   the   technique  to materials  such  as  Al^ was   investi- 

gated,   but   it was  concluded  that such  an  extension   to  heteroepitaxial systems 
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was not feasible because of limitations in the method encountered in the 

preliminary studies. 

The second type of theoretical study is represented by the analysis of the 

measured anisotropy of electrical properties in the Si/Al 0 heteroepitaxial 

system.  It has historically been tacitly assumed that for a given film/ 

substrate orientation the electrical properties, such as the carrier mobility, 

are Isotropie in the plane of the film and do not depend upon current direction 

or the orientation of devices fabricated in the film. 

In the last half of the second contract year, extensive measurements of carrier 

mobility as a function of angular orientation within the plane of the film 

demonstrated that the mobility was in fact anisotropic for (OOl)Si and (221)Si 

film orientations.  The measurements further suggested that some degree of 

anisotropy would probably occur for all Si/Al20 orientations and appeared to 

be a general feature of Si/Al 0 epitaxy. 

Initial theoretical attempts to explain the -10% mobility anisotropy in 

(001)Si films and the -40% mobility anisotropy in (221)Si films as a stress 

phenomenon acting through the piezoresistance effect and induced by the differ- 

ential thermal expansion between the Si film and the Al 0„ substrate were 

successful.  This result and its potential significance to the preparation of 

heteroepitaxial semiconductor films for device use argued that an extensive 

theoretical investigation should be carried out.  This has been done and 

represents ^.he major theoretical effort on this contract program. 

The theoretical model that has been developed allows the effect of thermal 

stress on mobility to be calculated for arbitrary Si/Al 0 orientations and 

for the four principal modes of epitaxy.  Initially emphasis was placed on 

calculation of the amount of anisotropy in mobility for a given Si film 

growth and the directions within the Si plane that yield the maximum and 

minimum mobilities; this was done because the theoretical anisotropy and 

maximum mobility directions could be compared directly with experimental 

data for these quantities. 
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Sinct; buth  thuocetLcal and experimental consideratlcms   Indicated that   thermal 

stress   eeeects  cm mobility  arc   Inrge     Eor S.l/Al.,0^    It  was   felt   that mobilities 

calculated on   the basis  of   thermal  stress   for various   film/substrate  orien- 

tations might  offer  a means   of   determining  new orientations  uf   Bi/AL 0    worthy 

of   experimental growth  and  characterization. 

To  pursue   this  possibility,   calculations were  performed   for  a general   (xxl) 

zone of  SI.     Values  of   the Miller   indices  x   ranging   from  zero   to  infinity 

were  employed,   and  relative  mobilities   for  SI   film orientations   along   the 

crystallographic zone  defined  by   (001),   (HI),   (221)   and   (110)Sl orientations 

were  obtained.     A  substantial  dependence  of  mobility   upon   the   film orienta- 

tion  along   this   zone was   found   for both n-   and  p-type   Si.      In both  cases, 

the mobility   Is  a minimum  for   (001)Sl and   then   Increases   significantly   (by  a 

factor  of   1.6   to  2./»)   proceeding along  the  zone. 

This  work   Is believed   to   represent  the  first means   for   theoretically  predict- 

ing mobilities as a  function  of orientation   in  Si/Al 0     films,   and should be 

of   practical significance   in  directing experimental attention  to new orien- 

tations  offering  potentially  higaer  carrier mobilities.     The higher mobilities 

potentially  achievable  should  be   Important   In  applications   in which device 

speed or  frequency  of  operation   Is  dependent  upon and   limited by  the carrier 

mob illty. 

A more  detailed  discussion  of   these   theoretical  studies   Is   given   In   the 

following sections. 

1.     GAUSSIAN  ATOM EXTENSION  OF  THE   ISLAND ALIGNMENT  MODEL* 

Many  epitaxial   films  are   found  experimentally   to  be   Lormed  by   the nucleatlon, 

growth and  coalescence  of   three-dimensional   islands.     One   feature  of   films 

*This  work  carried out  by   a.   Reiss   of   the  Chemistry   Department   at   the 

University of   California  at  Los  Angeles. 
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which grow in this manner is that a substantial fraction of the islands are 

initially misaligned by rotation ibout the normal to the film plane.  Experi- 

mentally, it is known that some misaligned nucPei are able to maintain their 

misalignment for long periods of time.  Simple models dealing with this mis- 

alignment stability question are now well known in the literature. Most of 

the models are extensions of the well-known coincidence model for high-angle 

grain boundaries.  The island model of Reiss (Ref 6 ) is somewhat different 

and predicts low-energy interfaces (e.g., stable orientational positions) in 

addition to those obtained in the earlier coincidence model calculations. 

During the first year of the contract, a formal theoretical method of replacing 

overgrowth atotis on a substrate with Gaussian mass distributions for those 

cases where the effective interatomic potential is known was further developed, 

as a means of extending the Reiss model to irregular-shaped islands or films 

of finite extent. The basic physical assumptions of the Reiss model remained 

unchanged.  The replacement of overgrowth atoms by Gaussian mass distributions 

is simply a calculational technique which makes it possible to work in Fourier 

transform space in which various irregular or non-simple island configurations 

can be handled analytically. 

If an individual free overgrowth atom migrates on the exposed substrate sur- 

face, it will experience a potential (usually periodic, except for perturba- 

tions due to defects) which will be denoted by U  (r), where r is the position 

vector oi. the substrate surface.  For reasons of achieving convergence in an 

analytical representation of the interface potential for a film of such atoms, 

it is convenient to replace the usual "point" atom with a two-dimensional 

Gaussian distribution of mass wh1'-h has the same total interaction with the 

substrate as does the real or "point" atom.  The mass in such a "Gaussian" 

atom is distributed about a center located at r = r as follows: 
o 

B irn 

where  pg    is  the mass  density  and n measures   the "width" of  the Gaussian atom. 
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Thus,   the Gaussian  atom becomes  a point atom of  unit mass when n-HD. 

An  interaction potential   (J) per unit mass  is  chosen  such  that 

Ug(r) J<Kro)   Pg   (r-ro)dro. (2) 

where U    (r)   is   the  total potential  experienced by  the Gaussian atom, 

example,   consider  that U     (r)   is  given by 

For 

2TTX 
U    (r)   = A(l-cos —T^- cos    —r^- ) , 

P \ b b    ' (3) 

in which A and b are  constants  and x and y are  the  components  of  r,   i.e., 

r=ix + Jy. 

The potential  corresponds   to  a substrate having a primitive  square lattice of 

parameter b//2  rotated at an angle of  45  degrees  to  the x-direction.     Potential 

minima occur over  substrate atoms.     In terms  of  a nonprimitive unit  cell, 

the  lattice  is  a face-centered square  lattice  of parameter b parallel  to  the 

x-direction.     Either of  these  descriptions  is  satisfactory.     If  (j)(r )   is 

chosen as 

ZTTX 2TTy 
(})(r )  = a- ß cos —r^    cos    —r^- , 

o b b (4) 

then Equations   (1)   and  (2)   require     that 

2   2     2 
Ti    /Z\  - „       c ~7r n  /b             27Tx 2Try U (r) = a - pe cos -r— cos —r1- 
g                       b b (5) 

To ensure that the point atom potential U  (r) and the Gaussian atom potential 

U (r) are equivalent it is necessary that 

a = A 

and 

B = Ae 
J  2,, 2 
TT n /b 

(6) 
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The potential of the entire film Is next considered.  In order to obtain an 

analytical expression for the film potential it is first necessary to find an 

expression for the distributed mass density in a periodic film constructed 

of Gaussian atoms.  This density may be written as 

Pf(r) =EpE
(1) (r  -r ), 

i  g       1 

where p    refers to the i h Gaussian atom centered at r. in the film. 
& 1 

Because of the periodic nature of the extended film it is possible to expand 

pf in a Fourier series whose coefficients are ■•'ndexed in the reciprocal 
lattice of the film. 

(7) 

First, however, an internal coordinate system rigidly fixed in the film must 

be introduced.  The position vector in this system is s = i'u + j'v, where 

i1 and j' are unit vectors fixed in the film, and u and v are the corresponding 

components of s.  The transformation between s and r is 

x = u cos 6 - v sin 0, 

and 

y = u sin 6 + v cos 6, (8) 

where 9 is the angle of rotation of the film coordinate system with respect 

to that of the substrate. 

It now follows that 

/^ - V* „   -i2Trh's 
r(s) =  2-< Ph e (9) 

where  h  is  a  reciprocal vector  and  Pj~ are   the Fourier  coefficients. 

Pr   (s)   can  be expressed as 

Pf   (s)  =  £   Pe 
(S " Si)* 

Since 

(10) 
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it follows that pR can be calculated in a straightforward manner. For example, 

if the film consists of a simple square lattice of parameter a with a Gaussian' 

atom centered at  each node point,   it  can be  shown   that 

J-  2o2 
TT n  ü. 

'f   is)  " ~2    ) 1 + / „   e CÜS PP   (i)   = ^    ! 1 + ^ 'e ^ ™e liÄu 
a      ( *—^ a 

+ E' 
ni=-oo 

^2  2  2 
TT n m 

2 
3 

2TTmv cos ■  
a 

00 Qp 

2  2     2     7 TT  n^(r-m/) 
2 

a 
e 2IT£U 2,mnv i ^,   - cos    COS  ^-^- \ .        (11) 

i=- m=-°° 

In this equation I  and m are integers, and the primes on the summation signs 

indicate that the terms Ä = 0 and m = 0 are omitted.  As given above, pf (s) 

is strictly correct only for a film of infinite extent since it involves an 

expansion in terms of reciprocal lattice vectors.  The application of Equation 

(11) to finite filr..s will therefore be an approximation.  First, the mass 

distributions of individual Gaussian atoms are required to be sensibly non- 

overlapping; therefore,the Gaussian width parameter n is chosen to be <a/8. 

Second, pf (i) is sec equal to zero whenever the position vector i lie! outside 

of the finite film being treated.  For example, for a square island of film 

having (2p+l) atoms on a side and length 2L = a(2p+l), pf (s) is zero whenever 

and 

M>L-ff . (12) 
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- 

e 

th 

(14) 

When this is done. Equation (U) can be used to approximately describe finite 

films. Thus, for a finite film the density can be expressed as 

P'f (s) = H(u,L)H(v,L)pf (5), (13) 

where the H functions are zero whenever the conditions of Equation (12) hold. 

The various series in Equation (11) converge fairly rapidly for finite n = a/8; 

this indicates one reason for using Gaussian atoms.  However, caution must be 

exercised and the convergence detemined only after the convolution of p' wi 

*. sxnce there are constructive interferences between the periodic density 

distribution and the periodic potential which persist to very high orders. 

The total finite film potential Uf may now be expressed solely in terms of the 

lattxee parameter a and the angle of rotation 0 by 

Uf (a,6) = fHr)p\   G)   ds . 

Equation (8) must be used to express the position vector f. in ^r) above, in 

terms of s before the integration in Equation (1A) is performed. 

It is assumed in all of the above that the central atom of the island lies 

directly over a substrate atom.  Translational effects can. however, be treated 

by removing this limiting assumption. 

For small islands, and even for some extended films, there is experimental 

evxdence that pseudomorphic deformation rather than dislocation generation la 

the mechanism for minimizing the combined elastic and Interface energies. When 

thxs is the case, the increased negative binding energy associated with the 

pseudomorphic deformation more than compensates for the positive elastic ene 

due to the deformation, and thus a lower total energy is obtained. 

If the natural lattice parameter of the film is ao. the strain energy in the 

equilibrium configuration can be approximated by 

s 

; 

e 

rgy 
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V(a) = r(a-ao)
2, (15) 

where T is a modulus depending on the elastic coefficients.  The total energy 

will then be 

E(a,e) = V(a) + Uf(a,e). (16) 

Experimentally observed crystallographic orientations of film and substrate 

will correspond to configurations of minimum total energy. Within the frame- 

work of the present model, these configurations can be determined by mini- 

mizing E(a,e) in the above equation with respect to a and 6. 

The validity of this model and the above analysis has been established for the 

limiting case of an extended film, where L-«° and E(a,0)/N is the energy per 

atom.  For simplicity, it was further assumed that T-X), i.e., no elastic energy. 

Non-zero values of the binding energy per atom Uf (a,e)/N are obtained only 

when the geometrical conditions of either Equation (17a) or Equation (17b) are 

satisfied: 

cos 8 = sin 6 = —     and      a = b//2 . (17a) 
Jl 

(^)^-sine       and      (^) | = cos 9. (17b) 

Equation (17a) represents the simplest case, that of autoepitaxy, while 

Equation (17b) identifies all of the crystallographic relationships involving 

commensurability between overgrowth and substrate for the more general case. 

Thus, physically correct results have been obtained from the Gaussian atom 

model for these cases. 

For films of finite extent the appropriate expressions can be made to converge 

rapidly by choosing the Gaussian width parameter n as large as a/8.  In this 

way, the finite film case becomes tractable; the accuracy of the method has 

been checked for the simple case of small angles of rotation 0.  It thus 

16 
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appeared that the Gaussian atom formalism in principle would make the treat- 

ment of finite extent islands and islands of irregular geometry feasible, 

provided some information about the effective atomic interaction potential 

is either known or can be parameterized simply. 

The question of the atomic interaction potential most appropriate for appli- 

cation to the Si/Al203 system was then explored.  The island alignment model 

is essentially a two-dimensional model, and in formally examinipg the 

effective interf^ci potential for Si/Al 0 problems associated with the non- 

two-dimensionality of the true interface potential were encountered.  The 

difficulty is particularly severe for high-index surfaces of unconventional 

topography.  The symmetry and periodicity of the effective interface potential 

for use in the island model could, in principle, be determined by and result 

from a superposition of Morse potentials for several atomic layers on either 

side of the Si/Al 0 interface.   Thus, the symmetry of the effective potential 

might bear little relationship to the distribution of atoms at the interface 

surface. 

Such potentially complicated interface potentials could be constructed ad hoc 

by incorporating additional parameters and periodicities into the potential. 

Model calculations could then be performed.  However, the connection to reality 

and the significance of the result for real systems would remain quite unclear. 

Because of these problems, further work with the technique was deemed inappro- 

priate for the more practical goals of the contract, and the studies were 

terminated. 

17 
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2.  APPLICATION OF ELECTRON-ON-NETWORK TECHNIQUES TO HETEROEPITAXY* 

A second investigation of existing theoretical approaches for possible applica- 

tion to heteroepitaxy centered upon the electron-on-network technique and 

represented an attempt to develop a parameterized theory for the electronic 

properties of crystal surface states and for the interface states associated 

with the binding of one crystal to another, as in heteroepitaxial systems. 

The work was directed toward development of a relative theory.  The latter 

term implies that the theory is quasi-empirical in the following sense.  If 

the properties of some standard exposed surface on a crystal are measured, 

the theory should make it possible to predict the properties of any other 

surface (interface).  In other words, a theory was sought which would allow 

the approximate calculation of surface properties on any surface and which 

contained, at the most, a few parameters which could be determined through 

the measurement of properties on a standard surface. 

Such theories are well known in the quantum mechanics of molecules.  An example 

is the Hiickel theory (Ref 7), in which molecular wa';e functions (molecular 

orbitals) are approximated by linear combinations of atomic wave functions 

(orbitals), each centered at a known position of an atom in a molecule.  In the 

Huckel theory, which has achieved considerable practical success in the treat- 

ment of conjugated aromatic molecules containing TT electrons, there are two 

parameters which correspond to so-called overlap integrals.  These are treated 

as empirical quantities which are determined, for example, by measuring the 

properties of one molecule.  Thereafter, they are used to predict the properties 

of other molecules. 

An alternative to the Huckel theory is the so-called "free-electron molecular 

orbital" (FEMO) theory. This method, which was pioneered by Kuhn, Rudenberg, 

and Scherr (Ref 8), assumes that the TT electrons in a molecule are constrained 

to travel along the bonds (one-dimensional lines) connecting atoms.  On these 

lines, however, the TT electrons behave like free electrons in a box.  The 

*This work carried out by H. Reiss of the Chemistry Department, University of 

California at Los Angeles. 
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molecular problem is then reduced to a series of one-dimensional problems which, 

with proper consideration of bouiidary conditions and symmetry, allow the de- 

velopment of another parameterized theory (this time the only parameter is 

the bond length) which agrees very well with experiment. It appears that the 

FEMO method may also be used for metallic crystals like Na in which there is 

one valence electron per atom, sufficiently de.iocalized. 

In these studies the theory was applied to crystals of finite dimensions so 

that the Bloch theorem does not apply. The theory, however, was modified so 

that the depth of the potential box within which the electrons move is not 

infinite, as in the TT-electron case, but finite ard determined by the cohesive 

energy of the crystal (which becomes another parameter).  In this way, the 

natural development of localized surface states has already been observed, and 

simple application of point-group theory isolates those wave functions which 

transform under irreducible representations which correspond to various kinds 

of surface states, e.g.r comers and edges. 

Recently, Itontroll and coworkers (Ref 9) extended the FEMO theory making it 

possible to locate potential wells at the site of every atom in the crystal 

(or in a molecule, for that matter). For infinite crystals in which trans- 

lational symmetry exists the Bloch theorem is applicable, and Montroll and 

coworkers combined the Bloch theorem with the i£MO theory to develop analytical 

solutions for the electronic theory of metals.  This becomes possible in view 

of the fact that again the entire problem reduces to a collection of one- 

dimensional problems. Montroll also treated defects and surface states in this 

manner by using a Green's-function technique (the Green's functions are involved 

in the solution of difference equations), which he developed in connection with 

certain lattice dynamics problems. The Montroll technique by itself is not 

immediately applicable to the problem of heteroepitaxial interfaces because 

it assigns to atoms on and near surfaces the same potential well as is assigned 

to bulk atoms. 
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The procedure for adapting the Montroll technique to cases where lattice 

parameters near the surface are allowed to vary was developed and applied to 

calculations for the metal Na;* the plan was to then apply the procedure to 

the Si/Al203 system. 

Although the method Is simple in principle, it became clear that significant 

difficulties would be encountered in applying it to heteroepitaxial systems. 

For example, in the Na case the evaluation of electron density using network 

wave functions was found extremely difficult in view of the transcendental 

distribution of parameters indexing the wave functions, although the computa- 

tion was completed in spite of this.  This cast considerable doubt on the 

feasibility of using the method for an accurate assessment of interfacial 

binding.  However, the technique has been used for computing variations in 

work function and surface double-layer potentials for single-crystal monova- 

lent metals, and this work has been described in the literature (Ref 10 and 

Appendix 1).  The model uses an electronic wave function which is defined 

to be nonzero only along the lines connecting first nearest neighbors in the 

metallic lattice.  The electrons are summed to move fr^ly along the lines 

between nearest neighbors. No electron-electron or electron-nucleus force is 

included in the model calculations (except for forces arising from the Pauli 

exclusion principle). 

The work function is defined as the amount of energy required to move an 

electron from a point slightly inside the crystal to a point slightly outside. 

The contribution of the electronic double layer is included in the calculation 

of the work function as well as the dependence of the double-layer potential 

on the surface geometry.  Surface states, where the electron is localized in 

the neighborhood of the face of the crystal, are found to have energies suffici- 

ently above the Fermi level to eliminate the possibility that they make any 

contribution to the double-layer potential for the case of the (100) crystal 

plane.  Consequently, surface states were ignored in all the calculations. 

* The calculations for Na were carried out at UCLA on a separately-funded 

study not related to this contract. 
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The surface double layer is assumed to be caused by the presence of a finite 

potential barrier at the surface of the crystal. Bulk electronic wave functions 

can penetrate this barrier and decay exponentially outside the crystal. The 

only paramerers required by the model are the nearest-neighbor distance for 

the lattice and the height of the potential barrier at the surface.  The 

former quantity is fixed by the lattice structure (body-centered cubic for 

the alkali metals) and by the density, while the latter quantity can be adjusted 

to give the best agreement between the model calculations and experiment. 

For the alkali metals, Li through Na, the best value of the barrier height 

is about 50 percent of the sum of the ionization potential energy, the heat 

of vaporization, and the calculated Fermi level for the corresponding metal. 

In addition, the value of the double-layer potential found for Na agrees very 

well with a more sophisticated calculation in the literature and is reasonably 

close to the experimental measurement.  Further details are given in Appendix 1. 

Summarizing, the electron-on-network procedura was extended theoretically and 

shown to be useful in calculating certain surface properties of simple metals. 

Difficulties were encountered in attempting to extend the technique to more 

complicated systems, and no further applications were made to either Si surface 

states or to the interface states between Si and Al^CL.  In principle, the 

technique should be applicable to interface states but the interface would 

have to be drastically idealized mathematically.  It was believed that the 

results obtained thereby would bear little relation to the role of the inter- 

face in heteroepitaxy for real systems such as Si/Al20 , so the technique was 

not further pursued for that purpose. 
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3.  OTHER THEORETICAL APPROACHES TO MODELING HETEROEPITAXIAL SYSTEMS 

Several possible approaches to the theoretical modeling o£ heteroepitaxial 

systems iiave 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 expli- 

citly 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/Al 0 ; 

and 4) represent an original contribution to the theory of heteroepitaxy. 

Meeting these criteria is difficult, if not almost impossible.  Nonetheless, 

the criteria are important in providing a framework, and goals for the theo- 

retical studies.  The theoretical goals of these studies have been specific, 

directed toward the real Si/Al^ system.  While a number of idealized "model" 

epitaxy problems can indeed be formulated and solved, such efforts are rela- 

tively useless in that they do not relate to the real and complicated Si/Al 0 

system. 

In establishing a reference point for the studies of heteroepitaxial semi- 

conductor/insulator systems, evaluation of the understanding of heteroepitaxy 

as supplied by earlier theoretical studies developed some important conclusions 

regarding those investigations. 

It is well known that the results obtained experimentally in any heteroepitaxial 

system are dependent upon a variety of experimental conditions, including source 

material impurities, substrate preparation methods and surface perfection 

(including both intrinsic defects and extrinsic defects such as surface impurity 

atom complexes), and substrate crystallographic orientation* (Ref 11). 

* The term "crystallographic orientation" is used here to include substrate 

surface reconstruction, where appropriate. 
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As suggested by Lewis (Refl2), heteroepitaxy can be considered to involve the 

following topics:  1) saturation and critical nucleus size; 2) nucleation 

densities on the surface; 3) orientation-dependent nucleation rate; 4) nucleus 

reorientation during growth; 5) growth morphology; 6) coalescence of nuclei 

and clusters or islands; 7) growth of continuous films; and 8) epitaxial inter- 

facial energy.  In these theoretical studies the last of the above topics - 

the interfacial energy - has been emphasized. 

It is clear that the film-substrate binding energy plays a role in determining 

the characteristics of the deposited heteroepitaxial film.  The relative impor- 

tance of this energy in comparison with those of other processes will vary from 

one film-substrate materials combination to another.  For example, Sato and 

Shinozaki (Ref 13) discussed the influence of interfacial energy on the morphology 

and structure of epitaxial deposits.  They presented evidence that the strength 

of the interaction between metal deposits and ionic crystal substrates, com- 

pared in relative magnitude with the film surface energy, is an important factor 

which determines the apparent characteristics of epitaxial behavior.  Sato and 

Shinozaki indicated that the interfacial interaction energy of most metals on 

ionic crystals is very small - that is, the coupling is weak. 

Reiss (Ref 6) also calculated the rotational energy of weakly coupled nuclei 

on a substrate, based on a simple sinusoidal potential model with a simplified 

model of lattice registry.  A phenomenological but more general treatment of 

the interfacial energy was developed by Bettman (Ref 14)• The importance of 

interfacial interactions has been emphasized by other workers over many years 

(Refs 15, 16).  However, these efforts have generally not been adequate to 

reveal in detail the role of the interfacial interaction as related to the 

general characteristics of epitaxy. 

The initial goal of the theoretical study on this contract was the development 

of a suitable theoretical treatment and model for the interfacial energy. 

Emphasis was on the development of an approach sufficiently realistic and related 

to the actual film and substrate materials (principally Si on A1„0„) to allow 

interfacial energy calculations to be employed as an important tool in under- 

standing and exploiting heteroepitaxy.  Unlike metals on ionic substrates. 
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semiconductor films on insulating substrates wore tentatively considered as 

examples of strong inter facial interactions in these studies. 

The conceptual reference points for these investigations of the strong inter- 

facial interaction problem are the so-called Frank-Van der Merwe model (Refs 17, 

18) and the models developed by Fletcher and Adamson (Refs 19, 2Q) ,  The 

approaches employed in these references have much in common; they all attempt 

to determine the dependence of the equilibrum configurations of a thin single- 

crystal epitaxial film on the strengths of the interactions between film and 

substrate and the strength of the cohesive bonds in the film.  Generally, the 

interfacial potential is assumed to be a simple sinusoidal "energy band" type 

of potential.  The bonds between atoms in the film are usually brought into 

the problem through continuum elastic theory.  In many cases substrate deforma- 

tions are neglected, although the work of Fletcher and Adamson (Ref 20) is a 

variational method which, in principle, allows displacements of atoms near 

the interface to be included. 

A number of interesting qualitative features emerged from these studies, and 

they represent forceful attacks on a very difficult problem.  However, they 

suffer from a few important defects which make any application to actual film- 

substrate combinations impossible.  For example, the potentials assumed are 

contrived interfacial potentials in the plane of the interface; they neglect 

the perpendicular direction entirely, and they are not the more fundamental 

three-dimensional two-body interatomic potentials.  Second, the crystal lattices 

employed are simple cubic nets and are far removed from reality for materials 

such as Si on A1„0„, which have multiple atoms per unit cell and a more compli- 

cated space group.  Third, the elastic energy cannot be treated separately 

from the interfacial energy since, from the point of view of interatomic two- 

body potentials or bonds, both arise from the same physical source. 

It was thus concluded that the above approaches are wholly inadequate for 

application to real systems and/or to different relative crystallographic 

orientations of film and substrate in real systems such as Si on Al-O-.  Further, 

it has been concluded that all existing theories are inadequate for the purpose 
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and cannot be extended to treat real systems L u h as Si/Al^.  This conclu- 

sion has been reached as a result of essentially geometrical considerations 

of the atomic topography of ideal bulk Si and ideal bulk Al^ lattices.  These 

ideal bulk lattices nre sufficiently complicated to preclude any incorporation 

into existing theoretical approaches. 

In reality the picture for existing theories is even more negative than stated 

above, since one important and experimentally significant physical phenomenon - 

that of substrate surface reconstruction - has not yet been included in the 

discussion.  Recent investigation of Si-on-Al^ epitaxy by Chang (Ref 21) is 

of particular importance in this regard because it utilized low-energy electron 

diffraction (LEED) and Auger electron spectroscopy techniques, both of which 

are now capable of providing significant data for epitaxy investigations.  It 

appears that a theoretical approach capable of incorporating LEED and Auger 

data, where appropriate, would be highly desirable. 

jum The Si films prepared in Chang's studies were formed by high-temperature vacui 

sublimation.  Although other growth techniques and growth rates might not 

necessarily yield identical results, Chang's principal conclusions and relation- 

ships are probably general and widely applicable.  Chang found that the epitaxial 

relationships and the electrical properties of the films depend on film-substrate 

interactions, substrate temperatures, and substrate surface structures. 

Chang observed that Al^ substrates often exhibited surface superstructures 

whose periodicity - and sometimes even the symmetry - was different from that 

of the ideal bulk structure.  Departures from the ideal configuration were 

especially large for the (0001)- and (1120)-oriented faces.  Chang also was 

able to show why both (111)//(1120) and (110)//(1120) epitaxial configurations 

have been obtained.  He determined that (111)//(1120) is the correct relation- 

ship, with the other being a result of faceting. 

some Chang's work is  important in any  theoretical  study  in that  it provides  sc 

experimental  relationships which can be employed  as  test cases by attempting 

to  incorporate  the substrate superstructure   (before growth,  but after high- 

temperature preparation  to achieve equilibrium LEED patterns)   into  the calcu- 
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lation.  However, there is still some uncertainty, in that it is possible that 

the substrate surface may be further reconstructed during the film deposition 

process at elevated temperature.  Despite this, Chang's work implies that the 

interfacial energy is a sensitive function of the epitaxial relationship and 

is basic to theoretical epitaxy calculations. 

Early in these studies attention was directed toward more basic and fundamental 

theoretical approaches.  The feasibility of performing a Green's-function/Wannier- 

basis calculation of the interfacial redistribution energy was investigated. 

This technique is firmly grounded in principle, although practical problems 

have rarely been approached by this means.  The investigation of this quasi- 

first-principles approach led,unfortunately, to the conclusion that the procedure 

was actually not feasible.  The procedure would be feasible for certain types of 

problems dealing strictly with Si, since pseudopotentials and Wannier functions 

have been developed and employed for the ideal bulk Si lattice (Ref 22).  A 

substantial difficulty for Si/Al20 is encountered in attempting to construct 

atomic pseudopotentials for Al-O and for the Si-Al 0 adatom interaction 

within the delocalized electron-energy band picture.  Successful application 

of this or any other quasi-first-principles approach thus appears to be many 

years in the future. 

A less quantum-mechanical and more phenomenological approach - the modeling 

of the film and substrate by means of atoms interacting via pairwise two-body 

potentials - was then investigated.  In this approach the total energy of a 

given static atomic configuration can be obtained by computer summation over 

all atoms.  By allowing some atoms to relax near the surface or the interface, 

a minimum energy configuration can be determined. 

The crucial requirement in such a "bond-counting" determination of interfacial 

or configurational energy is that realistic potentials between all atoms must 

be known.  This question was examined in detail in these studies. 

Interatomic potentials have been employed extensively in bulk-material solid- 

state physics for point-defect calculations and for lattice dynamics calcula- 
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tions. Most of the investigations reported in the literature have been con- 

cerned with migration and formation energies for point defects in metals. 

Examples include the work of Feit and Huntington (Ref 23), Johnson (Ref 24), 

Wynblatt (Ref 25), and Tick and Witt (Ref 26).  These authors employed Morse 

potentials, Born-Mayer potentials, and combinations of Morse and Born-Mayer 

potentials.  The various methods of determining potential parameters included 

the matching of elastic constants, compressibility, or cohesive energy. 

Less work has been done with interatomic potentials in semiconductors.  Point- 

defect calculations, such as for vacancies and interstitials, have been reported 

by Swalin (Ref 27) and Scholz and Seegar (Ref 28).  Swalin assumed a Morse 

potential determined from covalent-bond dissociation energy and enthalpy data. 

Scholz and Seegar used a combination of the Born-Mayer and Morse potentials. 

The use of interatomic potentials in the above calculations and in the inter- 

facial energy calculations is viewed as having questionable validity and lack- 

ing in theoretical basis or foundation.  Within the theoretical program of 

this contract considerable effort has been devoted to an investigation of 

interatomic potentials and to attempts to resolve problems connected with the 

use of these potentials. 

First, there is a lack of uniqueness in the interatomic potential.  Different 

forms of the potential can be, and have been, employed by various investigators. 

The detailed parameters of the particular potential are determined by matching 

various selected physical properties of the bulk material.  Unfortunately, the 

numerical potential parameters appear to depend upon which of the various bulk 

physical properties are actually employed.  This suggests that, rigorously 

speaking, interatomic potentials do not exist and that a crystal can not be 

modeled in this manner.  Thus, the modeling of a crystal problem with interatomic 

potentials is viewed as a rough phenomenological approach. However, if the 

labor involved in determining the effective potentials and in carrying out the 

subject calculation is not excessive, the qualitative information to be obcained 

may be of enough interest to warrant the effort. 
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For Si/Al^O an additional point must be considered in assessing the practi- 

cality and desirability of modeling this system with interatomic potentials. 

In this case a general treatment would require six different potentials.  The 

interaction between Si and A120 is particularly troublesome.  This interaction 

is explicitly interfacial in nature and cannot be derived from bulk properties; 

any determination in this instance would be difficult and very tenuous. As 

a result of such considerations it was concluded that such potentials probably 

cannot be realistically determined. 

Consequently, the investigation and application of interatomic potentials to 

the Si/Al203 system was temporarily set aside in favou of an investigation of 

molecular orbital methods.* The possible application of the LCAO-MO (linear 

combination of atomic orbital-molecular orbital) technique for interfacial 

binding energy calculations was first considered.  Since a large number of atoms 

are involved in the heteroepitaxial case, the simplest such technique - the 

extended Huckel theory (EHT), which is a semiempirical molecular-orbital approach 

(Ref 29) - was employed.  In this approach, the interface, including nearby 

film and substrate atoms, is treated as an extended molecule and calculations 

performed for the total energy of the cluster of atoms. 

The defect molecule consisting of a cluster of atoms in the solid near the 

interface is not in free space but is instead in a crystalline environment.  Thus, 

the molecular orbital calculations encompasses conceptual problems not present 

in ordinary molecular orbital calculations.  The major features are clear, how- 

ever.  The boundary between atoms in the defect molecule and in the rest of the 

crystal is merely a consequence of the model chosen.  Thus, it would appear 

that external constraints imposed on the molecule at its surface must be consis- 

tent with the crystalline environment.  Some of these questions are rather subtle 

and had not been either investigated or resolved satisfactorily by the end of 

the first year of the program. 

*The modeling of the Al 0 lattice with interatomic potentials was later 

reinstigated and the problem of relaxation of Al and 0 planes near the Al 0 

surface was successfully treated for one type of relaxation. See Section 2-4. 
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Theoretical efforts in the second year began with a more detailed investigation 

of the EHT for the Si/Al^ application.  Because of the crystalline environment, 

questions of molecular charge distribution and fluctuations, overall charge 

neutrality, and boundary conditions at the surface of the molecule arise.  Treating 

the interface as an extended molecule introduces an artifact, the surface of the 

molecule. The associated dangling bonds or surface states must be saturated or 

otherwise constrained by boundary conditions. 

The study showed that the EHT for such a defect crystalline molecule apparently 

yields spurious charge gradients and fluctuations.  It was originally hoped that 

these charge fluctuations were due to the boundary conditions at the surface of 

the molecule and thus subject to useful modification.  However, it now appears 

that the charge fluctuations are fundamental results of the theoretical approach 

itself. 

The charge fluctuations can be substantially reduced or eliminated by a more 

involved molecular orbital technique, the so-called CNDO (complete neglect of 

differential overlap) approach.  Unfortunately, the attendant increase in labor 

required is quite large.  This circumstance cast some doubt on the feasibility of 

the molecular orbital technique for the heterocpitaxial interface. The CNDO 

approach is, however, feasible and proper for a chemisorption calculation (Ref  30). 

Such a calculation for Si atoms adsorbed on Al^ would be of general interest but 

falls short in terms of the criterion for direct relevance to heteroepitaxy. 

Partly because of these negative conclusions concerning the feasibility of 

molecular orbital methods for the heteroepitaxial problem, the exigencies of the 

program suggested that the interatomic potential approach should be reinstigated. 

It was recognized, however, that simplifying assumptions would be mandatory. 

The subsequent theoretical work with interatomic potentials is described in the 

next section in some detail. 
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4.  STUDIES OF THE Si/Al^ SYSTEM USING INTERATOMIC POTENTIALS 

It now appears that a general solution to the heteroepitaxial Si/Al90~ 

problem cannot be hoped for at this time and may indeed be several years in 

the future. It is possible to incorporate the geometrical and structural 

features of the Si and Al^ crystal lattices into a simplified model based 

on interatomic potential modeling of Si and of A120 .  This should represent 

a reasonable way of incorporating those structural features of Si growth on 

A1203 which are caused by the AKQ lattice. 

In using interatomic potentials to represent the interaction between atoms in 

the Si/Al20.J system, the cohesive energy of a given configuration is obtained 

by summing over all interaction atom pairs.  The concept of an interatomic 

potential in the present context is best regarded as a phenomenological 

construct. While there are quantum mechanical foundations which provide a 

basis for interatomic potentials at the philosophical or qualitative level, 

there do not appear to be any quantitative and rigorous calculations of inter- 

atomic potentials, with the possible exception of the case of Na.  Even if 

rigorous atomic potentials existed and were available for the bulk "perfect- 

crystal" materials of interest, these potentials would be specific to the bulk 

crystal and would have to be altered in the presence of defects or at a 

heteroepitaxial interface. 

For interatomic potentials to be useful in practice it is necessary to assume 

that the basic interatomic interaction is unaffected by atomic rearrangement. 

This assumption is therefore fundamental in these studies.  A second consider- 

ation lies in the particular type of potential to be employed.  These investi- 

gations assumed a simple two-body central-force interaction between atoms. 

More complicated non-central potentials could have been employed, in principle, 

but in practice they are out of the question for the complicated Al 0 lattice. 

In this work the atomic potential modeling of Si and Al 03 was regarded simply 

as a phenomenological treatment. 
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There are two attractive features which argue for application of atomic poten- 

tials to the Si/Al203 system: (1) Computer modeling with interatomic poten- 

tials has apparently been successful in the past for structural problems in 

simple metals.  (2) There is at present no theory of epitaxy which makes it 

possible to predict the orientation of the overgrowth on the substrate in the 

Si/Al203 system. The orientation aspects of heteroepitaxy can be treated 

f^'rly directly in terms of interatomic potentials. 

The theoretical modeling of the Si/Al^ system with interatomic potentials 

can be divided into five parts:  (1) the modeling of the Al^ lattice by 

determination of phenomenological potentials meeting appropriate criteria or 

constraints; (2) the investigation of Al^ surface reconstruction on the basis 

of the determined potentials; (3) modeling of the Si lattice with an inter- 

atomic potential; (4) the parameterization, in lieu of useful empirical data, 

of the Si/Al203 adatom interaction; and (5) the simulation of Si growth on 

A1203 by comPuter computation of energy for small clusters of Si atoms. 

The modeling of the Al^ lattice was carried out in terms of Morse potentials. 

This choise was suggested by the following factors:  (1) The Si was to be 

modeled by means of a Morse potential available in the literature (Ref 27). 

(2) The Si/Al203 adatom potential, which was to be treated essentially as a 

parameter,could be conveniently expressed with Morse potentials.  (3) Analytical 

expressions for the atomic force could be easily obtained foi Morse potentials. 

A1203, which has two types of atoms, would in general require three Morse 

potentials: 

1. Dcc {exp (-2 acc (R-Rcc)) -2 exp ("^(R-R^))} 

2. DAC {exp (-2 aAC (R-R^)) -2 exp ("^(R-R^))} 

3. DAA {exp (-2 a^ (R-RAA)) -2 exp (-^(R-R^)} 

The  subscripts  CC,  AC,   and AA denote  cation-cation,   anion-cation  and anion- 

anion  interactions,   respectively.     A general determination of  these  three 
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interatomic potentials would  require  treatment of  a nine-parameter system. 

A straightforward determination was   therefore  impractical,   so  it was  important 

to  incorporate as much physical and empirical data as  possible  in order  to 

simplify  the problem. 

The appropriate  cohesive energy   (energy of  formation),   elastic constants,   and 

lattice parameters  are  known  experimentally.     Gieske and Barsch  (Ref 31), 

considering  the elastic  constants,   have noted that A1~CL  is  somewhat unusual 

compared with other oxides  such  as MgO  in  that  the Cauchy  relations  C1-=Cn, 
12    16 

and C
23

=
^AA  

are approximately  fulfilled.     In addition,   although A190_  is 

trigonal  (rhombohedral),   the second-order elastic  constant  data indicate  that 

the  deviation  from pure hexagonal symmetry  (C-^O)   is  small.     (C,,   is  about 

an order of magnitude smaller  than  the other elastic constants.)     This  suggests 

that  the elastic properties  are related primarily  to  the nearly-hcp  oxygen 

framework. 

Anderson  (Ref  32)   earlier expressed  this  same point of view -  that  the oxygen 

framework is dominant  in determining elastic properties  of  this  oxide.     Since 

the Al  atom sites  in A1„0    are  believed  to play an  important  role  in hetero- 

epitaxial  film-substrate orientation,   a model based solely  on  anion-anion 

interactions would not be  reasonable.     Intuitively,   the  deviation  from hep 

symmetry would be exhibited most strongly  through  the  cation-cation  interaction, 

which  relates  explicitly  to a non-hexagonal  lattice with  defects.     It was 

therefore  concluded  that  the  cation-cation  interactions  do not play  an  impor- 

tant  role  in  the lattice and  that  the exclusion of  cation-cation  interactions 

vas a reasonable and important simplification.     Consequently,   only  anion-anion 

and anion-cation potentials were employed  throughout  the modeling. 

The phenomenological potentials were determined by  requiring  that  the modeled 

lattice  provide  (1)   the correct  cohesive energy of  about  34.54 eV per  rhombo- 

hedral unit cell;   (2)   that  the  lattice energy be  a  local maximum and  the deriv- 

ative vanish at the observed  lattice  spacing;   (3)   that  the  foices  on each of 

the cations  in  the unit  cell vanish;   and  (4)   that  the   forces  on  each  of  the 

anions  in  the unit  cell also vanish. 
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Potentials meeting  these four constraints were determined.     To facilitate more 

detailed discussion of  the procedure  used in establishing  these potentials, the 

first few interatomic distances  in  the Al^  lattice   (anion-anion,   cation-anion, 

and cation-cation distances)  are given  in Table  1.     The  first four anion-anion 

distances and  the  first  two  cation-anion distances  relate  to what would be 

first-neighbor interactions  in  an  idealized Al 0    lattice. 

Table 1.  Interatomic Distances  for Al-O    Lattice   (A) 

Anion- 
Anion 

2.524 
2.619 
2.725 
2.869 

3.790 
3.957 
4.334 

4.616 
4.762 
4.813 
4.945 
5.072 

5.128 
5.252 

Cation- 
Anion 

1.857 
1.969 

3.223 
3.430 
3.560 
3.862 
4.162 
4.325 
4.380 
4.429 
4.675 
5.064 

5.2.44 
5.366 

Cation- 
Cation 

2.649 
2.792 
3.222 
3.499 
3.843 
4.762 
5.148 
5.449 

As a first attempt, only the four first-neighbor anion-anion and two first- 

neighbor cation-anion interactions were included in the analytical expression 

for cation and anion forces.  Potentials were determined which gave the 

required zero forces. However, examination of the derivative of the cell energy 

showed that a maximum could never be obtained with only first neighbors.  All 

subsequent discussion therefore relates to a model including 13 different 

anion-anion separations (up to 5.072A) and 12 different cation-anion separa- 

tions (up to 5.064Ä).  This cutoff point in the model is arbitrary but is 

believed to be reasonable for present purposes. 
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Potentials meeting  the  four  constraints  and including  the  interactions  listed 

above were then determined for a range of values of  the potential parameters 

and  RAA,     It w':,s ori8inally planned  that  the  reiraining  parameters  R.„ and R 
AC AC 

RAA would be further restricted by calculation of elastic constants.  The A1„0 

lattice, viewed as rhombohedral, contains 10 atoms per unit cell and involves 

internal (unequal) displacements or strains of the various atoms in the unit 

cell.  The accurate calculation of elastic constants is an extremely involved 

task in the case of internal displacements.  A calculation could be made in 

the approximation which neglects internal strain, and this was begun.  Subse- 

quent considerations indicated that such a procedure provided only an order- 

of-magnitude estimate.  Therefore, elastic constant calculations were not 

pursued further, since they would have diverted the effort from the main task 

as related to heteroepitaxy. 

One aspect of the use of elastic constant data should, however, be discussed. 

In interatomic potential calculations for simple cubic metals, as found in 

the literature, the calculation of elastic constants and the requirement that 

the strain energy be positive-definite is usually imposed for lattice stability. 

In such cases this is an important constraint, because the force on an atom 

vanishes identically due to lattice symmetry, and therefore imposes no con- 

straint at all in determining an appropriate potential.  The Al 0  lattice is, 

perforce, unstable unless the potentials are determined such that the required 

forces are zero. 

As mentioned above, potentials for Al 0 were determined for a range of values 

of the parameters RAC and R^.  On general grounds and from examination of the 

constraint analytical expressions, it appeared that R.. and R  both would lie 
o p       AA     AC 

in the range of 1.969A <_ R^ and RAC < 2.524Ä.  The plan was to carry through 

subsequent investigations with perhaps two different potentials.  For example, 

two different acceptable potentials can be distinguished from one another on 

the basis of the relative amounts of anion-anion and anion-cation energy 

represented in the energy per unit rhombohedral cell.  The lattice potentials 

employed for the surface reconstruction investigations to be discussed below 

are for DAC = 0.77352 eV, aAC = 1.31819X"
1, RAC = 2.32Ä for the anion-cation 
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interaction and DAA =  0.14484 eV,  aAÄ ==  1.99225Ä"1,   R^ = 2.32Ä for the anion- AA 
anion  interaction. 

AA 

It is  interesting  to note  that early work in hetercepitaxy,   rather naturally 

but without other foundation, made extensive  use  of  the concept of minimum 

mismatch as a determining factor  in escablishing  relative  film-substrate 

orientations.     However,   LEED studies or  a number of  film and/or substrate 

materials have already established  that some  sort  of surface reconstruction 

sufficient to yield modified LEED patterns  is  the  rule rather than  the excep- 

tion.     Thus,   the  surface periodicity and/or symmetry  can be altered from  that 

of  the bulk crystal. 

An investigation of  surface  reconstruction  in basal-plane A1.0    was  initiated, 

using  the potentials just discussed.    Although basal-plane Al 0    is not  the 

substrate orientation  of greatest practical  importance,   it was particularly 

convenient for beginning  studies of reconstruction.     The eventual goal of 

these studies was   to predict or  calculate  the  relative energies of  the various 

(1x1),   t/J,   3/3,   and /31 +9  deg LEED patterns  described by Chang   (Ref  21). 

However,   it  is not  clear  if  all of  thes- patterns  can fit within  the framework 

of  the present model.     Also,   there is  some evidence  that  impurities  and/or 

surface stoichiometry may be determining  factors producing  the various  LEED 

patterns.     Thus,   additional experimental  informatiou would be helpful in 

establishing which atonic surface  configuration  should be examined  theoretically 

and in identifying   the necessary  theoretical  ingredients. 

Somewhat more basic but still related to surface  stoichiometry  is  the question 

of  the composition  of  the Al^ substrate at  Si  deposition  temperatures.     Early 

workers,   in applying mismatch concepts  at  the  interface,  generally considered 

the  deposited Si atoms  to bond onto  a bare plane  of  0 atoms, with  the Si atoms 

occupying  the missing Al atom sites.     On  the  other hand,   since each 0 plane  in 

A1203 is separated by  two Al planes with long  and  short  bonds  to  the 0 planes, 

Chang   (Ref  21)   suggests  that mathematical  cleavage  could most easily  take place 

between  two Al planes,   leaving one Al plane  at  the surface of each  of  the 

cleaved half-crystals.     Intuitively,   it  appears   that  there would be consider- 
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able rearrangement of AL surface atoms if this is the case. Thus, one goal 

of the present work was to examine both simple alternatives for the surface 

configuration and determine what conclusions could be reached. 

Studies of surface reconstruction of basal-plane A190 were carried out by 

consi-' ting the relaxation of the four planes nearest to the surface.  Table 2 

lists the planes, atom type, and hexagonal coordinates of the 15 atoms which 

can be considered to represent the upper half of a 30-atom hexagonal unit 

cell.  Fur this half-cell the origin of coordinates is at an Al atom hole 

(i.e., the site of a missing atom).  The upper boundary of the half-cell then 

also contains an Al hole and defines a hexagonal network of holes. 

In treating surface reconstruction it was assumed for definiteness that the 

surface is an 0 plane, labeled plane 2 in Table 2.  Plane 1 is therefore exclu- 

ded and planes 2, 3, A, and 5 are included in the relaxation treatment. 

For a mathematically-cleaved ideal (0001)A1„0„ crystal, since this half- 

crystal still possesses three-fold symmetry normal to the surface and along the 

z (c-axis) direction and in addition still retains translational periodicity 

in directions lying in the surface, it is clear that there must be appreciable 

relaxation taking place which possesses this rotational and translational 

symmetry.  There will also probably be relaxation which is not symmetric, but 

its origin is somewhat obscure and may relate to impurities or surface stoi- 

chiometry. 

Consider relaxations of atoms in planes 2-5 which are consistent with symmetry; 

two such relaxations are possible.  The first type is associated with the 

parameter x in Table 2, which defines the positions of 0 atoms in the unit cell 

and is equal to 0.306 for bulk A1?0„. With the absence of translational 

symmetry in the a. or z direction, an allowable change would be for each 0 

plane to relax toward a new value of x differing from the bulk value,  intui- 

tively, it appears that the 0 plane at the surface would show the largest 

change.  The magnitude of this type of relaxation was not numerically deter- 

mined, but preliminary indications were that it is small. 
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Table  2.    Hexagonal Half-cell Data for A1„0„ 

Plane Atom 
No. Type 

- Al hole 

1 Al 

2 0 

J Al 

4 Al 

5 0 

6 Al 

7 Al 

8 0 

9 Al 

_ Al hole 

Hexagonal 
Coordinatiis a 

1-^2- 

aA d4 
Initial Relaxed 

Coordinate  Coordinate 

(0.0) 0.5000 

(2/3,   1/3) 0.48133 

(1/3-x,   2/3); (1/3,   2/3-x);   (x+1/3,  x+2/3)    0.41666 

(0,0) 0.3520 

(1/3.   2/3) 0.31466 

(x,0);   (0,x); (1-x,   1-x)                                          0.250 

(2/3,   1/3) 0.18533 

(0,0) 0.1480 

(2/3-x,   l/3);(2/3,   1/3-x);   r/3-bc,   1/3+x)       0.0833 

(1/3,   2/3) 0.01866 

(0,0) 0.0000 

0.43853 

0.34913 

0.31629 

0.24300 

The  second  type  of relaxation  is   that  in which each  of  the various planes 

considered  is allowed  to move  individually  in  the  a,   or z  direction.     This 

type of  relaxation appears   significant for  (OOODA^O«,   and numerical  results 

were obtained.     The  relaxed-plane positions were  determined by an  iterative 

procedure which relaxed planes  2,   3,   4 and 5  in  turn  toward  the position  of 

minimum energy until  convergence was  obtained.     The results obtained are 

nearly as  expectdd and are  shown  in  the  last  column of  Table  2.     Plane  2,   the 

surface plane  of 0 atoms   in  this  case,   shows  the greatest   (outward)   displace- 

ment.     Planes  3 and 4 are  displayed only slightly  and  tend  to move somewhat 

closer  together.     Plane 5  is  seen  to move  inward and away  from the  surface  a 

moderate amount.     This negative displacement  could have been expected  on 

general grounds  from  the work of  Tick and Witt  (Ref  26),  who  found  a similar 

displacement   for Ni-like metal  systems. 
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At   the   time   the   ahuvu  planar  displacement problem was   treated,   it was   intended 

that   the   interaction  between   Si   and Al^ be  parameterized  and   the growth  of  Si 

on  A1203  be  nimulated   for  a small  cluster of  perhaps  six  Si   atoms.     It was 

recognized  that  parameterLzing   the   Interaction between  Si  and A120    in  essence 

defined  a model   prob Lern which  was  probably  oversimplified  compared with   the 

rt-al   Lattices.     However,    this   approach seemed  reasonable   as   the most  practical 

alternative. 

Coincident   it.   time  with   the  above  Al^  lattice   relaxation  study,   theoretical 

investigation  of   the  effect   of   thermally-induced  stress   on   the   carrier mobility 

in   the   Si/Al2()i  system was   begun   as   an  on-line   response   to   the electrical 

easurments   pr.gram.     The   initial  success   achieved   in   theoretically  explaining 

0%  mobility  anis .tropy   in   (001)5i/AL^  and -40% mobility   anisotropy   in 

(22l)Si/AL203)and   the  potential   significance  of  such  an   investigation   to   the 

preparation  of  heteroepitaxia I   semiconductor   films   for  device  use, dictated   chat 

this   shuuld  become   the  principal   theoretical   task of   the   remainder of   the 

contract   program. 

me; 

the 
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5.     STRESS  EFFECTS  ON ELECTRICAL PROPERTIES  OF Si/Al 0 
2Ü3 

ihe theoretical analysis of stress eflects on the mobility in Si/Al„0 films 

began as an on-line response to the important experimental discovery.'in the 

last half of the second contract year, that an anisotropy was present in the 

carrier mobility in (001)Si. (221)Si and (111)Si heteroepitaxial films ^ 

on A1203 and would probably occur in all orientations of Si/A^O . 

It was recognized that different physical mechanisms which could produce some 

form of mobility anisotropy would, in general, be expected to lead to different 

magnitudes of anisotropy and to different orientations for the mobility maxima 

and minima in the plane of the film.  Thus, detailed studies of the mobility 

anxsotropy could, in principle, provide a more powerful means than had 

previously been available for determining the role of various phenomena in 

establishing the carrier mobility in the Si/Al^ films.  The anisotropy studies 

are thus considered to be of major importance to this contract program and to 

semiconductor heteroepitaxial film technology in general. 

Physical phenomena which could lead to a mobility anisotropy in these hetero- 

epitaxial 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 under- 

stood at the present time, and - with the exception of the piezoresistance 

studies done on this program - all previous work that has been carried out has 

related to thin bulk crystals rather than to epitaxial films. 

Since stresses in Si/Al^ are known experimentally to be on the order of 

10 -10  dyn/cm and since Si is a strongly piezoresistive material, it 

appeared that a piezoresistance-effect mobility-anisotropy model would be a 

useful tool and should relate substantially to experimental mobility anisotro- 
pies. 

The idea that Si film stress acting through the piezoresistance effect can 

modify the film resistivity and hence the carrier mobility is not new. and 
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estimates  of   the   change   in mobility  due   to  stress   associated with   thermal 

expansion mismatch  between  Si   film and Al^  substrate  are   available  in   the 

literature   (Ruf   33).     However,   all  previous   investigations   have  assumed   that 

the   thermal  expansion  stress   is   Isotropie   in   the  plane  of   the   film and   thus 

for   (Oül)Si   and   (l.Li)Si   leads   to  an   Isotropie mobility which  is   independent 

of   the  direct Lou  of  measurement   in   the  plane  of   the   film. 

However,   thvmai  expansion   in   Al^   is  known  experimentally   to  be   anisotropic 

(Ref   34)   and would   thus   lead   to   an  anisotropic  stress   in   the  Si   film.     It 

thus   followed   that   a   theoretical   investigation   in   terms  of   an  anisotropic 

model   combining   thermal   expansion  stresses   and  piezoresistance  effects might 

yield  an  explnnation   for   the   observed  anisotropies   in  the  experimentally 

determined  carrier  mobilLties, 

A   theoretical   model was  subsequently  developed which  explicitly   incorporated 

the  anisotropy   in   thermal  expansion  of   the Al^  substrate,   the   anisotropy   in 

the  Si   film elastic  constants,   and   the  anisotropy   in   the  Si   film  piezoresist- 

ance  coefficients.       The model  was   then  applied   to n-type   (001)Si//(0112)Al  0 

and   (221)SL//(1122)A1203   film/substrate  orientations  which  had  been  extensively 

investigated experimentally. 

Theoretical  and  experimental  data  for n-type   (OOl)Si/   (0lT2)Al  0     films 

(Ref   35)   and   for  n-type   (221)SL/   (I122)A1203   (Ref   36)   were  published during 

the   course  of   the   program;   these  papers   are   included  as  Appendices   2   and  3  of 

this   report  and   therefore will  be  discussed  only  briefly  here. 

The   theory   for   (OOl)Si/   (OlLZMl^  films  predicts   a maximum mobility  direc- 

tion along   the   [100]Si  direction which  is  parallel  to   the   [2ll0]Al20    direc- 

tion.     'I^e minimum mobility  direction   is  displaced  90  deg  from   the maximum 

mobility  direction.     The   thoeretical  anisotropy  in mobility,   defined  as 

/ M          -  \i   .     \ 
A =  200 (^^ 5^  I 

max mm 
(18) 
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is  9.3%.     The maximum mobility directi m is  found experimentally  to lie along 

the   [2110]A1203 direction.       A least-sjuares  fit  to  the experimental mobility 

data on eight  different samples yielded  room-temperature experimenta 1 anisotro- 

pies  ranging from 7.6  to  11.7%,  with an  average of  9.5%. 

For  the  case  of  (221)Si/   (1122)A1203  films,   the  theoretical maximum mobility 

direction  is  along  the  [110]Si  direction parallel  to  the   [liOOjAl-O    direction. 

The  theoretical anisotropy A is  41%.     Experimentally  the maximum mobility 

direction  is  found  to be as  given by   the  theory.     Least-squares  fits   to  the 

mobility  data  on seven  different  samples yielded room-temperature  experimental 

anisotropies  ranging from 30.4  to 48.6%,  with an average  of  39%. 

Analysis of   the  theoretical and experimental  data for  (001)Si/   (0112)A1„0 

and  (221)Si/   (1122)A1203 has   thus  shown  that  the model  and  thermal  stress es 

do indeed largely account for the anisotropy in the mobility and the angular 

location of mobility maxima and minima.  Thus, the anisotropy in mobility can 

be substantially described in terms of thermal stresses without recourse to 

other physical phenomena such as residual growth stresses or dislocation 

scattering.  However, the magnitude of the overall average mobility in these 

films is found to be significantly lower than bulk-crystal values.  This 

indicates that some other phenomenon, such as defect or dislocation scatter- 

ing, is quite important in determining the properties of these (001) and (221) 

Si films. 

Attention was next directed to the (lll)Si case on two different A1„0. sub- 

strate orientations: 5 deg off of the (1120) plane and (1014).  For the ^(1120) 

orientation, the theoretical anisotropy is too small by a factor of ibout 4. 

For the (1014) orientation, the theoretical anisotropy is a factor of about 8 

times smaller than the experimental average anisotropy.  In both cases the 

predicted directions of mobility maxima and minima are rotated 90 to 100 deg 

away from those determined experimentally. 

Extensive attempts, both theoretically and experimentally, have been made in 

efforts to explain the experimental (lll)Si results.  The experimental results 
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show substantial data scatter, and attempts have been made both to determine 

the origin of the scatter and to reduce its magnitude.  Inhomogeneity in film 

properties is one potential source of both scatter and ambiguity in the 

experimental data.  The results of experimental studies of Si film inhomogen- 

eity are discussed later in this report.  While Si film inhomogeneity must be 

taken into account in accurately measuring mobility anisotropies, the film 

inhomogeneity does not itself appear to explain the large anisotropy or loca- 

tion of mobility maxima and minima, nor does surface-state conduction. 

A second physical mechanism—hot electron phenomena—has been ruled out as a 

likely cause of the experimental results on (lll)Si since the mobility of 

aniäotropy is found to be independent of the magnitude of the electric field. 

Surface scattering and surface quantization are two other physical phenomena 

which could play a role in determining the experimentally measured anisotropy. 

For bulk thin films (i.e., no substrate) both these effects should le^d to 

Isotropie carrier mobilities on the basis of general symmetry arguments 

(Ref 35).  The stress applied by the substrate is anisotropic and would thus 

be expected to lead to some anisotropy.  However, intuitively this anisotropy 

would be expected to be of the same order as the (OOl)Si results—an anisotropy 

of 6 to 9%.  These phenomena appear implausible as mechanisms for producing 

the rather large (16 to 30% average) (lll)Si arisotropy that has been observed. 

It appears that a definitive explanation of the (lll)Si mobility anisotropy 

results cannot be made at this time. 

It is of interest 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.  It is unlikely 

that residual growth stresses would modify the average stress (T +T )/2 sub- 
* 12 

stantially.   The anisotropy in the stress (T -T ) calculated from the thermal 

*See Reference 35 (Appendix 2) for identification and discussion of these 

stresses. 
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expansion model is typically 5 to 7% of the average stress.  Thus, it is not 

impossible for small changes in T^ and T2 caused by residual strains to modify 

(T1-T2) appreciably, and in this way also affect the experimental mobility 

anisotropy. 

At present there is apparently no way :o determine if such growth stresses do 

in fact exist in Si films in the (111) orientation or why such stresses do not 

appear to be required in the theoretical explanation for the (001)Si and (221) 

Si anisotropy cases.  However, a residual growth stress explanation does appear 

plausible; this explanation would, if found to be correct, represent a major 

step forward in understanding some of the basic physics of heteroepitaxial Si 

films. 

Comparison between theory and experiment was made for three Si orientations, 

as indicated above.  In two of the three cases substantial agreement was found 

both for the magnitude of the anisotropy and for the location of mobility 

maxima and minima.  This agreement provided considerable confidence in the 

basic model and suggested that more extensive theoretical development of the 

model valid for other orientations would be useful. 

The mathematical framework of the theoretical model was then extended in 

several regards.  Calculations for a number of new Si orientations were per- 

formed, and a comprehensive theoretical paper was prepared which summarized 

the entire theoretical effort (Ref 37).   This paper in preprint form is 

included as Appendix A of this report. 

The significant new material developed in the paper includes a mathematical 

description of heteroepitaxial relations which allows arbitrary "off-orienta- 

tion" Si/Al203 films to be treated theoretically for the four major modes* of 

Si/Al203 epitaxy.  One mode of Si/MgAl^ epitaxy was also treated. 

A linear piezoresistance formalism had been employed in all previous calcu- 

lations on this model.  However, the extension to p-type Si indicated thau the 

predicted change in resistivity due to stress was substantial and would result 

* For a discussion of this topic see Appendix A. 

A3 

-;;  '""['"'MIWUT—  



in anomalously  large mobilities  as  an  artifact  of  the  linear  formalism.     A non- 

linear  correction   factor was  developed which  approximately   takes  into  account 

the  higher-order  stress   terms.        Although both  the  linear  and   the non-linear 

models  yield  approximately  identical   results   for n-type Si,   the  differences 

are  marked  for   p-type  Si.     The  non-linear model  in   this   case   is believed   to  be 

the most  accurate,   and all  subsequent  discussion   is  based  upon  data obtained 

using   the non-linear  correction  factor. 

The   Si/Al203  orientations   treated   thus   far  have  all been   the  subject  of  experi- 

mental   investigation,   and  extensive  growth studies  have been  performed  in  all 

these   cases.     The   recent   theoretical  studies,   however,   have  directed  attention 

to   the  general   (xxl)Si  orientation,   and   the model was  employed   in   a  predictive 

sense   to   determine   the  effect  of   thermal  stress  on   the mobility   for other  Si 

orientations   not  yet  grown  or   researched experimentally. 

In   the  calculations   for  the   (xxl)   Si  orientation, x was varied  from zero  to 

infinity   to  map  out  all orientations  of  the  form  (xxl)   lying  along   the   zone 

defined  by   (OOl)Sl,   (lll)Si.   (22L)Si,and   (110)Si.     These   calculations  were 

performed  for  four  different modes  of  Si/Al^  epitaxy  and  one mode  of 

Si/MgAl204  epitaxy,   for both  n-type   and p-type  Si.     A substantial  amount  of 

data  has  been  generated  by   the   computer  calculations.     This   collection  of  data 

is   described   in  detail  in   the  paper   (Ref   37)   given  in Appendix  4  and will not 

be   repeated here. 

The   theoretical  mobility  data  obtained  for   the   (xxl)Si   zone  and   the  four modes 

of   Si/Al203  epitaxy  are all  rather  similar and  do not display  a strong  depend- 

ence  upon   the  particular mode  of   epitaxy.     Mobility  data  for  n-type  Si   are 

shown   in  Figure  1,   and  curves   for   the maximum mobility  ratio   (p       /u  )   and 

the minimum mobility   ratio   i^.jvj   are  both presented  as   a  function  of  orien- 
tation   in   the   (xxl)Si   zone*. 

*The  symbol  ^  denotes   the  carrier mobility  in  the absence  of  stress, 
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Mobilxty  data  for p-type Si  are  shown  in  Figure  2.   and  curves  for  ehe .axi.u. 

mobility  ratio   (l^/^)   and  the minimum mobility  ratio   (M
e.   /M  )   are both 

presented  as   a  function  of  orientation.     The  superscript  e'enotes   that   the 

p-type data  is  derived  from use  of   the non-linear piezoresistance model. 

In  Figures   1 and  2   the  collective  range  of mobilities  for  all four modes  of 

Sx/Al203  epitaxy   is   plotted.     The mobility  ratios   M       /y    or / for  any 

Particular mode  of  epitaxy will  before be  somewh^  i^  the Taded  regions 

of   the  graphs.     Data   for   the   individual modes   are  presented  in   tables   in 
Appendix  4. 

For  „-type   Si.   the  effect  of   thermal  stress  on   the  maximum mobility   ranges 

from  a   reduction  of   ^30%   in  mobility   for   (OOl)Si   up   to  an  enhancement   of   ^25% 
in mobility  n,ar   (il0)Si>     ^   range  of   ^ mobiiity   ratio ^       ^ ^ 

(nO)Si   and   (OOl)Si   is   1.7-1.9  and  represents   a  significant  inL^  in   theo- 

retical mobilities.     The minimum mobility  y^   is   always   less   than  p   .   the 

zero-stress  mobility,   by  30-40%  near   (001)Si   and  about  5%  near   (lll)Si. 

For p-type^Si   films,   the  effect of  stress  is  always   to  increase   the mobility, 

and  both umax  and  M^n are  greater   than  Mo across   the  entire  zone.     The stress 

enhancement  of   the  maximum mobility   is minimal   for   (001)Si   and  increases 

rapidly   in  progressing  across   the  zone.     Values   of   the maximum mobility   ratio 

Mmax/Mo   are   Ln   the   "nge  of   1.06-1.09   for   (001)Si.   1.80-1.96  for   (lll)Si, 

2-10-2.27   for  (221)Si,   and  2.32-2.44  for  (110)Si. 

it   is   interesting   to note   that   the   (001)Si  orientation most  commonly  employed 

m  Si-on-A^O.   device   fabrication   is  predicted   to  have   the   lowest mobility   of 

all   of   the   orientations  studied.     This  holds   for both n-  and  p-type  Si. 

although   the   effect   is  ..mewhat more marked  for  p-type  Si.     These  results 

indicate   that   the  effect  of   thermal   stress  on mobility has   a strong orientation 

dependence  and   that  substantially   larger mobilities may  be  achieved  by prudent 

choice  of   film/substrate  orientation. 
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The  calculations  for  the  (xxl)Si  zone have assumed mathematically  that  each 

mode of epitaxy holds  across  the entire  90 deg  zone  from  (001)Si  to  (110)Si. 

Experimentally  it  is well  known  that each mode of epitaxy holds  over  a more 

limited range.     The   theoretical  thermal  stress mobility data for n-  and p-type 

Si/Al203  taken  in  conjunction with experimental growth  data  indicate  that  it 

would be worthwhile  to  explore  experimentally Mode  I  epitaxial  film growth 

in  the  approximate  range  from  zero  to 25  deg  from  (001)Si  and Modes  II,   III 

and IV epitaxial  film growth in  the  range +25  deg  about   (lll)Sl.     (The mode 

definitions  used here  are  as  follows:  Mode  I:   (001)Si//(0112)Al20   ;     Mode  II: 

(lll)Si//(1124)Al203 and   (221)Si//(1122)Al203;   Mode  III:   (lll)Si//(1120)Al 0  ; 

and Mode  IV:   (lll)Si//(10l4)Al 0  . 

It   Is  known   that  Si/AI^^   film growth  quality  depends   upon  a variety  of 

factors  including  intrinsic growth stresses,   dislocation generation  and  carrier 

scattering,  and  impurity  or  heavy metal  complexes,   in  addition  to   the  thermal 

stress effect   treated  in   this   investigation.     Although  a  formidable  task, 

additional   theoretical and  experimental work  directed   toward understanding 

these phenomena  should  be  undertaken. 

Tills  study  of   thermal stress  effects  represents   the  first systematic  theo- 

retical investigation  of mobility  as  a function of  orientation.     The model 

provides  a useful  theoretical  tool and,   in  conjunction with  additional experi- 

mental  investigations  and  selected-orientation growth studies,  will  lead  to  a 

better unders.anding of   the Si/Al20    heteroepitaxial  system and  to means  of 

optimizing  Si/Al20     films   for  certain device  applications. 
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SECTION  3 

DEPOSITION  STUDIES  AND  FILM PREPARATION 

Throughout  the program a continuing experimental  study of  the effects  of  various 

parameters  upon  the properties  of  deposited semiconductor  films was  carried  out. 

In  addition,   a wide variety of  film samples  on various  substrates was  prepared 

for  use  in other parts  of  the  contract program. 

During  these  investigations   the emphasis was  placed on determining  the  effect 

of  experimental  parameters  on  the quality  of  Si epitaxial  films grown by  the 

SiH4   pyrolysis   CVD method  on substrates  of  various  orientations  of  Al  0     and 

MgAl204.     In  the early part  of  the program it was  established for  the  growth 

system used  that autodoping occurs  in Si  on Al^  at  temperatures  greater  than 

about  1050C,   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 Al^   (and  also MgAl^)   by  this method 

are  dominated  by surface-state  conduction for carrier concentrations  of  ~1016  cm"3 

or below.     By  adding AsH3  to  the  SiH4  n-type films of  controllable  carrier con- 

centration  could be prepared.     Essentially equivalent   (100)-  and   (lll)-oriented 

Si  films were  grown on  (0112)   and   (1014)   Al^ substrates at deposition  tempera- 

tures below  the  autodoping  range   (~1050C). 

Al203  orientations near the   (1120)   plane,   not previously used  in heteroepitaxy 

studies,  were  also  utilized as  substrates   for  (ill)   Si heteroepitaxy.     This 

resulted  in electron mobilities  of  600  to  700  Cm2/V-sec for  carrier concentrations 

of  10       -  10       cm     ,  exceeding mobilities  obtained on either   (0112)   or   (10i4)Al 0 

substrates;  however,   good  Si  growth was achieved on  (1120)A1203 only at  tempera-  '' 

tures  above  the autodoping  range.     By  increasing  the Si growth rate  and  the 

deposition  temperature Tg  good  quality  films   (M~500-600  cm2/V-sec)  were also 

formed  on  (0112)A1203  (1040C <  Tg  <  1100C)   and on  (lOÜMl^   (T    ^11000) . 
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Si films grown on ^1120)A1203 were still superior, however.  At the high growth 

temperatures, autodoping took place during film growth, and annealing was found 

necessary to "homogenize" the electrical properties of the film.  It was found 

that films ~2Mm thick seemed to stabilize after about 4 hr of total anneal; 

5ym-thick films needed in many cases -10 hr of total annealing time. 

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 orientations that produce the best 

Si overgrowths demonstrated that growth conditions (1) must be optimized for 

the particular substrate orientation chosen; (2) differ for those 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 thick- 

ness 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 tempera- 

ture range, when conditions are optimized, on both Al^ and MgA^O  substrates; 

these results provided necessary 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.  Investigation of the growth of Si films on Al^ and MgAl 0 

using He as the growth atmosphere and the carrier gas showed that epitaxial growth 

could ba achieved, although the conditions for best growth were not established 

at that time. 

The effort in the final half of the second year was concentrated on continuing 

attempts to optimize the Si deposition process for growth on -(1120) and (0ll2) 

A1203 surfaces.  In the course of this work the effects of post-nucleation 

annealing during the deposition process on ultimate film properties were exam- 

ined, but no significant improvement in overall quality of Si films resulted 

from these procedures.  The effects on film growth of gas-phase etching of Al 0 

surfaces prior to deposition were also 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. 
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ons The effects of cooled reactor chamber walls and various pedestal configurati 

on the Si growth process were also investigated, but no significant advantage 

of cooled walls in the vertical reactor systems used in this work was observed 

nor was a pedestal configuration found that improved the temperature uniformity 

across the pedestal surface. 

Considerable additional study was made of the growth and properties of Si films 

deposited on Al^ and Czochralski-groJn stoichiometric spinel (MgAlo0 ) in both 

He and He-H2 atmospheres.  This work iidicated that Si films with electrical 

properties at least as good as those grown in H9 atmosphere can be obtained on 

(0112) and -(1120)A1203 when He-H2 gas mixtures are used for the growth environ- 

ment.  It was also determined that autodoping is operative in the Si/MgAl Ü 
2 4 

and Si/Al203 systems  in He-H2 atmospheres at approximately the same temperatures 

as for Si/Al  0    grown in H . 

Toward the end of the contract program this work was concentrated on studies 

relating to the growth of Si on MgAl^ and GaAs on Al^ and GaAs, and to the 

support of other phases of the program by preparation of Si/Al20 and GaAs/Al.0 

films.  These were prepared for further studies in anisotropy, lifetime measure- 

ments, fabrication of Schottky-barrier FET structures, high-field transport 

measurements, and for the evaluation of new tanks and sources of SiH and AsH 
4       3 

Th ese studies led to the formation of good quality n-type Si films on (lll)MgAl 0 

with carrier mobilities higher than those achieved in the Si/A10CL system.  Mobil- 
• • 2 / J 
ities as high as 925 cm /V-sec were measured in films ~2ym thick, but the mobilities 

were found to be influenced by the source tank of SiH,.  It was aiso found to 

be more difficult to prepare a good quality film reproducibly on MgAl 0  than on 

A1203, presumably due to the relatively poorer MgAl20, surfaces. 

P-type Si films were also grown using B^ as the dopant source.  As in the 

case of the n-type films, better films were obtained on ~(1120)A] 0  ((111)51 

growth) than on (0ll2)Al203 ((100)Si growth). Hall mobilities being -2-3 ti 

larger. 
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Ha' CaAs studies, using the meta lorganlc growth process for botli homoepitaxla L 

uul hcturoepi LixLaL ivtowth, were also found to be InforniAt Lve.  It was demon- 

HtraLud that the propertlt'S uf ELLms j^rown on A1?0~ and on GaAs substrates were 

almust equivalent for both thick and thin films; based on the properties obtained 

in these films it is expected that FET's can be successfully fabricated in thin 

I iIn ; and (junn devices in the thicker films grown on GaAs and on Al90_ substrates. 

Pet;'i Is of these investigations are given in the following sections. 

1.  ELECTRICAL PROPERTIES ÜF Si FILMS AS FUNCTIONS OF GROWTH PARAMETERS 

jtudics of the effects of various growth par imeters and other variables on the 

quality of Si films grown on AL„0„ and IIgAl„0, substrates were undertaken early 

in the program, with attention directed toward identifying (1) the preferred 

substrate: (2) optimum growth temperatures; (3) preferred film orientations; (4) the 

preferred growth atmosphere; (5) preferred substrate orientations; and (6) 

the optimized overall growth process. 

Particular attention was given initially to growth on Al.jO,, for this substrate 

has a rhombohedral crystal structure (Si is diamond-cubic) and could, therefore, 

provide epitaxial growth data potentially valuable to the theoretician's attempts 

to model heteroepitaxy.  Since MgAl 0, is a cubic material, like Si, it was 

considered initially as being less attractive as a host for Si in basic theoreti- 

cal studies of heteroepitaxy because completely parallel orientation relation- 

ships (e.g., (Ill) Si//(111) MgAUO.) have been observed in the Si-MgAl20, system. 

On the other hand, considerable interest had been generated in MgAi„0. as a 

possible preferred substrate for Si growth, based primarily on a comparison of 

the electrical properties of (100) Si growth on (0ll2) A1„0. with those of (111) 

SI growth on (111) MgAl„0,.  One of the criteria advanced for favoring HgAl^O, 

over A1-0- as a substrate for Si heteroepitaxy is that the thermal expansion 

coefficient for MgAl?0. is less than that of (0ll2) A120-. However, the published 

data for this characteristic of the two materials vary, depending upon the 

reference source.  Another criterion is the existence of a smaller lattice mis- 

match between Si and MgAl„0, than between Si and Al^G.,. 
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Since one of the specific objectives of this program was the preparation of 

high-quality Si films on insulating substrates, comparative Si growth data on 

A1203 and MgAl204 were accumulated and evaluated.  These studies were planned 

so as to lead to a realistic determination of the preferred substrate for hetero- 

epitaxial Si, based on such criteria as are listed above. There are several 

different orientations of Al^ that promote (111)Si growth; differences that 

are observed in the growth parameters which promote high quality (111)Si growth 

in these several cases should, therefore, be related to the condition of the 

substrate surface, its orientation, and its chemical behavior in the CVD environ- 

ment.  Such differences could be of considerable importance to the theoretician. 

The Si growth studies in this program involved the formation of films by the 

pyrolysis of SiH4 in the apparatus depicted in Figure 3.  It consisted princi- 

pally of a single vertical 60 mm-OD quartz (standard grade) tube 38 cm long, 

containing a SiC-covered carbon pedestal ("Ti-Kote", Texas Instruments) which 

could be inductively heated and rotated; a manifold made from 1/A-in stainless 

ste»l (type 316) tubing; appropriate flowmeters (Brooks Instruments) for 

monitoring the gas flows; a teflon connector (Beckman Instruments) to facilitate 

reactor exchange; and provision for separate evacuation of the flow lines and 

the reactor.  During the working day a continual flow was maintained in the gas 

lines; only the reactor portion and connections were evacuated between experiments, 

The H2 carrier gas was Pd-purified, and the He was grade 6TM from Airco#  The 

dopant sourcasused contained 200 ppm AsH3 in H,, and He carrier gases (Airco) 

and 195 ppm B^ in H2 carrier gas (Scientific Gas). 

Temperatures of the SiC-coated carbon pedestal were measured with an optical 

pyrometer and were not corrected for any apparent emissivity changes caused by 

the intervening quartz chamber wall.  Because the composition of the gaseous 

atmosphere was found to affect the Si growth rate, during studies involving 

He-H2 mixtures an infrared-sensing temperature monitor in combination with a 

recorder was used to determine when the desired film thickness was reached. 

This apparatus recorded the interference pattern caused by reflections in the 

double-layer Si and substrate system; the number of fringes displayed could 
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be related to the film thickness.  (It was observed that even after the SiH, 
4 

and dopant sources were shut off, Si growth still continued in the CVD reactor 

for an additional ~200oX of thickness when the SiH. concentration before the 
4 

shut-off was relatively high and growth rates of ~3nm/inin were used.) 

Based on previous studies of Si growth on Al-O  (Ref 38) it is known that the 

orientation of the Si film can be controlled by selecting the orientation of the 

AI203 substrate.  Major interest has been generated in the semiconductor industry 

in the growth of (100)Si which is obt;ined on (0112)Al-O-, but there have been 

reports of better electrical properties in (lll)Si films grown on (0001)A120„ 

(Ref 39).  This orientation appears to require relatively high temperatures 

(~1200C) ^n the growth process for obtaining good quality films. 

There are several orientations of Al^- that promote (111) Si growth, as indicated 

earlier, and some of these were examined along with (0112)A1„0  in the process 

of determining preferred substrate orientations.  Most studies of (111)Si 

growth on AI^ during this program w( re performed on (1014)A1„0 and ~(1120) 

Al203, with simultaneous growth being obtained on (0ll2)Al„0 in many instances in 

order to compare (lll)Si and (100)Si film properties.  Some studies were also 

performed on (1123)A1203, which also promotes (111)Si growth, and on (1122)Al 0„, 

which promotes (221)Si growth.  (See Section 10.) 

Undoped thin Si films were prepared in the first part of the study in the expecta- 

tion that the electrical properties of such films would be more sensitive to 

changes in CVD deposition parameters, substrate conditions, and other controllable 

factors.  It was soon determined that undoped Si films which were n-type when grovi 

below 1050C varied in donor carrier concentrations fronrlO  to ~7 x lO^cm"3, 

and some electron mobilities as high as 700-850 cm /V-sec were obtained; however, 

these electrical characteristics were found to be dominated by surface-state 

conduction, a very important effect which had not previously been reported in 

technical literature dealing with the properties of heteroepitaxial semiconductor 

films.  (After those observations ware first made, and possibly as a consequence 

of this situation being described in the early semiannual reports of this contract 

Refs 1, 2), a publication appeared which examined these surface effects (Ref 40). 
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At the higher temperatures (e.g., ~1060C). determination of the correct carrier 

concentration was complicated by the presence of Al coming from the A120 sub- 

strate and becoming incorporated into the film during growth.  This impurity 

served to compensate the As already present and had to be removed before the As 

concentration could be estimated.  For this reason, an 1100C anneal in an 0,, 

atmosphere for at least one hour was employed in the early studies before meas- 

urement in order to remove the Al impvrity.  The higher growth temperatures 

(up to 1100C) and subsequent anneal did not appear to degrade the electrical 

properties of (100)Si films grown on (Ol^Al^, as indicated below. 

A summary of the electrical properties of n-tyPe Si/Al^ films .2m  thick grown 

in H2 is shown in Figures 4 and 5.  Most of the data were obtained on films grown 

at -2iJm/min.  Lower growth rates tended to produce poorer films over most of 

the temperature range examined, except for films on (OmHl^ which exhibited 

equivalent mobilities at growth rates of ~0.8Mm/min. 

It was found that for a growth rate of 2pm/min the electron mobility in 

(100)Si/(0112)Al2O3 was nearly independent of growth temperature for 

1040C < Tg < 1100C.  At both higher and lower growth temperatures the data 

suggested that the mobility decreased.  This is show, in Figure 4, where the 

mobilities of tilms grown on (0112) and ~(1120)A1203 substrates are plotted as 

a function of growth temperature.  At each temperature data for a number of 

films with net donor concentrations between 1 and 5 x 1016cm"3 are averaged; 

the error bars indicate the range of mobilities over which the points are aver- 

aged (not the error in the data point itself), and the number next to the point 

indicates how many samples contributed to the average value plotted.  All films 

were annealed at least one hour in 02 at 1100C to stabilize fil., properties. 

Contrary to the case for the (100)Si growth on (0112)A1203, the data for (lll)Si 

growth on the Al^ orientation near the (1120) plane show that a 2Mm/min growth 

rate yielded films which appeared to improve with increasing growth temperature 

and showed a mobility maximum around 1075-1100C. 
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The variations of carrier concentration with growth temperature for a constant 

dopant gas flow rate (0.22 ccpm AsH3-II2 mixture) and constant growth rate 

(~2ym/min) are plotted in Figure 5 and indicate no definite trend except for 

the slight decrease in carrier concentration at the highest growth temperatures. 

It was found that higher growth rates can improve mobilities for Si films grown 

on the (0li2)A.i.203 orientation at higher temperatures.  The effects of growth 

rate on the mobility of films on (Oil:!) and also on -(1120)Al 0 are plotted 

in Figure 6 (for growth at 1075C).  The mobility data indicate that high growth 

rates are necessary to produce optimised film properties at this (and presumably 

higher) temperature on (0112)Al^; for 1075C the mobility maximum seems to 

occur at a growth rate of about 4pm/min for the (0112) orientation and 

about Zym/mln for the orientation near the (1120). 

These films were grown under conditions of constant dopant gas flow.  However, 

the measured carrier concentration was found to vary with growth rate as shown 

In Figure 7.  The observed behavior shown in Figure 7 suggests an exponen- 

tial relationship between growth rate and carrier concentration.  These data 

point out the Importance of growth rate as well as growth temperature In deter- 

mining the quality of SI films grown on A120 substrates. 

At constant growth rate the carrier concentration is related to the dopant gas 

flow as shown in Figure 8.  The data are seen to agree with the dashed curve, 

representing a linear relationship between the two parameters, as would be 

expected.  It is interesting to note that the carrier concentrations found 

in films on ~(1120)A1203 were consiatently lower than those grown simultaneously 

on (0112)A1203.  This fact suggests that the dopant is incorporated less easily 

Into the (lll)-oriented Si lattice. 

Growth of Si on various other Al^ orientations at high growth temperatures 

was also examined.  Thi^ study was stimulated by the observation that the 

quality of (lll)Si appeared to be quite high at 1100C, and that some other 

orientations produced very reflective films at high temperatures.  The (1014), 

(1122), and (1123)A1203 orientations were used as substrates for Si growth 
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at temperatures from 1075 to 1150C.  For film thicknesses of 1.5 to l.gym and 

carrier concentrations of 1-2 x 1016cr-3, the (1014) and (1123) orientations 

yielded films with mobilities of 400 - 500 cm2/V-sec over the whole temperature 

range.  The (1122) orientation gave (121)-oriented Si films with surprisingly 

high mobilities - up to 770 cm2/V-sec in a 1.5ym thick film - suggesting that 

this orientation may be superior to those previously examined.  The properties 

of films grown on (1122)A1203 are further discussed later in the report in the 

section dealing with anisotropy/orientation correlations. 
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2.  VARIATIONS IN Si FILM PROPERTIES WITH THICKNESS 

Measurements of the variation of electrical properties with film thickness 

were also undertaken.  It had been well established previously that the elec- 

trical properties of heteroepitaxial semiconductor films tend to be inferior 

close to the substrate on which growth occurs.  An important task of this 

program was to determine the variation of electrical properties with distance 

from the substrate and deduce what steps might be taken to improve the prop- 

erties of the interface layer, thereby reducing film inhomogeneity. 

As a first step in this study, three ~1.8ym-thick n-type Sb-doped Si/Al„0 

films were examined by resistivity and Hall-effect measurements as the films 

were thinned in successive steps by metallographic polishing techniques.  The 

films were grown simultaneously at 1065C on (0112), -(1120), and (10l4)Al„0 

substrates.  (The samples were not annealed to remove Al impurities and so 

might be considered to have greater variation in properties than corresponding 

annealed films.) 

Electrical measurements were made after each polishing step and are recorded 

in Figures 9 and 10.  The small variation in properties during the first 

several steps tends to rule out work damage introduced during polishing as the 

source of the observed behavior.  In all cases the mobility (Figure 9) decreas- 

es and reaches approximately one-half the thick-film value at a thickness of 

about 0.5-0.7ym.  Below this thickness the mobility falls off more rapidly, 

suggesting an extremely low mobility at the interface. 

The variation in carrier concentration (Figure 10) also decreases with decreas- 

ing film thickness except for the film grown on the (lOU) orientation, which 

appears to have an increase in donor concentration.  The latter may be anoma- 

loub, however, due to the way in which the carrier concentrations were calcu- 

lated.  Such behavior could be the result of an underlying p-type layer 

(possibly due to enhanced Al concentration near the interface) resulting in an 

overestimate of the film thickness used in the calculation. 
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The electrical properties of As-doped n-type (100)Si/(0li2)Al203 films grown 

at 1100C were also examined as a function of film thickness. Measurements of 

as-grown films vith thicknesses from 0.2 to 1.2ym indicated that a considerably 

higher acceptor concentration exists near the interface than farther away, as 

evidenced by a net donor concentration which increases with film thickness. 

After a one-hour anneal in 09 considerably less variation of film properties 

with thickness was apparent, as illustrated in Figure 11 for films grown on 

(0112)A1203 and ~(1120)A1203 to the indicated thickness. The carrier concen- 

trations remained relatively constant, decreasing only slightly for thinner 

films, but the mobilities showed a steady decrease with decreasing film thick- 

ness for both orientations. 

When the films on (0112)A1203 were reduced stepwise in thickness by polishing 

and then remeasured electrically, thi average mobility showed the same general 

thickness dependence as that exhibited in Figure 11. The carrier concentra- 

tions, however, appeared to vary even less with thickness than the slight 

change indicated in the plot In Figure 11. 

Although these results suggested that Al autodoping appears to be much heavier 

near the Sl-Al^ interface, particularly in the first lym of growth, profiling 

studies of Intentionally undoped p-type films ~5ym thick indicated a nearly 

uniform concentration of Al at thicknesses greater than lym. For these 

measurements, films were grown on (0112), ~(1120), and (10i4)Al20 substrates 

at 1100C, and then reduced stepwise in thickness. 

The results of electrical measurements made after each step are shown in 

Figures 12 and 13. Although the Al concentration appears to be relatively 

constant over the range of thicknesses investigated, it is Interesting to note 

that the hole mobility appears to be steadily Increasing with film thickness. 

The mobilities found in the films on (1014) and ~(1120) substrates are nearly 

equivalent to that of bulk Si. 
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The uniformity in properties of Si films was also recently investigated by 

examining the variation in electrical properties over the surface of a typical 

n-tyPe Si/Al^ film.  Three Hall bridges were etched at various positions on 

each of several films, and results of measurements on these bridges were 

compared after annealing at 1100C in 0, for one hour.  Differences In elec- 

trical properties between bridges of -10%  or less were not considered to be 

significant, since the error in determination of bridge width and film thick- 

ness can easily lead to errors of +10%.  Out of 10 samples examined (wUh 

three bridges on each), two samples showed differences in resistivity among 

bridges of nearly a factor of two, while one showed a differeace of 50% and 

another a difference of 25%.  The remaining films all showed a resistivity 

spread of 20% or less. 

The degree of uniformity of film properties does not appear to be completely or 

exclusively related to film growth conditions and is probably strongly depend- 

-nt upon details of substrate surface preparation.  This study does clearly 

indicate that conclusions regarding such things as optimum growth conditions 

and optimum substrate specie, or orientation based on electrical data for only 

a few samples may be erroneous, and that a sufficiently large group of samples 

must be used in order to draw meaningful conclusions. 

rown An apparent nonreproducibility of the electrical properties of Si films grc 

on MgAl204 substrates over a considerable period of time suggested that sub- 

strate crystal origin and surface preparation may have more significant influ- 

ence on film quality than in the Si/Al^ system.  Accordingly, some experi- 

ments were undertaken to evaluate the growth of Si/MgAl^ using substrates of 

various origins with growth surfaces prepared and treated in a variety of ways. 

The Si films were grown under nominally the same growth conditions which had 

previously yielded good quality Si on Al^ substrates.  The results Indicated 

that no firm conclusions could be drawn; Hall mobility variations from approxi- 

mately 400 to about 750 cm2/V-sec showed no definite trends relating to sub- 

strate origin and/or preparation.  This suggests that an additional factor or 

factors may be controlling the SI film quality on MgAl.0, substrates. 
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The electrical properties as a function of film thickness were examined in two 

n-type Si/dlDMgAl^ films.  Data were obtained by successively thinning the 

films and remeasuring the electrical properties. The mobilities of the as- 

grown films were greater than those obtained for Si/Al20 films of approximate- 

ly the same thickness and studied in the same way (Ref 3 ). 

Data on a 5.4iJin-thick sample are shown in Figure 14, and similar data on a 

1.4)jm-thick sample are shown in Figure 15.  The mobilities were found to 

decrease much more rapidly with film thickness for thicknesses less than 

0.5pm than was the case for the Si/Al^ films. This result is rather surpris- 

ing an'l Fuggests that additional comparisons between the early stages of growth 

of (lll)Si on A1203 and on MgAl,^ substrates should be undertaken.  If consis- 

tent results were to be obtained verifying the behavior described above, it 

could be a significant factor in the choice of substrate for device applica- 

tions using films ~lym thick. 
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3.  PROPERTIES OF P-TYPE Si/Al20 FILMS 

Doping experiments with Si films on Al^ for the purpose of achieving p-type 

films were undertaken with diborane (B,^) as the source of B.  A calibration 

curve for a range of carrier concentrations from ~3 x 1616 to -1  x 1020cm~3 

was established for p-type Si fLlms grown on (0112)A1203 at 1025C and on 

(0112), -(1120), and (10U)A1203 at .1075C; the curve is shown in Figure 16, 

The electrical properties of the p-type Si-on-Al^ films prepared in these 

experiments are reported in Tables 3 and 4.  The electrical properties of 

unannealed and annealed films were measured using the van der Pauw technique 

(Ref 41) and are therefore only approximate.  The anneals consisted of 1/2 hr 

oxidation at 1100C followed by 2 hrs in N., at the same temperature. 

The data for the films, most of them annealed, are shown graphically in 

Figure 17.  The electrical properties of the p-type (100)Si on (01i2)Al 0 

are similar to those reported in the literature (Ref 42).  These results 

indicate that annealing only slightly affects the properties of p-type. (100)Si 

films grown at 1025C.  However, for (100)Si films grown at 1G75C (where auto- 

doping phenomena can be important) annealing is definitely required for those 

films exhibiting hole concentrations in the range 1016-1017cm"3. 

From Table 3 it can be seen that annealing changes the properties of as-grown 

(100) p-type films more severely at the higher growth temperature (1075C) 

than at the lower (1025C), as expected, presumably due to the removal of Al 

"autodoping" impurities.  Since the electrical properties of the annealed 

films seem equivalent at both growth temperatures for films of the same 

carrier concentration, either growth temperature appears to be adequate for 

p-type (100) Si growth.  The data in Tables 3 and 4, based on changes in 

properties upon annealing, suggest that autodoping is more severe in films 

grown at 1075C on (10l4)Al203 and (0112)Al^ than on (1120)Al^.  This is 

consistent with the data in Figure 18 in the next section, which show the 

same trend. 
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't-d for ""type films, the doping Levels in p-l.yp-i (lOO).Si appear 

to be hLtlu-f than in Clll)Si fLinv. grown on M^ at the same temperature, 

for a given amount of dopant added.  The diffeiences, however, are not as 

great in the p-type films. 

The electrical data for the p-type films grown on -(1120) and (1014)A1 0 

are most encouraging, with properties exceeding those measured on (0112)A1 0 

twofold or more for hole concentrations at least in the 1016 - 1018cm"3 range 

(see Figure 17).  The results are essentially equivalent to values for bulk 

Si, and appear to be the largest yet recorded for Si films only 2Mm thick on 

A1203.  Further comparisons of Tables 3 and A indicate a lower hole concentra- 

tion in (111)Si films than in (100)Si films for the same amount of dopant added, 

and almost equivalent properties for p-type (111) films grown on (1014) and 

~(1120)A1203.  (For n-type films grown in H2 it was found the films grown on 

-(1120)A1203 were superior to those on (lOÜ) substrates.) 
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4.  STUDY OF AUTODOPING IN Si FILMS ON AiUO- AND MgAUO, 

As discussed earlier. Al autodoping from the A1„0_ substrates has been shown 

to cause appreciable doping of epitaxial Si films at temperatures greater 

than ~1050 C.  In order to determine more precisely the extent of this dop- 

ing, a number of films not intentionally doped were grown in H- as a functior 

of temperature from 1050 to 1150 C.  The average acceptor concentrations 

measured in these films are shown plotted versus growth temperature in Figure 

18 for -2  ym-thick films grown at a rate of approximately 2 ym/min.  Each 

data point represents an average value for data obtained from 1 to 3 samples. 

It is clear that slight changes in growth temperature can appreciably alter 

the extent of Al doping, since the acceptor concentration varies by over two 

orders of magnitude for growth temperature changes of just 100 deg C. 

These experiments raise the question of the extent to which autodoping 

affects the quality of Si films and any devices formed in such films.  As 

will be discussed in the next section, annealing sequences can apparently de- 

activate, i.e., electrically neutralize, the Si films in such a way as to 

minimize the effects of autodoping on electrical properties.  From the data 

presented earlier, it is apparent that some of the best films, in terms of 

electron mobility, have been grown at temperatures where autodoping is most 

severe. The extent to which autodoping affects device performance, however, 

is still not known. 

The extent of autodoping in the Si/MgAl20 system was also examined.  Undoped 

Si films were grown on MgAl20. at various deposition temperatures (1000 to 

1100 C) using a constant amount of SiH. and H„-He mixture. 

As shown in Table 5, films grown in the 1000 to 1050 C range were n-type; 

at 1075 C and 1100 C they were p-type before annealing.  Annealing in 0„ and 

N2 caused the films to become more strongly n-type, suggesting the removal of 

acceptor impurities and/or defects by the annealing process.  It thus appears 

75 

 ..„ i.-....^^i„_,,-,,,,.^, —,..--.„-„. -..v„^ 



WWI^^WIPPPHUPPBK^WP^PWMWWPW ■     ■ll'1»       i "'i1" ■      •"• ■ ^^"^"w ni'iji ii HUM 

2 

2 
O 
P 

H 
Z w 

O u 
Da 
w 

U 
Da 
O 
H a. 
ui 
U 
U < 
H 
Ul 
Z 

18 
10 

17 
10 

16 
10 

10 
15 

-      + 

• (0112) 

•~(1120) 

+ (1014) 

GROWTH RATE » 

2JJLM/MIN 

FILM THICKNESS a; 2|JiM 

1050 
X 

noo 1150 

GROWTH TEMPERATURE ( C) 

Figure 18.  Variation of Net Acceptor Carrier 
Concentration Due to Al Autodoping 
as Function of Growth Temperature for 
Intentionally Undoped Si/Al-O Films. 
(Data points are averaged values.) 

76 

  -..>,, *ijii™*U**4Mt,-ili*.*H<«MM 



j-'.'^■Hwwrw^w^r**'^^^^.^«.^-..ew!!^ilf.-w,;-..-,.iW!M',-'*»:iri!ft'v^.'»-i,«;^*w."im«^r"'".«■ "-MM '- ^- — -"^•■■---■ '- ^^-l^jn^T^^r^gf^^«^^ 

that the autodoping phenomenon is operative for Si/MgAUO. in the He-tL 

atmosphere at approximate!- the same temperatures as for the S1/A190_ 

system (Ref 3) but at a considerably lower concentration level. 

Table 5. Autodoping in Si/(111) MgAl20. Using 0.8 Percent H,-in-He as 
Carrier Gas 

Deposition 
Temp (C) 

Film 
Thickness 

(ym) 

Growth 
Rate 

(ym/mln) 

!   Film Resistlvitv * and Type ** 1 
Before Anneal 

(ohm-cm) 
After Anneal 

(ohm-cm) 

1000 2.1 3.8 4.2 x 102 (n) 1.3 (n) 

1025 2.0 3.1 25.4      (n) 0.4 (n) 

1050 1.8 2.1 3.2      (n) 0.28(n) 

1075 1.8 1.2 4.8 x 102 (p) 76.  (n) 

1100 4.A 0.9 1 x 103  (p) 1.  (n) 

(Reflective 
edge region) 
6.6 x 102(p) 
(Gray central 
region) 

* Four-point-probe measurement 
** Thermoelectric probe determination 

Two similar and simple experiments were performed, one in H-, the other in He, 

to examine the effect of the presence of Al^O» in a system containing Si. An 

oval A1203 wafer (13mm x 16mm) was placed on a piece of -60 ohm-cm HF-cleaned 

(dipped) mechanically-polished Czochralski-grown Si wafer. The composite was 

heated in the CVD reactor at a pedestal temperature of 1100C for 1 hour in H. 

and in He atmospheres, with these carrier gases flowing at a rate of 5 1pm. 

The results are shown in Figure 19 for the H- case. After the A1„0. was re- 

moved, a mesa about 1 ym high was in evidence, indicating the exposed Si had 

been eroded considerably. The eroded Si was highly etched, as shown in 

Figure 19b; it was p type, as determined with a hot-point probe, near the mesa 

and on top of the mesa which had been protected by the A1„0 wafer. Angle- 
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Figure  19.     Evidence  of  Contamination of  Si by Al O-  in H„ Atmosphere, 
a)  Overall Appearance   (3.7X).     b)   EtcRea  Region  (406X). 
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lapping and staining revealed a relatively uniform layer -2.4 ym thick on the 

mesa and a somewhat Irregularly-shaped layer ~1.7 um thick In the etched area 

near where the wafer was positioned (Figure 20a). A van der Pauw measurement 

of the mesa, which was cut from the rest of the wafer, gave the following 

properties: p = 3.5 ohm-cm; p = -6.3 x 1015cm"3; y-284cm2/V-sec. 

Some attack was also In evidence when He was used as the carrier gas, but the 

etching was much less severe; essentially no mesa area was formed.  The Si 

surface below the Al^ was converted to p type, however, as in the H, ex- 

periment. 

Another piece of Si from the same slice showed no pitting when annealed in 

H2 at 1100C for 1 hour in the absence of A^CL, and it remained n type, as 

well.  The "polished" Si section under the Al^ from the experiment in H 

was subsequently annealed.  After 1/2 hour in 02 plus 2 hrs in N  the sur- 

face had converted to n type, and angle-lapping and staining revealed an n- 

type layer -1 ym thick above a p-type layer -3.8 um thick (as in Figure 20b). 

The n-type layer had the following properties:  p = 0.1 ohm-cm; n = 6.4 x 

10 cm  ; u = 1013cm /V-sec.  After an additional 18 hours of anneal (1/2 

hr 02 + 17-1/2 hrs N2) staining revealed a very thin (~1 um thick) diffuse 

layer, presumably p-type, at a depth of -3.5 um from the Si surface.  The 

n-layer above It measured as follows:  p = 0.18 ohm-cm; n = 3.0 x 1016cm"3- 
2 ' 

U = 1144 cm /V-sec. 

It is difficult to explain the presence of an n-type layer more highly 

doped than the starting wafer unless the Al^ introduced an n-type impurity 

into the Si that would not anneal out in the same fashion as the p-type im- 

purity. 

From these results, it can be concluded that even before Si growth begins the 

A1203 substrate can be expected to contaminate the gaseous atmosphere with 

Impurities which may attack the growing Si nuclei and leave a highly defective 

structure at the Si/Al^ interface.  This effect can presumably be minimized 
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Figure 20.  Subsuriace Doping in Si Caused by Contamination from Al-O . 
a) Region below and adjoining Al 0 Wafer (etched area on3 

right.) b) Si Region below Al 0 after Annealing 1/2 hr in 
02 and 2 hr in N2. 
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by the use of an inert atmosphere, lower growth temperatures, and higher 

growth rates to seal the AljO- surface as fast as possible. 

Etching of the Si in a He atmosphere can probably be explained by the 

reaction between the Si and the A1?0„ wafers, as in Equation (20)» or by 

the presence of traces of H« in the Ha carrier gas, which was noc analyzed. 

The former explanation is the more likely contributor, since a thin Si 

film can be "volatilized" from a surface of A1„CL leaving the surface etchel, 

at temperatures less than the melting point of Si. 

These results are also pertinent to the procedure to be followed and the 

type of process control needed during annealing of SOS films and islands 

and formation of complementary-doped islands in CMOS structures, during 

which bare Alo^o is exposed.  It appears that many potential processing 

problems might be solved by sealing the exposed Si with an oxide layer be- 

fore additional steps in the device processing are attempted. 
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5.   EFFECTS OF REACTOR CONFIGURATION ON DEPOSITION PROCESS AND FILM PROPERTIES 

As part of the study of the effects of various reactor geometries and ga& flow 

patterns on the properties of Si films on Al.O substrates, experiments were 

undertaken with a horizontal reactor system of the type common]y used in pilot- 

line or production facilities and by some other laboratories for the experimen'-al 

growth of epitaxial Si films.  Even though the growth rates used (-1 ym/min) 

were not exactly the same as those often used in the ven-ical reactor, and the 

H2 carrier-gas flows (-40 1pm) were increased substantially over those used in 

the vertical system, the data are considered meaningful.  (The vertical system 

prevents use of such high flow rates due to the turbulence generated in the gas 

stream.  Higher flows are used in the horizontal system to minimize the transfer 

of Al impurity from one Al.O- substrate to those further downstream.) 

The growth temperature was varied from 960 to 1100 C. However, the visual 

appearance of those films grown at the highest temperatures indicated a deterior- 

ation of film quality at temperatures over 1075 C.  Only those  ^rown in the range 

960 to 1075 C were evaluated electrically.  Two different orientations of Al 0 

substrates, the (0112) and near the (1120), were compared at most temperatures. 

The electrical data on the relatively few films grown, shown in Figure 21, indi- 

cate that the electron mobility increases uniformly with decreasing growth 

temperature (T ) for the (0112) Al 0 orientation, to a maximum of approximately 

600 cm /V-sec at 960 C.  Carrier concentrations were kept approximately constant 

at ~2-6xl0 cm  , and film thicknesses were maintained at  1.0 - 1.4 pm.  For 
2 

T values from 1050 to 1075 C mobilities were about 350 cm /V-sec. 
8 

The mobilities of films grown on ^(1120)A190-, on the other hand, showed a 
2 

maximum of over 6u0 cm /V-sec at T -1050 C.with a decrease at both higher and 
g 6 

low^r growth temperatures.  These results are in contrast to the data obtained 

on films grown in the vertical reactor system and emphasize the hazards of com- 

paring data from different laboratories.  It is apparent that the determination 
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Figure 21.  Variation of Hall Mobility with Growth Temperature 
for N-type Si/Al^ Films Grown in Horizontal Reactor 
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of optimum film growth parameters must relate only to the growth apparatus being 

employed.  Ideally, any study designed to produce an optimum heteroepitaxial 

film must therefore treat the apparatus as an additional growth parameter. 

Si growth experiments were also performed in a water-jacketed reactor chamber, 

to compare the electrical properties of films grown in a water-cooled reactor 

with those of films grown without coded walls.  The results are given in Table 

6 for aims grown both with and without water cooling.  These results indicate 

that there is no apparent advantage in the use of a water-jacketed reactor in 

the vertical reactor system used in these experiments; in fact, the additional 

handling necessary to detach and attach the reactor from and to the system was 

found to be a distinct disadvantage. 

At low growth rates the amount of deposit on the reactor wall appeared to be 

less in the case of the cold-wall reactor than for the uncooled reactor.  However, 

because of the additional handling required and in view of the fact that the 

electrical properties were essentially the same for the two cases, no further 

studies were carried out with the cold-wall reactor. 

Table 6.  Properties of Si Films Grown in Jacketed Reactor 

Film 
Orientation 

Film Thickness 
(pm) 

Resistivity 
(ohm-cm) 

Carrier Concentration 
(cm ) 

Mobility 
(cm /V-sec) 

Without Water Cooling 

(100) 1.7 0.71 1.9 x I016 460 

(111) 1.8 0.78 1.3 x 1016 630 

With Water Cooling 

(100) 2.0 0.26 5.0 x 1016 490 
(111) 1.9 0.35 2.9 x 1016 620 

During the studies of mobility anisotropy in Si films grown on Al 0  (see Sections 

2 and 10) it was found that greater variations in donor concentration over the 
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area of the film occurred in films grovm in the vertical reactor than in those 

grown in the commercial-type large-pedestal horizontal reactor.  This prompted 

serious consideration of the possibility of major modifications in reactor and/or 

pedestal (susceptor) design to remove this shortcoming.  To determine the magni- 

tude of differences in the carrier concentration as a function of the substrate 

position on the rf-heated susceptor in the vertical reactor, a wafer of Al-0 

1.5 in. in diameter was used as a substrate for Si growth on a susceptor also 

1,5 in. in diameter, and a number of Hall bridges were etched in the film after 

growth.  The positioning of the bridges allowed the measurement of carrier con- 

centration as a function of position across the diameter of the wafer.  The 

results of these measurements are shown in Figure 22, where the net donor carrier 

concentration is plotted as a function of position on the susceptor.  Film 

thickness uniformity was good, but the results indicated a considerable gradient 

in film electrical properties. 

Modifications in susceptor and/or reactor design that would reduce the severity 

of this nonuniformity were then considered.  Susceptors having convex and con- 

cave bottom surfaces were tested, and in these cases the outer edges were -50 

and -100 deg C, respectively, hotter than the center at -1100 C.  Two disks 

1-1/2 in dia x 1/8 in thick, one of vitreous carbon and the other of pyrolytic 

graphite, were placed on a standard 1-1/2 in dia SiC-coated carbon pedestal 

and heated to growth temperature, but there was no improvement in the temperature 

profile.  A hot spot was observed on the  pyrolytic graphite disk, while the 

vitreous carbon disk showed the same Kind of colder center as previously observed 

on the susceptor itself. 

A pedestal which permitted heat-sinking around the outer edge was also fabricated, 

but with the quartz pedestal holder serving as the heat sink no improvement in 

temperature control was observed; a 50 deg C differential was found between the 

center of the pedestal (at 1035 C) and a point near the edge on the top surface. 
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These difficulties indicated that other approaches should probably be used to 

resolve the temperature distribution problem.  It was determined that by 

positioning the substrate wafers on the pedestal in regions where the temperature 

gradients were small and by using the modified multi-armed Hall bridge pattern 

to help minimize the effects of the nonuniformity in carrier concentrations on 

electrical measurements, films adequate for the requirements of the program 

could still be produced in the vertical reactor.  This is the course that was 

pursued. 
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Figure  22.     Net  Carrier Concentration in Si  Film on A1„0- as  Function 
of Position on Suscaptor  in Vertical Reactor 

86 

_____._.__. ^~. , ■ ■■— ■ ^—■ ^•■■-—  ^ .>—^...^—..^......... ■.--'■■■■■— -~-~- -^- >-■■■■ ■-- —,-^.».,.^..J,..,», 



ww~~^*m*i*mmmjmimmmmmm^*m*W**^^mmni u.m lüiniiiiwiiiiiHiaiii   . IIIIIII.UIII.|IIIJIIJI iiu        iianwm w ■»mOTmijmiiw«ivi .JI i ^ 

6.  STUDIES OF EARLY-STAGE GROWTH OF Si FILMS OW A1203 

Investigation of the nucleation and early-stage grovth of CVD Si films on 

AlJD,, substrates was undertaken in a limited series of experiments.  In one 

study Si nucleation on several etched and unetched pieces from the same 

substrate slices of (0112)-oriented Al-O. was characterized. The etched sub- 

strate pieces were gas- phase-etched with Freon at 1495C to remove ~8pm of 

material from the surface .  Both etched and unetched samples were given the 

standard H etch at 13Ü0C prior to Si deposition at 1025C for -1/4, 1, and 

9 sec at a nominal growth rate of 0.7Mm/min (116A/sec) . 

The general appearance of the surfaces wab unchanged after the 1/4-s^ ■ and 

the 1-sec nucleation experiments and is shown at low magnification for Freon- 

etched and unetched substrates in Figure 23.  After the Freon etching most 

areas of the substrate appeared relatively free of scratches; only low-angle 

grain boundaries and traces of some of the deeper scratches remained (Figure 23b) 

Some areas showed severe etch-pitting.  The slight difference in orientation 

of the crystal on the two sides of a low-angle grain boundary is readily 

visible in Figure 23c. 

The nuclei resulting from the 1-sec experiment on the etched and unetched 

surfaces are shown at high nagnification in the electron micrographs of 

Figure 24.  Comparison of Figures 24a and 24b with Figures 24c and 24d shows 

that the size, shape and distribution of the nuclei are the same for both 

etched and unetched surfaces. There appears to be no preferential nucleation 

at scratches on either surface in this instance. 

The faint trace of a scratch in Figure 24a (going from lower left to upper 

right) shows the same nuclei distribution as the unscratched regions.  Figure 24b 

is a higher magnification electron micrograph of the same area.  Similarly, 

the crossed scratches of Figure 24c show no preferential nucleation, even at 

higher magnification in Figure 24d. 
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Figure 23. Surfaces of Neighboring Pieces of (Ol^Al^O,, after 1 sac 
Si Nucleation on (a) H2~etched Substrate; (b) and (c) Freon- 
etched Substrate, ((b) and (c) show two regions of the same 

surface.) 
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Nucleation resulting from the 1/4-sec deposition (Figure 25) Is characterized 

by fewer and smaller Si nuclei, but there is no preferential nucleation and 

no apparent difference between nucleation on unetched and etched surfaces. 

The similarity in nucleation behavior of unetched and etched surfaces and 

the lack of preferential nucleation at scratches is somewhat surprising, 

considering the differences in macrostructure of the surfaces.  Further experi- 

ments are needed to determine if this behavior is indeed typical of other 

orientations of Al.CL with respect to Si film growth.  The similarity in 

nucleation behavior may be explained if the etched and unetched surfaces have 

a similar microstructure (as opposed to the differing macrostructures indicated 

in Figure 23).  Cn the other hand, because of the high density of nuclei 

fairly evenly distributed on the surface, earlier growth phenomena at the 

scratch raay have become overshadowed by the subsequent overgrowth.  This could 

suggest that the heteroepitaxial film during growth overcomes some surface 

defects by virtue of the fact that nuclei possess high surface mobility 

leading to rapid coalescence.  (See discussion in Section 8-2,3.) 

It was found that Si growth for 9 sec completely covered the (0112)A1:)0- 

surface, leaving a rather rough-looking film surface (Figure 26a) at a thick- 
o 

nejs  of ~1400A, as measured with a Talysurf gauge.  Reflection electron 

diffraction photographs of the Si growth on the H„-etched and Freon-etched 

surfaces showed that the quality of the film was essentially the same and 

possessed relatively heavy twin structure (Figure 26b). 
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7.  CVD GROWTH OF Si FILMS AT REDUCED PRESSURES 

In preparation for the in situ CVD experiments in the electron microscope 

(see Section 8) a series of experiments was carried out to demonstrate the 

formation of Si films by the pyrolysis of SiH, in H. at reduced total 

pressures in the range of 1 to 10 torr.  Initial results at -1 torr were 

encouraging, since Si deposits did form, but the first films were polycrystal- 

line.  Jhese experiments indicated that further studies should be performed to 

examine the effect of growth rate, temperature, and other parameters on single- 

crystal Si growth at reduced pressures. 

The full-scale reactor used for Si deposition work at atmospheric pressure 

was used for these further experiments, except that a vacuum system connected 

directly to the outlet of the reactor chamber was used to evacuate the 

chamber prior to and during the introduction of the H„ and/or SiH, into the 
Z 4 

apparatus for film growth. The amount of gas flow was controlled by adjustment 

of the flowmeter settings obtained by bleeding the gas into a low pressure 

environment until the flowmeter stabilized.  The total pressures were read on 

a thermocouple gauge, adequate for the scope of the qualitative experiments 

performed. Except for two cases, the substrates were treated in H for 15 min 

at 1300C (or at 1100C if MgAl 0 was present) at atmospheric pressure prior 

to the start of the SiH, How. AsH -in-H- was added in some cases to produce 

n-type films for electrical measurements.  In some instances it was added to 

the SiH,; in others it was mixed with the H- flowing into the reactor.  The 

experiments performed are summarized in Tables 7 and 8. 

The evaluation of film crystal structures by reflection electron diffraction 

(RED) was made at the end of the series of preliminary experiments. The 

designating "fibrous" (see tables) is used for patterns which displayed a non- 

rotating spot pattern when the sample was rotated in the electron beam; single- 

crystal structure is indicated by "SX," and includes those cases where spot- 

pattern and Kikuchi-line rotation occurred with sample rotation. The term 

"poly" indicates that continuous rings were observed in the RED pattern, 

characteristic of polycrystalline structure. 
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Table  8.     Properties of Si Films  Grown on A1„0„ by Pyrolysis of  SiH 

at Medium Pressures a 

b Growth 
Flowmeter Settings Deposition 

Time 
Film 

Thickness0 
Growth 

Date Film 
S1H,C 

4 H| Substrate Temp | C) AsIl3-ln-H2 (min) (Hin) (Mm/min) Crystal Structure' Remarks 

A 
D 

1000 
1000 

3.0 
3.0 

7.0 

- 
GO 
GO 

2.14 
n.d. 

0.03(1 
n.d. 

Fibrous on SX'B 
Fibrous and 

twinned 

Gray film 
Gray film 

A 
n 
c 
D 

1025 3.0 7.0 - 60 2.02 0.034 Fibrous Gray film 1025 
1025 
1025 

3.0 
3.0 
3.0 

7.0 
7.0 
7.0 

- 
60 
GO 
GO 

2.03 
n.d. 
n.d. 

0.034 
n.d. 
n.d. 

Fibrous 
Twinned SX 
Fibrous 

Gray film 
Gray film 
Gray film 

A 1030 3.0 7.0 1.0C 
105 3.93 0.037 Fibrous on SX Mirrored; 

n 1030 3.0 7.0 
(Added to H2) 

105 3.62 0.035 SX 
P = 0.04:i-cm 

Gray: c 1030 3.0 7.0 105 4.07 0.037 Fibrous on SX Mirrored: 

D 1030 3.0 7.0 105 3.72 0.036 Fibrous on SX 
P = 0.05^-cm 

Gray; 

A 1045 3.0 G.O l.0d 
60 1.2 0.020 Fibrous on SX Cray; 

P = 0.02 f;-cm 
Mirrored: 

B 1045 3.0 6.0 
(Ariderl to 11,1 

GO 0.91 0.015 Fibrous 
p =0,04 a-om 

A 
B 

1050 
1050 

3.0 
3.0 

7.0 
7.0 - 

00 
00 

2.20 
1.94 

0.036 
0.032 

Fibrous on SX 
Fibrous on SX 

P-type; gray sheen 
(P= Ifl-cm; 
)n    = 2. Ix lOlGcm-S, 
)/= 290 cm2/V-seo; 
'gray reflective 

A 1055 3.0 7.0 1.0C 
GO 2.86 0.048 Oriented spots P = 0.17 ii-cm, as 

B 1055 3.0 7.0 
(Added to H2) 

60 2.44 0.040 SX < Kikuchi 
deposited 
P = 0.13 Si-cm, as 

C 1055 3.0 7.0 GO 2.47 0.041 
lines 
SX ♦  Kikuchi 

deposited 
P = 0,09 ?.-cm, as 

1) 1055 3.0 7.0 60 2.83 0.048 
lines i spots 
Oriented spots 

deposited 
p = 0,10 i;-cm as 
deposited 

A 1000 3.0 3.0 3.0d 12f 0.5 0.004 Fibrous on SX P '■ 0.04 ft-om, as 

B 10 Oil 3.0 3.0 
(Added to S1H4) 

120 0.5 0.004 Poly 
deposited 
1' = 0,04 V.-cm, as 
deposited 

A 1070 3.0 7.0 - 60 3.2 0.053 Poly SIH4 +H2 into evacuated 

B 1070 3.0 7.0 - "■.O n.d. n.d. Poly 
reactor 

A 1075 3.0 7.0 1,0° 
(Added to Sill.,: 

60 2.2 0.037 SX * Kikuchi 
lines 

IP = 0.13;.-cm; 
na = 1.5x 1017 cm-3; 

lp = 320 cm2/V-sec 
IP = 0.12ri-cm: 
na = 9.9x 101<Scm-3; 

c 1075 3.0 7.0 60 2.2 0.037 SX ♦ Kikuohl 
lines 

V = 510 cm2/v-sec 

A 1100 3.0 7.0 - 60 2.3 0.03S SX • Kikuchi 
lines; twins 

Gray 

n 1100 3.0 7.0 GO 2.1 0.035 Fibrous on SX 

1 

p-type; reflective 
P =0,uo-™: 
np = 2.2x lil'cm-S 
V = 260 cm'Vv-sec 

' Samples grouped together were grown In same run 

A  -   (0112)Ai2O3;   B =-(1120) Ai2n3;   C   =   (111) Czochralskl MgAf204 (polished by Union Carbide)- 
D  =   (100) Czochralski M&AigC^ (polished by Union Carbide). 

Reading of pyrcx ball m No. 600 (tow-flow) flowmeter (Mntheson) 
Reading of pyrex ball In No. G07 (hlnh-flow) flowmeter (Malheson) 

n.d.   =  Not determined 

Determined by reflection electron diffraction 
BSX  =  Single crystal 
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These preliminary experiments revealed a number of interesting facts.  They 

suggested strongly that single-crystal growth of Si could be obtained over a 

wide range of temperatures when growth conditions are optimized.  The growth 

of a single-crystal film at low pressures and at the lowest temperature arbi- 

trarily chosen for growth (885C), particularly on ~(1120)A12CL which in 

previous CVD growth experiments at atmospheric pressure had not supported 

epitaxy at low temperatures, was very encouraging.  In no previous experiment 

had such a very thin film grown as a single crystal«  Since at 1100C poly- 

crystalline films were obtained in these experiments, it suggested that the 

differences observed in crystalline structure were caused by the increased 

growth rate and/or temperature. 

At medium pressures (see Table 8), sinpje-crystal films were more readily 

obtained, particularly when an excess of H2 was present when the SiH, was 

decomposed.  The growth rate of Si was influenced by the H concentration; it 

was decreased considerably when the H pressure in the reactor was low or 

pure SiH^ was decomposed.  For a given set of SiH, and H, flowmeter settings 

(e.g., SiH4 = 3.0 and H2 = 7.0 (see Table 8)), the Si growth rate was essen- 

tially constant (~0.03-0.05Mm/min) over the temperature range ftudied (1000 

to 1100C), but when a relatively high concentration of AsH -in-H„ (No. 607 

flowmeter) was added, the Si growth rate decreased, a phenomenon previously 

reported by Farrow and Filby (Ref 43) for As-doped Si growth on Si.  A low 

flow of AsH -in-H9  did not seem to affect the Si growth rate on A1„0„. 
j £ 2  3 

It was encouraging to obtain reflective single-crystal growth on (lll)MgAl90. 

as well as on (0112)Al^ and ~(1120)A1203.  In all cases the (111)Si growths 

appeared to possess better electrical properties than the (100)Si growths. 

As indicated in Table 8, a Si film 2lJm thick grown on (lll)-oriented Czochral- 

ski-grown MgAl.0. at 1075C exhibited a mobility of ~510 cm2/V-sec compared 
2 

with a mobility of 320 cm /V-sec measured for (100)Si growth on (0ll2)Alo0Q, 
17 -3 

for carrier concentrations -1x10 cm .  The results obtained in these studies 

suggest that additional experiments using low-pressure growth conditions 

should be carried out to establish the possibilities of obtaining films of 

improved properties. 
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8.  GROWTH OF SI BY CVD IN ATMOSPHERES OTHER THAN H„ 

Studies were made of the growth of Si films by the pyrolysis of SiH, in an all- 

He atmosphere. In addition to the He being used as a carrier gas, 200 ppm AsH„- 

in-He was used as the dopant source, so that the only H2 in the system would 

presumably result from the pyrolysis of AsH. and SiH . 
3      4 

The growth of Si in this atmosphere yielded a great quantity of visible reaction 

products completely coating the walls of the reactor during the run. The growth 

rates were found to be considerably less for the same flow rates of SiH than 
4 

when H2 was present in the system and were strongly dependent on the total He 

flow through the reactor.  In addition, considerably larger quantities of AsH 

were required to reach a given doping concentration in the Si. 

For example. Si growth rates on Al^ and MgAl20 in He were 4-8 times smaller 

than those obtained in a H- atmosphere, and n-type films with carrier concen- 

trations ~10 cm  required -35 ccpm of nominally 200 ppm AsH -in-He flow but 

only ~0.1 ccpm of 200 ppm AsH3-in-H2 flow in a H2 growth atmosphere. 

The most highly reflective films were measured electrically; little difference 

in properties was found before and after a 1-hr 02 anneal, presumably due to 

the minimized autodoping at low growth temperatures.  Since many films had 

carrier concentrations <10 cm v and hence may exhibit electrical properties 

strongly influenced by surface-state conduction, it. was difficult to draw 

conclusions from the early data. 

The addition of a small amount of H2 to the reactor chamber, accomplished by 

switching from AsH3-in-He to AsH -in-H2 as the dopant, caused a noticeable 

change in both the amount of wall deposit and the dopant flow rate required 

to obtain a given donor concentration. Only 0.6 ccpm of AsH -in-H as opposed 

to 35 ccpm of AsH-j-in-He was needed to produce a doping level of ~2xl0 cm"3 

on (0ll2)Al203 at 1025C; yet in a H2 atmosphere both dopant sources appeared 

to be essentially equivalent. 

The initial study of the effect of H2 additions to He at high SiH, concentra- 
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tions on the Si growth rate la shown in Figure 27. The SiH. flow was kept 

constant at 150 ccpm and the Si growth temperature was 1025C. The data show 

that essentially a linear increase in growth rate results when H is added to 

the He carrier gas, at least up to the indicated flow rate of 2000 ccpm. 

(33 percent of the total carrier gas). Since the growth rate in pure H has 

been found to be ~15ym/min, the dependence on H percentage is not linear 

throughout the range, leveling off at higher concentrations of H,. However, at 

low H2 additions to the He (-300 ccpm and below), the Si growth rate was 

essentially constant. 

It was also established that for a given He-H2 ratio the growth rate is very 

temperature-dependent.  This is shown in Figure 28 for a constant SiH# flow 
4 

(nominally 150 ccpm) and 0.8 percent H2 in He. Over the 100-deg temperature 

span investigated the growth rate is seen to change by a factor of 4, being 

lower at the higher temperature. 

It is difficult to understand how higher temperatures could cause such a large 

decrease in the growth rate. The behavior is very different from that observed 

in a pure H2 carrier gas atmosphere: distinct mechanisms appear to be operative 

in the two cases. 

Since it was earlier found that the net carrier concentration in As-doped Si 

films is growth-rate dependent when H2 is the carrier gas (Figure 19, Ref 3) 

it was expected that similar effects would be observed in the He-H, system. 

The rasults obtained in an examination of this question are shown in Table 9. 

The data indicate that the doping level does not change, appreciably with growth 

rate in He-H2 atmospheres at 1025C and that good quality n-type films can be 

grown on (lll)MgAl204 with carrier mobilities higher than those achieved in the 

Si/Al203 system. Mobilities as high as 925 cm2/V-sec have been measured in 

~2ym-thick films, which approaches bulk Si mobilities. The variation of 

electrical properties with growth conditions for these films is discussed in 

the following paragraphs. 
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Figure 27.  Changes in Si Growth Rate at 1025C Caused by H2 
Additions to He Carrier Gas (SiH. flow rate 150 ccpm) 

E 
S 
i 

H 
< 
cd 

> 
O 
cd 
O 

J_ -L ± J 
S^S 1000 1025 1050 1075 1100 

DEPOSITION TEMP(0C) 

Figure 28.  Effect of Growth Temperature on Si Growth Rate for 
SiH4 Flow Rate of 150 ccpm and H /He =0.8% 
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Table 9. Effect of Growth Rate on Doping Level for Si Films 

Grown on (111)Spinel at 1025C in He-H- Atmospheres 

(constant dopant gas flow rate) 

H in He 
(%) 

Film 
Thickness 

(ym) 

Growth 
Rate 

(ym/min) 

2.1 

Resistivity 
(ohm-cm) 

0.33 

Carrier 
Concentration 

(cm-3) 
Mobility 
(cm /V-sec) 

0.8 1.90 2.6 x 1016 747 

A.2 1.87 3.2 0.41 1.9 x 1016 792 

8.4 2.05 4.1 0.46 1.5 x 1016 900 

16.8 1.85 5.8 0.56 1.6 x 1016 718 

33.3 2.10 9.7 0.23 3.0 x 1016 925 

Since growth temperature has been shown to be an important parameter in deter- 

mining film quality, the electrical properties of a group of (lll)Si/MgAl90, 

samples having net donor concentrations in the 10 cm  range were examined 

as a function of growth temperature between 950 and 1050C.  Low growth rates 

(<lym/min) were used for this study, in a mixed 0.8 percent H„-He atmosphere. 
2 

Films with mobilities between about 500 and 650 cm /V-sec were obtained on 

(lll)MgAl20, over the temperature range, for growth rates between 0.2 and 

0.4ym/min and donor concentrations of 2 x 10 

growth temperature was suggested by the data 

0.4ym/min and donor concentrations of 2 x 10 -7 x 10 cm" .  No optimum 

The variation in electron mobility with growth rate for a growth temperature of 

1025C is shown in Figure 29.  Growth rates were controlled by changing SiH. 

flows and also by varying the concentration from approximately 0.8 percent to 

4 percent H in He.  It is apparent from this data that excellent quality Si 

can be grown at the higher growth rates (>2ym/min). 

Additional mobility data are shown in Figure 30, which illustrates a limited 

amount of data obtained at higher growth rates. This figure also demonstrates 

the effect of different tanks of SiH, on film quality; the open and solid 

circles are data obtained from samples grown with different sources of SIH,. 

The purity of the SiH, was evaluated by growing a thick (~100ym) film of Si 

on p-type Si substrates and measuring the film characteristics.  The open 
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Figure 29.  Variation in Hall Mobility with Growth Rate for 
(lll)Si/(lll)MgAl20. (growth temperature 1025C) 
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Figure  30. Variation in Hall Mobility with  (high)  Growth Rate 
for  (lll)Si/(lll)MgAl20,   (growth  temperature  1025C) 
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circles were grown with a tank of SiH4 which yielded films having the following 

characteristics: P = 25 ohm-cm; n = ZxlO^cm"3; and M = 1300 cm2/V-sec.  l^e 

closed circles were grown with SiH^ which produced films with p = A7 ohm-cm, 

n = 1.0x10 cm" , and y = 1300 cm2/V-sec.  The purity of the two tanks thus 

appears to be equivalent based on Si growth on Si, but the quality of Si films 

produced on MgAl^ was markedly different.  (See Section 4 for further dis- 

cussion of the purity of the CVD reactants used in these studies.) 

Not only did the electrical properties change with changes in source tanks of 

SiH^ but the Si growth rates in the He-H2 mixtures also were affected.  The 

general shape of the curve in Figure 27 was reproduced but the curve was 

shifted to reflect the fact that not until the H,, addition reached -1000 ccpm 

(~20% in He) did the Si growth rate show a major increase. The growth rate 

then became linear, but the slope of the curve was not as great as shown in 

Figure 27.  These differences may be explained if the concentration of SiH4 and 

impurity H2 in the source tanks change with time and with the supplier, and 

the SiH^ flowmeter reading is not that of pure SiH . 

Of the four different concentrations of H,, in He that were examined most often 

(5, 10, 25 and 50%), the 10 and 25% values seemed to give the best results. 

At 5 and 50% the films produced were cloudy in appearance and had high resist- 

ivity, inconsistent with the amount of dopant that was present. While good 

"mirrored" Si films could be obtained with 10% H,, concentration at 1000, 1025 

and 1050C, those films grown at 1000 and 1025C possessed the better electrical 

properties. At 1050C high-resistivity films were obtained for the same dopant 

concentration used for films grown at 1025C. Although only a few films were 

prepared in the 25% H,, atmosphere they appeared to be equivalent ..o thore grown 

with 10% H concentration. 

A visual observation of the quality of Si film growth indicated that greater 

care in surface preparation is required for (UDMgAl,^ than for Al^ sub- 

strates. Various cleaning procedures were tiled, and even when one particular 

procedure seemed to be sufficient the results were not always reproducible. 

101 

~— ->   ,..-^..—  -..      mmtm  n --          



■u•.m*umr*m*imw wr<a*,v*wvj.w*.,^,„.mV;^:).,.i.A»u,^m«.-»,y.w,^j^v^^^^p^jp^^j^^, 1^,.,.pj.uu.,^,,«w,  . ^,^mwn!nl.H^«Tv1v0(PH^Wfi.u.>r.,  ™»-KI-.. w.Tp-.»-..M,-,^ •js.mviM• r-.-w - ■ .ir-  .u -.j^ U^K^«.«f rH|.j^) 11.1,11..,.1^ ...^«m^^^/uwwHIWJt-vi-w 

Tlie edges of the sample were almost always gray in appearance, but the film 

portion in the center of the substrate was reflective in many cases; electrical 

measurements were made on those samples. 

Considerable subsurface work damage was found in (lll)MgAl„0, processed into 

polished substrates by various vendors and at Rockwell.  This damage was 

revealed by etching the polished surface in hot HF or hot HBF, for -45 to 90 

min.  A high temperature (~1500C) anneal in air seemed to reconstruct the 

MgA^O^ surface and to minimize or remove scrafches, but the electrical prop- 

erties of films grown on these surfaces did not appear to be any better than 

those measured in films grown on mechanically polished substrates. 

A few experiments were performed to determine the effect of heating (lll)MgAl90 

in H2 at 1100C prior to film growth at 1025C in He-H-.  The electrical prop- 

erties of Si films grown on these surfaces and on surfaces not treated in H9 

were not considered significantly different. 

A (0112)-oriented Al 0„ substrate was included in several of the early 

Si/MgAl20, growth experiments in order to compare the quality of the resulting 

films in different H2-He atmospheres.  The data obtained are recorded in Table 

10 for two growth temperatures and growth rates. At 1025C the growth on 

(lll)MgAl20, was consistently superior to that on (0112)Al-O; however, the 

lower mobilities on Al^O- are consistent with those found previously in the H- 

system at 1025C. At 1050C, where the growth en (0112)A1 0 appeared to 

improve somewhat in the H« system, the films were comparable in quality. 

These results led to a comparison of the properties of ~2ym thick films grown 

at ~1060C with the same source of SiH. on the three A120~ orientations - 

-(1120), (10l4), (0ll2) - in 100% H2 and in 10%-90% H2-He atmospheres.  The 

electrical properties were measured, using the van der Pauw technique, after 

several 0--N. annealing sequences. 
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Table 10.  Comparison of Properties of Si/Al  0     and Si/MgAl 0 

Grown at Two Different Temperatures 

Growtli 
Temp 
(C) 

%  H2 
in 
He 

Growth 
Rate 

(pm/min) 

Thick- 
ness 
(lim) 

Resis- 
tivity 
(ohm-cm) 

Net Donor 
Carrier 
Concen. 
(cm-3) 

Mobility 
(cm^/V-sec) Substrate 

1025 0.8 0.40 1.95 0.20 7.6 X io16 410 (0112)A1203 
0.41 1.93 0.25 3.8 X ioib 660 (lll)MgAl204 

1025 4.2 2.2 

2.4 

1.6 

1.8 

1.2 

0.77 

1.3 

1.1 

X 

X 

io16 

io16 
411 

744 

(0112)A1203 

(UDMgAl^ 

4.2 2.9 

3.1 

2.2 

2.3 

0.10 

0.11 

1.4 

9.4 

X 

X 

io17 

io16 
440 

598 

(0112)A1203 

(lll)MgAl204 

1050 0.8 0.27 1.60 0.35 2.7 X io16 650 (0112)A1 0- 
0.33 1.96 0.43 2.3 X ioib 630 (lll)MgAl204 

The resulting data are compiled in Table 11.  Since only a few samples were 

grown in this study and since, except in the case of Si grown on (1014)Al203, 

the carrier concentrations of the films differed by as much as a factor of 2, 

it was difficult to conclude which atmosphere is preferred for film growth on 

(0112) and ~(1120)A1203.  For (10l4)Al203, the results suggested the He-H 

mixture is preferred; for the other Al^ orientations the He-H,, atmosphere 

does not appear to be detrimental and could be beneficial.  Further studies 

in this area are required to clarify some of these questions. 

Most of the studies of Si growth on MgAl20, on this program were directed to 

the use of (lll)MgAl204, since this orientation has produced higher mobility 

films than have been reported previously in the literature for either (100) or 

(110)MgAl204. However, it was hoped that the process used for Si deposition 

in this work would provide better film growth on the (110) and (100) orienta- 

tions; unfortunately, the number of experiments involving these orientations 

was limited. 
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The Si films grown on (lOCOMgAl^ were only partially reflective at growth 

temperatures of 1025C and were slightly inferior electrically to (lll)Si films 

grown simultaneously on (llDMgAl,^ substrates.  For example, a 2ym-thick 

(100) film had the following properties: resistivity = 0.53 ohm-cm; carrier 

concentration = 3.5xl016cm~3; carrier mobility = 470 cm2/V-sec.  The prop- 

erties of the companion (lll)Si film were p = 0.70 ohm-cm, n = 1.4xl016cm"3, 

M = 630 cm /V-sec.  At 1050C essentially similar results were obtained, with 

the (111) film being better than the (100) film. 

Film growth on (110)MgAl204 appeared to improve with deposition temperature, 

for where only gray films were formed at growth temperatures of 1025 and 1050C 

under growth conditions satisfactory for (111) substraces, somewhat reflective 

films were obtained at 1075C and 1100C.  The differences in quality may be 

thickness-dependent rather than growth temperature-dependent, for epitaxial 

film quality is normally expected to improve with thickness. 

Work with MgAl204 substrates on another parallel program at Rockwell led to 

the interesting result that (100)Si epitaxial growth also occurs on (110) 

MgAl204 substrates, in addition to the (110)Si growth previously observed. 

The orientation relationships observed are 

(100)Si//(110)MgAl204 and [110]Si//[OÜlMgAl^ . 

Thus, (110)MgAl204 is found to bring about the epitaxial growth of (100)Si 

just as it has been shown previously to produce (]00)GaAs epitaxy.  This 

phenomenon is of sufficient interest and importance to the understanding of 

the mechanisms of epitaxial growth that it should be investigated further, 

with correlations made with surface finish, substrate composition and accuracy 

of orientation, and other deposition parameters. 

With respect to the MgAl^ substrate surface and its effect on film quality, 

the following conclusions can be reached based or, the results of electrical 

measurements on Si/MgAl 0 samples: 
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1. When the MgAl^ substrate is properly processed (i.e., polished and 

cleaned) Si films grown on good quality MgAl-O, from two different 

vendors are essentially equivalent. 

2. Substrates with high-density subsurface damage but which have not been 

etched to remove the 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 (~5ym) exhibit higher carrier mobilities than thinner ones 

(<2Mm). 

5. The electrical properties of Zym-thick films of (lll)Si on MgAl 0 are 

at least as good as those of (lll)Si on A120 , and quite often better than 

those of (100)Si on Al 0 . 

6. Although annealing has been found to change the MgAl 0, 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. 
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9.  EFFECT OF ANNEALING DURING GROWTH ON Si FILM PROPERTIES 

To examine the effects of annealing thin Si films (~0.5Mm thick) at early 

stages of growth a group of Si/Al^ samples was prepared with the deposition 

process interrupted at various stages to permit a 20-minute annealing period 

in H2 folJowed by resumption of growth to the desired final thickness. 

Electrical measurements were then made on the Si films after the usual 0 -N 

annealing sequence to evaluate the results of the H,, annealing process. '" 

Preliminary studies indicated this treatment was not detrimental to a 2000A- 

thick film, but its effect on ^IQOOA-thick f'lms was not known. 

The data obtained are presented in Table 12, in which it can be seen that a 

0.67pm-thick (lll)Si film annealed at 800C exhibited a carrier mobility of 

490 cm /V-sec, considerably better than the mobility of 190 cm2/V-sec measured 

for another film which was annealed at 1100C. The data, although sparse, 

indicated that the 800C/1100C combination is better than the 800C/1050C 

combination for (lll)Si on ~(1120)A1 0 . 

Further studies of the effects of annealing in H,, at intermediate stages during 

the growth of Si films on Al^ involved the growth and anneal of .2000A of Si 

at a growth rate of ^Mm/min followed by further growth at the same rate. The 

results, shown in Table 13, confirmed that the annealing of very thin Si films 

on A1203 followed by additional film growth .oes not impair the ultimate mobilities 

of films so grown.  The best films in this series of depositions, annealed in H 

or unannealed, were grown on ~ (1120)-oriented Al^ substrates; mobilities 

>A00 cm /V-sec were obtained in films only 0.6-0.7ym thick. 

However, the annealing studies did not demonstrate a significant improvement 

in the overall quality of Si films grown by this deposit-anneal-deposit tech- 

nique relative to those prepared by the conventional single-deposition method. 

The effects on film properties of various annealing sequences after the 

Si/Al203 composite was completed were also investigated.  The results of anneal- 
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ing a group of samples in an inert gas after previous extended 09 anneals are 

given in Table 14.  The data indicate the relative stability of the Si proper- 

ties to both 0„ and N„ anneals following an initial anneal in 0„ for a total 

of 2 hr. 

Table 14.  Effects of Extended O2 and N2 Anneals on Electrical Properties 
of Three As-doped, ~2)Jni-thick Si/Al„0„ Films (growth temperature 
L100C) J 

Orientation of 

Al 0 Substrate 

(1014) 

(1120) 

(0112) 

Si Film Carrier 
Annealing Resistivity Concentration Mobility 
Trc '.atment 

00 (1 hr) 

(ohm-cm) 

0.45 

(cm" -J) (cm^/V-sec) 

liOOC 2.7 X io16 520 

+1100C 02 

02 

(1 hr) 0.35 3.2 X io16 560 

+1100C (1 hr) 0.32 3.3 X io16 590 

+1100C 02 

N2 

(30 min)+ 
io16 

1100C (4 hr) 
0.33 3.1 X 610 

1100C 02 

02 

02 

(1 hr) 0.61 1.9 X io16 550 

+1100C (1 hr) 0.44 2.6 X io16 560 

+1100C (1 hr) 0.35 2.9 X io16 610 

+1100C 02 

N2 

(30 min)+ 
io16 

1100c (4 hr) 
0.37 2.3 X 620 

1100c 02 
02 

02 

(1 hr) 0.46 3.5 X io16 390 

+1100C (1 hr) 0.30 5.1 X io16 410 

+1100C (1 hr) 0.29 5.8 .. io16 370 

+1100C 02 

No 

(30 mi.i) + 
io16 

1100c (4 hr) 
0.31 4.9 X 410 

In order to determine if a N„ anneal is as effective as an 0„ anneal for the 

deacuivation of electrically-active Al, several As-doped Si films were subjected 

to a N„ anneal followed by an 0„ anneal.  Identiral control samples were annealed 

only in 0„.  The resistivity was measured after each step with a 4-point probe, 

and the conductivity type was determined with a thermoelectric probe.  The 
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results are shown in Table 15, and strongly suggest that the mechanism of Al 
deactlvation is not primarily oxide gettering. 

Table 15.  Effects on Film Properties of Order of Sequential Annealing Steps 
in O2 and N2 for ~2nm-thick As-doped Si Films Grown at Various 
Temperatures on ~(1120)A120 at Race of~2ym/min 

Growth 
Temp (C) 

1150 

1150 

1125 

1]25 

1100 

1100 

Substrate 
Designation 

LM-2 7A 

Annealing 
Treatment 

LM-2 7B 

(control) 

LM-33A 

LM-33B 

(control) 

LM-32A 

LM-32B 

(control) 

As  grown 

1100C N2 (2 hr) 

+]100C N2 (2  hr) 

+1100C 02 (1  hr) 

As  grown 

1I00C 02   (1  hr) 

As grown 

1100C N2 (2 hr) 

+1100C N2 (2 hr) 

+110(;C 02 (1 hr) 

As grown 

IIOOC 00 (1 hr) 

As ^rown 

IIOOC N2 (2 hr) 

+1100C K2 (2 hr) 

+1100C 02 (1 hr) 

As grown 

UOOC 02 (1 hr) 

Resistivity Conductivity 
(ohm-cm) Type 

0.095 P 

3.1 P 

3.4 N 

3.2 N 

0.095 P 

1.0 N 
—- - —      

0.26 P 

6.0 N 

-10   (est.) N 

-10  (est.) N 

0.41 P 

0.74 N 

0.52 P 

2.1 N 

1.7 N 

1.3 N 

0, 73 P 

0.53 N 
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A significant fraction of Al was found to become electrically inactive after 

extended N2 anneals.  This suggested that most of the Al remains in the film 

and probably complexes with defects and/or other impurities to form neutral 

centers.  Subsequent 02 anneals nad little additional effect on film properties. 

If the film was initially treated with 0 prior to the N anneal a lower 

resistivity n-type film resulted, indicating that 0 is slightly more effective 

in reducing the effect of Al.  These data imply that oxide gettering plays a 

significant but lesser role in reducing the active Al content. 

Most of the Si films grown on Al^ and MgAl20 substrates in the He-H atmos- 

phere during this contract were subjected to a series of anneals at 1100C.  The 

Si films were oxidized for 1/2 hr in dry 02, then annealed in dry N? for either 

2 or 4 hrs.  The oxide was then removed and the electrical properties were meas- 

ured by the van der Pauw or Hall techniques.  This process of annealing and 

measuring was then repeated sequentially until the electrical properties 

appeared to stabilize, with mobility used as the indicator for stabilization.  The 

electrical properties of 2Mm-thick films appeared essentially stable after 

4 hrs of annealing time. This time period is slightly greater than that pre- 

vior- Ly thought to be sufficient for Si deposits of this thickness.  For Sum- 

thick  Si films on both Al^ and MgAl^ substrates much longer anneal times, 

from 6 to 10 hrs, were found necessary for comparable stabilization. 

The effects of N2 anneals on the electrical properties of as-grown intentionally- 

undoped p-type films were also examined.  In most cases, a reduction in net 

acceptor concentration by approximately a factor of two was found after a 

2-hour anneal at 1100C.  An additional 2-hour anneal usually produced little 

additional change in acceptor concentration, with but slight decreases in Hall 

mobility.  A subsequent 02 anneal produced little additional change, just as 

in the case of the As-doped films. 

A technique has been suggested in the literature (Ref 44) to improve the 

lifetime and carrier mobilities of Si/AUO films.  The technique involves 

annealing the films in a HCl-02 mixture, which supposedly results in removal 

of many of those impurities which deleteriously affect the carrier lifetime. 
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Preliminary experiments in this program to determine the effects upon film 

mobility proved negative, i.e., no improvement in film quality was achieved. 

A number of experiments were also performed with relatively thin Si films 

to determine the effects on film properties of annealing in H- in the reactor 

just after film growth.  The data are summarized in Table 16 for the various 

annealing conditions used. 

The results indicate that 6ü-min anneals in H„ at 1100C deteriorated the 

quality of Si films 0.25-0.5pm thick, presumably by introducing additional 

defects and/or Al as an impurity.  A 20-mi.n anneal did not improve the elec- 

trical properties of a -0.5|im-thick film but may have affected a film 0.3|Jm 

thick.  In all cases reflection electron diffraction (RED) showed the films 

to be single crystal, even though the long anneals resulted in partially 

gray-looking overgrowths for the (lll)Si films. 
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10. GaAs GROWTH STUDIES 

The main effort during this program was concerned with Si growth on Al 0 and 

MgAl2V however, consideration was also given to problems associated with 

the growth of GaAs using the metalorganic process, i.e.. deposition of GaAs 

by the pyrolysis of trimethylgallium (TMG) and arsine (AsHJ. a process 

developed at Rockwell in 1968 (Ref 45).  The studies took mainly two avenues- 

(1) evaluation of new sources and batches of the reactants by the "use-test " 

I.e., growth of GaAs on (OGODAl^ and film electrical evaluation; and 

(2) GaAs growth on Cr-doPed high-resistivity GaAs using some of the materials 
evaluated in (1) . 

In previous studies (Ref 46) at Rockwell it had been demonstrated that there 

are deferences in the quality of the TMG and Asl^-in-gas mixtures, and in- 

line purification procedures were found necessary to help improve the qualtiy 

of the reactants.  Experience indicates that a "use test" is probably suffi- 

cient for reactant evaluation, with (0001)Al^ as the substrate for GaAs 

growth.  During this contract program several combinations of reactants were 

used in GaAs film growth. 

The results are recorded in Table 17.  The electrical properties appear to be 

consistent with data obtained on other TMG-AsH3 combinations; the results 

suggest that there has been a considerable improvement in the consistency of 

the quality of reactants now available as compared with material available 

a few years ago.  The GaAs films on Al^ with low carrier concentrations 

were found to have low mobilities, as was previously observed (see Figure 7 
of Ref 46). 

A comparison of source tank combinations (see Table 17) BR-AT. CE-AT. and 

CK-AT indicates a large donor impurity concentration in tank BR; the'elec- 

trical properties indicate, however, that good quality films can be produced 

with BR and AT at concentrations not below .2 x lO^cnT3.  Additions of a 

donor to the CK-AT combination led to good quality GaAs films on Al n , for 

a doping level of ~2 x lO^cm"3.  Actually, when precautions were taken to 
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ramove moisture from the gas stream, all the AsH  tanks listed in Table 17 

were useful for GaAs film growth-- ^Tank DN, from Three 11 Corporation, was 

-f&und tro'b'e"''the driest of those evaluated, 

Several of the films grown with those reactant gases which produced ]ow 

carrier concentrations were angle-lapped and stained to determine the thick- 

ness of the Interface high-resistivity p-type layer. Layers 8-12ijm thick 

were found for undoped films with carrier concentrations in the ranee 
14 -3 

A-8xl0  cm  .  The behavior of these p-type layers was identical to that 

previously observed in the GaAs/Al^ system (Ref A6j , where the thickness of 

the p-layer was found to depend upon the donor concentration in the gas 

sources,  If the films in this case were also dominated by acceptor centers 

from the same source, then the donor impurity concentration in these source 

gases must have been the order of 1013cm"3 or less.  An alternative explana- 

tion for the cause of the p-type conductivity could be the presence of a deep- 

level acceptor impurity (e.g., Cr or Fe) in the source gases; this could also 

lead to an automatic compensation.  Earlier data on films grown with other 

combinations of AsH3 and TMG tended to rule out this possibility, however« 

GaAs films were also grown on GaAs substrates in order to exarine the proper- 

ties of thick and thin films and compare homoepitaxial film properties with 

heteroepitaxial film properties.  The DF-DN source tank combination was used 

in this study.  These experiments were also planned to produce films that 

would subsequently be useful for FET fabrication. 

Surprisingly, the results of film growth on GaAs substrates were consistent 

with those found for growth on (0001)Al^.  Very thin undoped films (~lpm 

thick or less) were found to be inhomogeneous in their electrical properties 

when grown on (100) and (lll)GaAs substrates.  When dopant was added to the 

film during growth, a 28um-thlck film on (lll)GaAs possessed the following 

properties: p = 0.035 ohm-cm; n = A.0xl016cm~3; and K = A530 cm2/V-sec. 

These properties are not very different from those obtained on (0001)A1 0 . 

A Ipm-thick film grown directly on GaAs and doped to 2.2xl016cm~3 had a 
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mobility of only 1620 cm2/V-sec.  However, when layers Ipm thick were grown 

on 3pm high-resistivity layers of GaAs grown initially on (lll)GaAs substrates, 

mobilities of 3500-3900 cm2/V-sec were realized for n - 5 x 1016cm"3.  Simul- 

taneous double-layer growth on Al^ led to a mobility value of 0300 cm2/V-sec 

for n = 3.4 x 10  cm  .  These results indicated that there were important 

interface problems to be solved before high quality lym-thick homoepitaxial 

layers and heteroepitaxial layers could be grown directly on an etched/cleaned 

substrate. 
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11.  CONCLUSIONS 

It was during the analysis of the Si films grown in these studies that two 

major contributions to the understanding of Si heteroepitaxial film systems 

were made:  1) It was demonstrated that the charge carrier mobilities typi- 

cally obtained for n-type Si heteroepitaxial films up to ~2Mm thick are in 

error when the carrier concentrations are below IQ^cm"3, i.e., surface-state 

conduction is an important factor in such films; and 2) a mobility anisotropy 

exists in Si films on Al^ that is a function of current direction in the 

plane of the film and is dependent upon the orientation of the substrate and 

of the film.  For (lÜO)Si on (0112)/.!^, an average anisotropy in mobility 

of -91  was obtained; even greater average anisotropirs were measured in 

(lll)Si films on (1014) (30%) and -(inOMl^ (.16%) when the films were 

grown in a H« atmosphere. 

The existence of the mobility anisotropy helps to explain the variation in 

electrical properties of films grown in various laboratories that might other- 

wise have placed in doubt much of tue data accumulated under this program 

prior to the determination of the magnitude of mobility anisotropy.  Most of 

the data for films grown on the three Al-O» orientations (1014), -(1120), and 

(0112) was obtained on oval substrates, each set cut from a single boule of 

A1203; the original square-type Hall-effect pattern was, for reasons of 

processing convenience, placed in approximately the same position on all 

films evaluated.  Thus the data on any one orientation are considered dir- 

ectly comparable, and differences in electrical properties can probably be 

related to the parameter changes that were made. 

Since anisotropy for (lüÜ)Si is less than that for (111)81, and measurements 

on the square-type bridge were made with the current flow in a direction other 

than that displaying a mobility maximum, the data support even more the con- 

tention that (lll)Si films on ~(1120)A1203 are superior to (100)Si films on 

(0112)A1203.  Sinca the electrical measurements on the square bridge on 

(1014)A1203 were made ^20 deg from the direction of maximum mobility, 

any suggestion of equivalence in the electrical properties of (lll)Si 

grown on (1014)A1203 and (100)Si on (0ll2)Al2O3 at growth temperatures <1050C 
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is in error; the (111)81 would be expected to be electrically superior to 

the (100)Si films when measured in the direction of maximum mobility. 

As previously indicated, the deposition studies during this program were 

directed toward identifying the 1) preferred substrate, 2) optimum growth 

temperatures, 3) preferred film orientations, 4) preferred growth atmosphere, 

5) preferred substrate orientations, and 6) optimized overall growth process. 

These identifications must be m:de on the basis of several criteria, Includ- 

int the electrical properties of the films grown on the substrates being 

compared, but the true test of the conclusions will be when these film- 

substrate combinations are made into devices and used in the intended appli- 

cations . 

The electrical data point to Czochralski MgAl^ as the preferred substrate 

for Si growth, since mobilities as high as 925 cm2/V-sec were measured in 

(111)Si films grown on mechanically polished surfaces, mobility anisotropy is 

nil, and autodoping is less for MgAl^ as compared with Ai^ as the substrate. 

However, further effort must be expended in learning how to work with MgAl 0 

for MgAl204 appears to be very sensitive in its reaction to H at high tempera- 

tures (>1100C), to materials used in cleaning the surface, to impurities in 

the SiH4, and to device processinr steps.  On the other hand, Al 0 is hardier 

to the problems that seem to plague MgAl^, ; for those devices which do not 

deperd upon the highest achievable and the most uniform mobility, Al 0 should 

be considered as the preferred substrate. 

The optimum growth temperature is a function of the substrate and orientation 

chosen. For (UDMgAl^ a growth temperature of ~1025C is recommended when the 

film is grown in a He or He-H2 atmosphere. Growth on (10l4)Al 0 and ~(1120)A1 0 

appears to be best in the temperature range 1075-1100C, while the best Si on 

(0112)A1203 was found in the range 1050-1075C, in either H2 or He-H2 atmospheres. 

Of those studied, the preferred film orientation is (111)31, although some 

high mobilities were obtained in (221)Si films grown on (1122)A1 0 .  (100) 

oriented Si growth (on (0112)A1203) under "optimum" growth conditions 
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invariably had poorer electrical properties than (lll)Sl films grown under 

"optimum" conditions on -(1120) Al^.  On MgAl.,0  (Ill)Si was also superior 

to C10C)3L. 

The atmosphere preferred for the growth of 3i might be H,= weru it not for 

l:hf fact tl.a. the reaction lo form Si is very inefficient in a He atmosphere, 

and the wall deposits of the Intermediate silicon hydrides are very heavy. 

The addition of H2 to the He solves these problems, and good Si growth is 

achieved on (llDMgAl^ and on most orientations of Al^. Unfortunately, 

the Si growth rate has not been always controllable in the mixed atmosphere, 

presumably due to the fact that the growth rate is influenced by small 

temperature changes when mixed-gas compositions are used.  In the mixed-gas 

system, particularly, a  thickness monitoring device is beneficial to help 

determine when a film of a particulai thickness has been grown. Better growth 

rate control is achieved when growth is performed in a H2 atmcGnhere; except 

for Si growth on (llDMgAl^ and perhaps (lOl^Al^, a H2 atmosphere appears 

adequate and at least as good as Hc-H2 atmospheres for Si growth on other 

orientations of Al^ studied under this program. 

Autodoping was not studied to any major extent in the He-l^ atmospheres, but 

it was demonstrated that in a H,, atmosphere a significant amount of H2 and 

A1203 reaction product is Introduced into the gas phase at -UOOC, and would 

be present when film growth is initiated at or near that temperature. Growth 

in H2 at low temperatures would help minimize this problem, and the use of a 

minimum amount of H2 in the atmosphere would also help.  These considerations 

must be made consistent with the other optimum growth parameters for the sub- 

strate and orientation of interest, 

Electrical data point to ~ (1120)-oriented Al^ and (llDMgAl^ as being the 

preferred substrate orientations for Si growth, both influencing (lll)Si 

growth. However, the industry has chosen (100)Si/(0112)Al^ as the primary 

film-substrate combination for the fabrication of MOS devices. The criterion 

for this selection appears to be that in bulk Si the (100) plane has a lower 
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snrface-st-ate density (SSD) than does the (111) olan^; however, the differences 

in SSD between (100) and (lll)Si films grown on insvlators are not known.  It 

may be that other properties of the heteroepitaxial films overshadow the SSD 

contribution, and superior devices may still be possible in (lll)Si. 

All of the above can be combined Lnto an optimized overall growth process, but 

the process must be related to the ultimate requirements of the film.  If the 

highest mobilities are desired, then Si fLim.« should be grown at ~1025C on 

(lil)-orlented MgAl^ or at ~1075C on -(1120)-oriented Al 0  in lle-H mix- 

tures.  When the best (iÜO)Sl films are desired, they can be grown on (0ll2)AI Ü 

at 105Ü-1U75C in atmospheres of U    or He-IL mixtures.  For most orienta- 

tions, growth rates from ~2pm/mtu to -Aum/min appear to be sufficient, although 

good growth has also been achieved on (0il2)Al 0  at lower rates. 

Finally, because the growth conditions are dependent upon reactor geometry and 

should be optimized for the particular film thickness desired, the above 

recommendations are limited to the growth system used in these investigations 

and to films ~2Mm thick.  However, the results that have been obtained can be 

used as guides for studying film growth in other types of reactors. 
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SECTION 4 

ANALYSIS AND PURIFICATION OF CVD REACTANTS 

It had become clear even before the start of this contract program that the 

probable impurity content of the various reactants used for CVD of Si and 

GaAs heteroepitaxial films probably provided the real limitation on the 

achievable impurity levels in the films themselves.  To explore this a study 

was undertaken to attempt to identify the impurities present in the reactants 

and to establish the concentrations of the principal impurities that might 

influence the properties of the films if they were to become incorporated 

Into the films during growth. 

During the first year, techniques of gas chromatography were developed for 

analysis of the reactants used for Si and GaAs hetoroepitaxy by CVD.  A general- 

pucpose 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 Sil^ samples; diborane (B^) was tentatively identified as a 

significant impurity (-10 ppm), although not confirmed by mass spectrometer 

techniques.  Small quantities of purified SiH,, free of diborane, were pre- 

pared by successive injections in the Chromatograph.  The quantities were too 

small, however, for use in laboratory CVD experiments. 

Beginning in the second year of the program samples of SiH and of trimethyl- 

gallium (TMG) used for Si and GaAs CVD experiments were analyzed for impurity 

content by sensitive mass spectrometric techniques.  Disilane and trimethyl- 

silane, together with several other impurities of less concern, were found in 

the Sil^ 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 SiH ) 

severely limited Jie accuracy of the study of the effects of deposition param- 
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eters on Si. fiim properties on several occasions during the early part of the 

contract work.  Cooperative efforts with vendors for preparation of improved- 

purity reactants continued throughout the program, as did analyses of reactants 

by mass spectrometer techniques.* 

1.  REACTANT ANALYSIS BY GAS CHRÜMATOGRAPHY ** 

Studies were initiated early in the program to analyze SiU, and trimethyl- 

gallium (IMG) first and then Asll^ using techniques of gas chromatography and 

mass spectrometry.  Among the various techniques available In analytic:-L 

chemistry, this combination was selected as the most convenient method to 

analyze volatile inorganic compounds, as such components are expected to be 

present at the sub-ppm concentration level In the reactants of interest here. 

Gas chromatography (GC) by itself is not an absolute method to identify the 

components of a sample.  Hie general procedure used in qualitative GC is to 

compare experimental retention data with those obtained with reference 

samples.  The results then have to be confirmed by an analytical method, 

preferably employing direct coupling from the detector of a gas Chromatograph 

to the inlet of a mass spectrometer.  Special adapters are needed to eliminate 

large excesses of carrier gas from the main flow.  However, in these experi- 

ments the direct coupling was not available; the sample from the effluent of 

the gas Chromatograph was collected in a special trap and then injected into a 

mass spectrometer. 

Monosilane, Sll^, was studied primarily.  It was assumed that the contaminants 

originated in the SiCi4 used to prepare SIH^.  Boron compounds, which may be 

present in SiCl^, can be reduced to volatile hydrides such as diborane (B H ). 

The relatively close boiling points of the pair SiH.-B0H, do not allow effi- 

* These analyses were carried out by West Coast Technical Service, Inc., 

San Gabriel, CA. 

**This work was done by Marie Dixmier and R. L. Pecsok of the Chemistry Depart- 

ment of the University of California at Los Angeles. 
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cient elimination of   the  latter by   typical  industrial  fractional   condensation 

processes.     But   the  difference  of   30C  in   their boiling points   is  sufficient   to 

separate   these   two  compounds   by   analytical  GC,   if   the   right   column  packing  is 

selected. 

All  of   the   reactant  materials   used  in  semicond'.ctor heteroepitaxial  studies by 

CVD are  highly  volatile   and   reactive  gases.     Special   care  was   taken   in   this work 

to  prevent  hazardous  contact   of   these  gases with  air  and moisture. 

The   general   function   of   the   gas  handling  system used   in   this  study   (Figure   31) 

was   to   introduce   the  sample  under  vacuum   through  a   three-way valve,   and  to 

dispose  of   the  sample  by  purging with  He   (at   a high  flow  rate)   to   the  burning 

port.     A 500-ml  stainless-steel   trapping  cylinder was  used   to  temporarily 

condense   the  sample   fraction before   injection.     Connections   and   fittings were 

made  of   31b  stainless  steel,   as were   the  shut-off  and metering valves.     The 

injection  valve was  a   three-way mini-volume  valve   (Carle  No.   5521)   with 

interchangeable  loops  of   different  volumes. 

After extensive   testing  and  some modification   this  system was   shown   to  be 

explosion-proof,   but  for  routine  use  even minor leaks must  be  avoided.     The 

injection valve was   found   to  be   .,ss   dependable   than   the  other  parts  of   the 

system.     A bellows  valve   or  a  purge-model valve with  a  closed  housing would be 

preferable   for  systems   such   as   this. 

In   the  first  experiments,   classical   gas-liquid  chromatography was  used.     Non- 

polar stationary phases  such  as  silicone  oil are  known   to separate  silanes 

(Refs    A7, 48)   or light boranes   (Refs   49 j   50 j   5])i     ^e   first  packing used was 

Dow-Corning silicone  DC-20Ü,   20%  by weight  on  Chromosorb  P,   acid-washed  and 

silanized.     A laenco gas   Chromatograph   (Model   160), equipped with   a  4.2m x  6mm 

o.d.   stainless-steel   column  and  a   thermal   conductivity  detector, was  used  for 

the   investigations.     Isothermal   elution  at  AOC was  obtained with'a He   flow 

rate  of  50 ml/min.     The  sample  volume,  measured  in  a 2.5-ml   loop under  2.5 psi 

of   SiH^,   was   calculated   to  be   about   4 ml  at  STP. 
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Figure 31.  Schematic of Gas Sample Handling System for GC 
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Figure 32.     SiH.   Chromatogram on DC-200 Silicone Column Packing 
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Samples of semiconductor-grade S^H^ from four different supply cylinders gave 

the same basic chromatogram (Figure 32), with at least six impurities detected 

by the thermal conductivity detector.  Retention indices versus n-paraffin 

homologs and concentrations in ppm calculated by the area method are given in 

Table 18.  Identification of one of these impurities as B2H was attempted by 

comparison with a known B H reference sample. 

It should be pointed out that in analytical GC, characterization of a given 

solute is given by a unique specific retention time.  But in semipreparative 

GC, when large amounts of solute are injected, large variations of retention 

times can be expected because of overloading ejects.  Under these conditions, 

equilibrium distribution of the sample between the phases is not maintained, 

and the excess sample will travel at a higher speed through the column 

(Ref 52).  For large samples of both B^ and SiH4 there was a decrease in 

retention times from the analytical data.  Retention times were evaluated 

from experimental data with a 3 percent range uf variation.  With the DC-200 

column, the B^ noncorrected retention time was 12% greater than for SiH . 

This small difference in retention times was not sufficient to separate these 

two compounds on a preparative scale, or even to detect B H completely hidden 

in the main peak of SiH . 

The experimental results confirmed the general behavior of a silicone column 

toward nonpolar solutes; i.e., retention times were in order of the boiling 

points.  As the chemical reactivities of SiH^ and B^ are similar, it could 

not be expected that a polar stationary phase would enhance the separation by 

specific selectivity.  Thu3, in order to increase the ratio of the retention 

times a solid packing having a large specific area was used.  A second column 

was prepared with Chromosorb 102 (Johns Manville) as packing for gas-solid 

chromatography.  This is a cross-linked copolymer of divinyl benzene-styrene 

which exhibits a surface area 100 times greater than the Chromosorb P used 

previously.  This column was 5.4m x 6nim o.d., packed with 60 to 80 mesh 

Chromosorb 102.  The column was first maintained at ambient temperature, with 

a He flow rate of 4Ü ml/min. 
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Table 18.    Retention  Index and Concentration 

of  Impurities  in SiH. Sample 

Impurity Concentration   (ppm) Retention  Index 

(1) H2 + air 7000 

(2) <10 250 

(3) 260 305 

(4) 415 323 

(5) 10 

(6) <10 >A00 

A typical chromatogram of a SiH sample on the Chromosorb 102 column is shown 

in Figure  33.  Four impurity peaks are evident before the main SiH, peak, 

ßy comparison with reference samples these peaks appear to correspond to 

(1) H2, (2) N2+02 (air), (3) CH4, and (4) C02. 

No impurities were detected after the SiH, peak.  Unfortunately, with the 

available Chromatographie equipment, it was not possible to expect a large 

improvement in detection.  However, th ; difference of retention times of SiH, 
4 

and CH^ was about  three  times   larger with  Chromosorb  102  than with   the  DC-200 

column. 

In order  to reduce  the retention  times  of  solutes  eluted after  the SiH,   peak, 
4 

an  isothermal  chromatogram at  60C was  obtained with a  reference mixture of  SiH, 
4 

and B2Hg and is shown in Figure  34.  Retention data are expressed here in 

corrected retention distance 

dV^-c^. (21) 

where d^ is related to hydrogen and d- = t_ x (chart speed) , with tD the rl K    R ^ K 
retention time  in minutes and tht recorder chart speed 1 in/min in this case. 

It is interesting to compare the experimental retention data with the boiling 
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points of  the  different  compounds which might be present  in  the SiH.   sample. 

This was  done by  the use  of  a thermodynamic relation derived from the 

Clausius-Clapeyron equation.     This  simplified  relation is 

log d^ « BP   . (22) 

A classical  calculation  related d'     to  the vapor pressure of  a given solute, 
K 

and the vaporization enthalpy of the pure solute to its boiling point. 

Although this relation applies strictly to compounds of an homologous series, 

it was interesting to verify the behavior of C, Si, and boron hydrides on 

Chromosorb 102.  Results are given in Table 19. 

The experimental values verify the relation of Equation (22 ) and confirm that, 

as in gas-liquid chromatography on a silicone oil, these solutes were eluted 

in the order of their boiling points.  However, an important improvement was 

obtained with Chromosorb 102, specifically, the large increase of B^, reten- 

tion versus that of SiH, - 80% compared with the 12% on the silicone DC-200 

column.  Even with large overloading of the Chromosorb 102 column with prepara- 

tive injections of SiH,, a good separation of the couple SiH^-B-H, could be 

expected, sufficient to detect the latter at the sub-ppm level. 

In order to confirm and identify the nature of the solutes, several collected 

effluents were injected into the CEC Model 21-620 mass spectrometer.  In a 

50 ml glass flask previously evacuated, the effluent stream of solute and 

carrier gas was trapped in totality.  The time of collection was roughly one 

minute, selected near the maximum of the detector signal.  As will be shown 

later, this technique gives good yields of recovery for preparative collection 

of purified samples, but for mass spectrometry the results were very poor. 

The main reason appeared to be that the sample wao too dilute for the injection 

system of the mass spectrometer; the sample was diluted by a factor of 10J 

from the injection volume. 

Attempts to identify peak 3 in the sample represented in Figure 32 and even 

B^H, in the sample of Figure 33 failed.  Only one impurity present in both the 
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SiH4 sample (Figure 32 ) and the B^ reference mixture was identified and 

that was CHA.  Results from two collected samples compared with the theo- 

retically expected relative intensities for the mass spectrometric analyses 

are given In Tahle 2 0. 

Table 19.  Comparison of Retention Data and Boiling 

Points of Solutes Eluted According to Figure 33 

CH, 

dfR(inm) 

log d' 
R 

BP (C) 

28 

1.A5 

■161.5 

SiH. 
 4_ 

115 

2.06 

-112 

B2H6 

207 

2.32 

-92.5 

Table 20. Mass Spectrometric Data for CH, 

Relative Intensity (7CV) 

m/e 

16 

15 

14 

1st Sample 

100 

81.7 

(33.4) 

2nd Sample 

100 

83.6 

11.2 

Theory 

100 

85.9 

16.1 

More informative results were obtained in collection experiments in some 

semi-preparative GC.  Three series of successive GC collections of purified 

SiH^ were obtained, with four, seven and 10 runs, respectively.  In each run, 

the amount of Sil^ collected was calculated to be 5 mg, corresponding to the 

injection volume of 4 ml.  The recovered material was tested for purity by 

recycling the sample through the Chromosorb 102 column tor the first two 

series and through both the DC-200 and Chromosorb 102 columns for the last 

series.  Elimination of impurities 2 through 6 (see Figure 32 and Table 18) 
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was demonstrated by elution of successive equal volumes of purifi.d and crude 

SiH^ on the DC-200 column. 

In the Chromosorb 102 column, impurities 3 and A (see Figure 33 ) were com- 

pletely removed, but traces of air still remained.  B^ was not detected in the 

SiH4 sample with the Chromosorb 102 column because of the poor sensitivity of 

the thermal conductivity detector. 

It was thus not possible to certify the dependability either of the particular 

gas Chromatographie techniques used or of the collection apparatus.  However, 

the retention time of B^ on Chromosorb 102, almost two times larger than 

that of SiH4, shows that GC can be a promising and efficient method to detect 

and even to separate B^ from SiH^.  Therefore, a compromise would have to be 

made between the reliability of preparative-scale GC and its limited produc- 

tion capability for industrial purposes. 
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2.  REACTANT ANALYSIS BY ROUTINE MASS SPECTROMETRY 

Analyses of the reactants used in the CVD experiments were also made routinely 

by sensitive mass spectrometric techniques with the assistance of  external 

analytical service laboratories.  Numerous samples of Sill and of trimethyl- 

galliura (TMG) used for Si and GaAs CVD experiments were analyzed for impurity 

content. 

During the course of the program, eight different tanks of "pure" SiH, were 
4 

used m the studies of Si deposition.  These were all analyzed for impurity 

content by an analytical service laboratory* using mass spectrometric tech- 

niques.  One of the tanks was also reanalyzed after the pressure had dropped 

in use to 35 psi from an original value of 85 psi. 

These data are given in Table 21,   together with an independent analysis per- 

formed by another laboratory** and supplied witli one of the SiH, tanks by the 
4       ■' 

vendor.  First, the discrepancies in the data of the two analyses obtained 

for the tank CP of SillA supplied by Vendor D are significant.  The analytical 

procedures used in the supplied analysis apparently were not able to detect, 

for example, less than 3000 ppm of 02, an impurity of importance in SiH 

which could lead to the formation of Si02 (and resulting pinholes) in deposited 

Si films.  The other differences in the analytical data for this tank indicated 

insufficient sensitivity in the mass spectrometer methods used in the analysis 

to properly establish the concentrations of those impurities which could be 

detrimental to high-purity Si growth. 

Note the relatively high concentrations of H and disilane in some of the 

tanks.  The effects of these impurities on Si growtli seem to be minimal in a 

growth system using H2 as the carrier gas.  However, if He is the carrier it 

is difficult to predict how these impurities might affect the film nucleation 

*West Coast Technical Service, Inc., San Gabriel, CA. 

**Gollob Analytical Service, Berkeley Heights, NJ 

133 

i.ia.1,,..^^^..u^ü1L.^iriirn*lt[flia--v-^—^-;..>,..'*-w...i..w.^i.^..^... iMiirrrriniYrilif^1'"^''^1"'^'"'1^"'"^'11^^"^^  -.■...^.,..- .-..w.».....^..--... u.-J....J-...t..,„.......,..:.JJ. .^..^..-.....^-v-w...—J^.....,..- ...iki.. 



•o- 
33 
•H 

CO 

0) 

o 
•H 
)-i 
4-i 
01 
B 
o 
i-i 

U 
0) 
ft 

CO 

to 
CO 

a 

+- 

PQ 

C 

n) 
H 

O 

O  Q 
iH 

I     U 
to o a 
■H xi  a 

a ex 
•    OJ 

rH    > 

•H 
en 
a 

ro a. 
a 

00      ^N      JJ 
+- iH O < 
-!-  O ^ 
N    rH     ^1 

U  U    O 
-a 

^i     •    C 

CO    >, >   -H 
H  U  --'   w 

a 

•X 

V 3 

Cl 
•K ■K •K n m CN "I n CTl 
V V V CN H 

CO 
PQ 

00 00 
•K 
rH 
V 

OJ 

•K •K •K •K 
o 
ri 

rH H H rH Cd m 
V V V V s rH 

CO 
CQ 

00 CO 
n 00 

<u 
cl 

■K * * a 
IT) m LO aJ m 
V V V 2 

CO 
CQ 

4- 

c 
CO 

H 

© 
B 

r^ Q 
rH 

I    u 
in  o 
H  T3 

C 
•   0) 

rH  > 
>,^ 
U        6 

a 
a. 

o 

rH 

Q 
Z 

Q 
2 

OS 

2 
O 

V     v 

O 

o * o o 
H ro c\l rH 

g      @     g     Q Q Q     qj 
2      2     2     2 2 3     2; 

O <N 
CT\ 00 

CN 
CTl 
o-i 

■K      *      * 
m    m    m 
v    v     v 2 

OJ 
u 
c 
CO 

rH 
CO 

PQ 

a 
a 
CO 

rH 
CO 

CQ 

c 
CO 

H 

CN 
m 
as 

Cl * * * r, m CNI m Pi en 
V V V 2 rH 

CO 
CQ 

4-1 
a 
OJ 

3 

en 
c 
o 
o 

ß 
OJ 
M 
O 
U 

X) 

u 
01 
•u 
CO 

ß 
o 
60 

M 
CO 

m 
ß 
o 

x> 
N 
cO 
Ü 
O 
M 

X) 
>^ a 

CU 
ß 
CO 
u 

XI 

cu 
ß 
CO 

r-i 
•H 

CO 

ß 
3 

O 

D. 

B 
O 
u 

ß 
o 
u 
o 

PQ 

OJ 

X) 
•H 
X 
o 

•H 
X) 

c 
o 

XI 
u 
CO 
u 

cu 
ß 
CO 

CO 

o 
u 
o 
H 
x: 
o 
o 
ß 
o 
g 

ß 
0) 
00 

o 

01 
c 
CO 

K 
o 

rH 
•H 
CO 

0) 
ß 
CO 

x: 
4J 

B 
•H 
U 
H 

•H 
CO 

XJ 
0) 

u 
o 

OJ 

o 
2 

ed 
2 

ß 
CO 

J3 

tn 
en 
0) 

o 
CO 

X) 
0) 
4-1 
o 
OJ 
4J 
OJ 

X) 

OJ 

ß 

o 
2 

Q 
2 

o 

o 
<u 

0) 
XJ 

o 

en 
<u 4J 
a •H 
CO P. 

rH •H 
•H hJ 
CO •K 

X) 
QJ 

4-1 
0 
c 
OJ 
en 

•H < 
3 u 
u 
OJ * 

X! CO 
4J 60 
0 ß 
en g 
en CO 
0) OJ CJ 

rH o 3 a •H o 
3 > •* 

»t OJ • 
• CO > 

U •H 1-3 ß rH P 2 
M CO 

CJ cn ^ ^ •H 4-1 C 
0) 4J o o o >. 3 w 

•H rH XI •H 

OJ 
CO 

CO 0 •a 

^ 
u 

2 
XI en • 

rH 0 cfl u A 
cO rH O ß u 
O rH M OJ •H 0 ß 4-1 ß CJ o *l cO 

XI CO CO i 
O • ^ OJ 4-1 s cu ,* Xi x; CJ 00 H ß 4J 3 ■a 
u 

cO 0) 
ß 1 T3 

O 
w 

eo o u * 
CO •0 13 A cu • o X • ex u •H A u eo u 

CO ^ c CO o 
4J B M O CJ eo m cO 
01 
3 

0 4J A U c 
CO ■H o c J3 cn 14H M >% o 4J o •H 4J 

X5 •H •H BJ 4J CO 
4J > ß x: T3 CO iH OJ 4J 

OJ ß X) rH •H ß s oo 
•H 

OJ 
•H 3 O 

CO CO o 
14H 

en 
OJ 

M X) a • • ,, #- 
0» 3 < Q u 
G. 

o 
en 

CO en • • 
OJ 4-t •H CO en CO en u >, U t>s o 

rH O rH •a 
nj ^ CO ß 
g cO ß OJ <; ^J < > 

+- 0 

134 

 . -...■..■i>j,.- -■■■■■■-■■- ■- ■   ■■■ •-  - 
.-..,,■,,„.    ..........    „    --....  ■.-;-.......L.,....J- ...,.....:   .      .'..■     ■^_.:.  .-■...    ...     ,      .,.,.       .        ..    .       . --.--..■, L ^^iJ ,■■■-   -■■■■..■■.  



mechanism.  Another source of concern is the C0„ content in tank CP from 

Vendor D.  This impurity also could lead to SiO formation in a !!„ atmosphere 

by a "vater-gas" reaction, 

C02 +  H2  A  Cü + H2Ü' 
(23) 

the water then reacting with SiH  to form SiO , 

The remeasurement of the impurity levels in the SiH, from Vendor C was prompted 

by a sudden inability to control Si film growth rates within reasonable limits 

(-10 percent) with either He or H^ carrier gases.  The second analysis, however, 

did not provide an indication of the cause of this difficulty.  A change in 

SiH  tanks apparently solved the problem of growth-rate control, although the 

electrical properties of the films grown on MgAi„0, with the first tank of 

SiH, (tank CZ) were quite good; mobilities were between 700 and 925 cm /V-sec 

for films with carrier concentrations of 10  -10  /cm . 

The change to another tank of SiH, (supplied by a fifth vendor* for evaluation) 

was coincident with the growth of films with reduced mobilities - lower than 
2 

700 cm /V-sec.  With the change of SiH, tanks growth and dopant control had to be 

reestabiished; Si films were grown on (lll)MgAl„0. with mobilities similar to 

those obtained on (0112)A]20  (-^00-500 cm"/V-sec) but inferior to those obtained 

previously on (lll)MgAl9ü/( (700-925 cm /V-sec). 

To explore the situation further, the condensable component of the reactant 

was trapped in the SiH  line at -78C and transferred to a specially prepared 

sampling cylinder for mass spectrometer analysis.  The presence of HO and 

tetrahydrofuran (Till') in this sample was established and was consistent with 

the fact (determined subsequently) that the manufacturer used THF as a solvent 

in the preparation of the SiH,.  The low mobilities, however, were not consis- 

tent with the fact that u lOOym-thick film of Si grown on p-type Si had 

reasonable electrical properties (p=2A.8 ohm-cm, n=1.98 x 10   cm  , and 
2 

li = 1270 cm /V-sec).  It appears that son :• thing "•'n the SiH, was affecting the 

^Liquid Carbonic Corporation 
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growth quality on insulating substrates. The results also suggested that 

SiH^ and H.O can coexist in a closed container but that their reaction is 

catalyzed by exposure to air. 

This impurity problem has prevented an accurate evaluation of the effects of 

deposition parameters on Si film properties.  It would be necessary to 

perform such studies with sufficient quantities or starting materials to 

complete the entire investigation, with the hope that the gas purity would 

not be affected by changes in total tank pressure.  In view of this, 200 gm 

of SiH^ were obtained from Synthatron Corporation for further studies of Si 

growth on MgAl^.  However, this tank (DC) was returned to the vendor for 

replacement after high concentrations of H , HO, and Ar were found.  As 

noted in Table 22, its replacement (tank DM) was of considerably higher purity. 

Both tanks DI and DM were also evaluated by means of Si growth on p-type Si 

substrates. A lOOyin-thick film of Si grown using tank DI had the following 

electrical properties:  p = 9.3 ohm-cm; n = 4.8 x 10 cm  ; and y = 1390 cm2/V-sec, 

A film grown using tank DM had the following properties: p = 57 ohm-cm; 
13-3 2 

n = 6 x 10 cm  ; and \i =  1750 cm /V-sec.  In both cases, the electrical 

characteristics are indicative of very good film quality and thus of good 

SiH^ having relatively little content of impurities damaging to the properties 

of the Si films. 

Analyses were also made of the AsH used in the deposition of GaAs.  A tank 

of AsH3-in-He (nominally 10% AsH ) was obtained from Airco for GaAs growth 

studies.  In evaluating it by means of GaAs growth on Al 0„, using a good 

source of trimethylgallium, it was found that considerable condensate was 

obtained at -45C. The tank was returned to the vendor, and it was analyzed 

by West Coast Technical Service, Inc.  The gas was found to contain the following: 

AsH3 12.2 mole percent Argon 17 ppm 

Water 15 pjjm co2 4 ppm 

N2 56 ppm H2S 4 ppm 

Oxygen 15 ppm He balance 
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The high concentration of water, 0 , CO , and HS could be expected to affect 

the quality of the GaAs films.  The mass spectrome_ric analysis of the replace- 

ment tank (DP) is shown in Table 23 together with results obtained for a tank 

(DN) of AsH -in-H2 obtained from Three-H Corporation and for tank CR, 10 percent 

AsH_-in-H„, obtained from Phoenix Research Corporation.  Based on attempts to 

condense H20 from the gases 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 
14 -3 

(3x10 cm ) as low as that obtained with the best gases that had been evalu- 

ated prior to that time. 

Another tank of 10 percent AsH^-in-H- (tank CR) , obtained as a research sample 

from Phoenix Research Corporation for similar evaluation by GaAs deposition, 

was described in the vendor's analytical report as containing no impurity 

greater than 1 ppm.  No condensate was obtained at -45C, and thick undoped GaAs 

films were found to be p-type; this indicated a low donor impurity content in 

the reactant.  Several GaAs films were grown at various AsH -TMG ratios, with H.Se 

added as dopant.  This tank was found to be relatively good for GaAs growth on 

Al 0 ; a doped 20um-thick film on (0001)A1 0  had the following electrical 

properties: p = 0.07 ohm-cm; n = 1.7x10 cm  and \l  = 5470 cm /V-sec.  At higher 
17 -3 

doping levels (n = 5.5x10  cm  ) a 31ym-thick GaAs film had a mobility of 
2 

-3900 cm /V-sec, also a reasonable value for a film with that doping level. 

Unfortunately, the material was depleted before it could be analyzed by mass 

spectrometer methods locally. 

The analysis of TMG was limited to that of the residual gases in the TMG 

bubbler.  The data indicated 25 ppm dimethylchlorogallium, 0.14 mole percent 

of a material with a mass spectrum peak suggesting it to be hexamethyldigallium, 

and ~2 ppm of unidentified boron-containing compounds. No Al, Si, P, Zn, As, 

or Cd compounds were detected (limit of detection <2 ppm). 

It is clear from the analyses of reactant impurities described above that 

significant differences are found in the purity of these materials.  Not only 

do they vary from supplier to supplier but also different tanks of the same 

material from the same supplier are not consistent in purity.  Another matter 
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for concern is the lack of agreement in the analyses supplied by two different 

analytical laboratories for the same tank of reactant and the apparent differ- 

ences in detection limits for the same element or compound that different 

laboratories possess.  It is therefore difficult to determine which results 

are the most reliable and which supplier of the gases is best.  A "use test" 

appears to be a reasonable way of evaluation of the materials for the intended 

application, but this method is time-consuming. 

Although it is expected that some of the impurities found, such as 0 , CO , HO 

and methylsilane, should influence the quality of ^ grown from SiH , it seems 

curious that these materials which have been identified as being present in 

the source tanks in various concentrations do not appear visibly to adversely 

influence Si growth on Si or Al^.  These impurities probably will behave 

differently in H2, He, and/or He-H2 atmospheres, however, and may be the 

cause of the difficulties in obtaining reproducible growth on MgAl 0 surfaces, 

' ich appear to be quite sensitive to different source tanks of S-'H . 
4 

wh 

It is also probable that the impurity concentrations in the gases will change 

with tank pressure; i.e., as the major component is used, the impurities of 

low vapor pressure will contribute a larger percentage to the total pressure 

within the tank, particularly when the tank pressure is relatively low.  Thus, 

at lower tank pressures changes in the quality of the films might result. 

The analyses demonstrate the ultimate lack in understanding of the role of 

impurities in epitaxial film growth and the minimum requirements for the 

analytical methods that shou.d be used in detecting these impurities.  A colla- 

borative study in this area involving the reactant supplier, the analytical 

laboratory, and the ultimate user is evidently needed. 
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SECTION 5 

CHEMISTRY AND REACTION KINETICS OF CVD PROCESSES* 

Because of the obviously important role played by the chemical reactions 

involved in CVD processes in determining substrate surface conditions, film 

growth kinetics, and ultimate film properties, it was considered essential to 

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

these processes. 

In particular, the processes used in this contract program for growing hetero- 

epitaxial films of Si and GaAs were of special interest.  Consequently, investi- 

gations of the basic chemistry involved in the formation of Si by SiH  pyrolysis 

and of GaAs by the trimethylgall ium (TMO-AslL reaction were undertaken.  The 

initial, plan was to study the Influence of the Al^ surface on the mechanism of 

decomposition of Sil^ as a function of temperature, and to examine the decomposi- 

tion modes and reaction products of TMG and AsH3 as functions of temperature, 

concentration ratio, and H2 partial pressure tc attempt to determine the require- 

ments for formation of optimum-quality GaAs 

It was anticipated that significant contributions could thereby be made to the 

fundamental knowledge sought in the contract program and at the same time 

generate potential improvements in the manner of application of these chemical 

reactions to the practical growth of semiconductor thin films for various device 

applications.  One question of continuing interest that might be answered by 

these studies related to whether the release of Si by the pyrolysis of SiH 
4 

occurs in the gas phase near a substrate surface or on the substrate surface 

itself.  This point was of considerable importance to the planned in situ CVD 

experiments with Si in the electron microscope (Section 8). 

*These investigations were conducted by M. A. Ring, M. Sefcik, H. Schlyer, 

R. Jenkins and A. Vanderwielen of the Department of Chemistry, California 

State University, San Diego, CA. 
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1.  PYROLYSIS OF SiH. 

The pyrolysis of SiH^ over Al^ was investigated in the initial studies. 

The ^203 was Preheated to various temperatures (400 to 1200C) prior to 

each pyrolysis to determine the effects due to heat treatment. 

The reactions were carried out in flow systems with low-temperature traps 

which removed the heavier less stable products from the stream. This allowed 

for the determination of the effect of pyrolysis temperature on the yield 

of Si2H in the pyrolysis of SiH,: 

2 SiH^ - Si2H6 + H2. (24) 

SiH
4 pyrolyses over single crystal A120 beads were carried out in two sets 

of experiments.  In the first series, the decompositions vere carried out 

so that the Al,^ beads would he covered with one or more .nonolayers of Si 

during most of the decomposition.  In the second series, the decompositions 

were examined only while one monolayer was being deposited. 

In the first series, the pyrolysis of SiH, was carried out in a flow system 

containing a Hg Toepler pump and two low-temperature traps maintained at 

-160C and positioned beyond the heated zone.  The quartz-walled heated zone 
3 

(6.2 cm volume) had a surface-to-volume ratio of 42.8 when packed with 

3/32-in A1203 beads and 2.84 without the beads. The Al-O- beads were washed 

in a 9:2 mixture of HNO^HF and then rinsed with water, trichloroethylene, 

deionized water, and methanol, prior to use.  It is estimated that fewer 

than six monolayers of Si were deposited in each experiment. The -160C cold 

traps maintained the SiH, pressure at 12 torr. 

After a 30-min flow pyrolysis, the test surface was recleaned and a second 

decomposition was carried out under the same conditions. At that point. Si 
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was deposited from a AOOC SiH^ decomposition.  The initial experiments were 

repeated over the Si-coated test surface to compare the decomposition rate 

over the test surface versus that over amorphous Si.  The results over Al 0 

Si02 and Pyrex glass are reported in Table 24. 

The results from experiments 3, 4, 8, 9, 12 and 13 demonstrate that the rate 

of SiH^ decomposition over Si deposited from SiH, decompositions at 40ÜC 

is not dependent on the surface-to-volume ratio.  Thus, these decompositions 

appear to be homogeneous.  Similarly, the results from experiments 1, 2, 5, 6, 

10 and 11 demonstrate that this same decomposition is not affected by SiO 

Pyrex glass or Al^ when these surfaces are coated with a few (or possibly 

less than one) monolayers of Si. 

To circumvent the difficulty of rapid coverage of the test surface by the 

depositing Si a static pyrolysis unit was constructed which consisted of a Si- 

mirrored pyrolysis chamber, containing cleaned Ai-O beads, connected by a "U" 

trap to a combination Toepler purap-Mr.Leod gauge.  With this apparatus it was 

possible to detect H2 produced from the SiH, pyrolysis well before one mono- 

layer of Si was deposited on the Al 0 beads. 

In this second series of experiments, the A120 beads were cleaned as previously 

described.  The beads were placed in a side arm of the vessel which was evacu- 

ated to 10   torr.  A Si mirror was deposited inside the vessel from a 400C 

SiH^ decomposition.  After the remaining SiH, and H2 were distilled off, the 

beads were dropped into position and preheated under dynamic vacuum for 2 hours 

or more.  The temperature was changed  to the run temperature and SiH  (10 cc, 

gas phase) was condensed into the vessel and allowed to expand into the heated 

zone. 

All experiments listed in Table 25 were carried cut with the same quantity 

of SiH^.  After each run, the H^SiH, mixture was pumped through a U trap 

containing glass beads and cooled to -196C.  The Toepler Dump was always 

operated five times.  The H2 being pumped was retained in the McLeod gage by a 

valve.  The H2 was then distilled off.  Since some SiH  passes a -196C bath, 
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Table 24.  SiH. Pyrolysis Experiments 

surface/volume = 11.9 

5 522 

6 522 

7 522 

8 522 

9 522 

Pyrex 

Pyrex 

pyrex 

Si 

Si 

surface/volume = 42 8 

10         525 A1203 

11         526 ..i2o3 

12         524 Si 

13         524 Si 

0.09 

0.11 

0.13 

0.09 

0.08 

0.17 

0.19 

0.16 

0.17 

Expt.    Pyrolysis 
No.     Temp. (C) 

Test Surface 
Exposed to 
Pyrolysis 

SiH4 
Consumed 
(mmol) 

Si2H6 
Produced 
(mmol) 

H2 
Produced 
(mmol) 

surface/volume =2.84 

1         521 Si02 (quartz) 0.09 0.03 0.17 

2         521 Si02 (quartz) 0.07 0.03 0.17 

3         521 Si 0.07 0.03 0.20 

4         521 Si 0.09 0.05 0.22 

<0.01 0.29 

<0.01 0.30 

<0.01 0.29 

<0.01 0.26 

<0.01 0.24 

0.03 0.48 

0.03 0.51 

<0.01 0.50 

0.01 0.49 
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Table 25.  Decompositions of 10 cc of SiH. over A1„0 

Preliea t 
Temp. (C) 

400 

Time 
(min) 

2 
30 
30 

30 
30 

SiH, 
4 

Decamp. 
Temp. (C) mmoles of H„ (x 10 ) 

Uncoated Beads 

260 
254 
254 

Coated with Si 

255 
256 

0.032 
1.06 
0.55 

0.14 
0.06 

100 2 
2 

30 

Uncoated Beads 

256 
252 
254 

0.1] 
0.04 
0.43 

1000 30 
30 
30 

30 
30 

Uncoated Beads 

246 
242 
244 

Coated with Si 

244 
242 

1.22 
0.24 
0.03 

0.02 
0.01 

1200 30 
30 

30 
30 

Uncoated Beads 

248 
245 

Coated with Si 

248 
250 

0.20 
0.10 

0.01 
0.01 
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a SiH4 background was required for each experiment.  The Toepler pump again 

was operated five times with the SiH4 condensed in the -196C trap.  The quantity 

of SiH4 pumped into the McLeod gauge was subtracted from the H,, determination 

for that run.  The SiH4 background was almost constant and was about 10% of 

the largest quantities of H2 obtained.  After two or three runs a Si mirror 

was in evidence, and the above exporiments were repeated to determine the 

homogeneous contribution to these experiments. 

Results over cleaned Al^ beads are listed in Table 25.  The beads were not 

cleaned between successive experiments, so that these were consecutive or 

cumulative experiments.  The results from Table 25 clearly demonstrate that 

single-crystal Al^ does catalyze the thermal decomposition of SiH .  The 

decomposition rate as measured by the yield of H,, per unit time was between 

10 and 100 times greater over a cleaned Al^ surface than over the beads 

coated with amorphous Si.  The decomposition over amorphous Si is homogeneous, 

as demonstrated by the data in Table 24. 

Preheatiug the cleaned Al^ to 1000 and 1200C prior to SiH4 decomposition 

did not appear to change the rate of decomposition. That is, no effect on 

the catalysis due to the preheating of the Al^ beads could be detected. 

2.  REACTION OF TMG AND AsII 

The metalorganic-hydride reaction between trimethylgallium (TMG) and AsH 

was also examined, to determine the conditions required to obtain pure GaAs. 

The experiments can be divided into three groups.  The first series examined 

the reaction to determine what volatile products were obtained, and how the 

ratio of these products varied with temperature. The second series of experi- 

ments was designed to prepare GaAs over various surfaces.  The third set of 

experiments attempted to determine what radicals could be present in the 

reaction system. 
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The first reactions between TMG and As^ were carried out over GaAs in a flow 

system containing an all-Pyrex gas pump, a short thermal zone and a U trap. 

In these first experiments, equimolar TMG-AsH3 mixtures at 50 torr were cycled 

through the system for periods of 4 hours.  Methane (CI^) and H,, were both 

formed.  The Cll^   ratio was about 2.2 from reactions at temperatures from 

190 to 280C; this ratio was 4.2 for a J53C pyrolysls.  The ratio of CH produced 

to TMG consumed was about 1.2.  Similar resulfs were obtained when these experi- 

ments were carried out with the U trap cooled .o -23C. 

The reaction was also examined with equi^lar TMG-Asli3 mixtures in a static 

reaction vessel over Pyrex or GaAs surfaces.  When these reactions were carried 

out between 85 and HOC the C^/H,, ratio was greater than 10.  This ratio was 

4.0 at 170C and 2.9 at 220C.  The other data from these experiments were 

not consistent enough for useful interpretation. 

The results from the above experiments demonstrate that both 

be produced in the reaction.  The ratio CH^/H, increased as the'temperatur ■ w; 

decreased so that the Cl^-forming steps evidently have a lower activation 

energy than the H.-.onning steps.  This fact would suggest that these products 

were produced in unrelated reactions. 

CH^ and H  can 

)S 

The probable sequence of reactions involved in these experiments is as follows: 

Ga(CH3)3 + Asli3 > (CH3)3GaAsH3, 

(CIi3)3GaAsil3  -   (Cn3)2GaAsH2  +  GH^ , 

(CH3)2GaAsll2 -> Cli3GaAsH +  CH, , 

CH3GaAsll   ■+   GaAs   +  CH 

AsH3  -»  Asli     +  H, 

H  + AsH3  -> AsM0 + H   . 

(25) 

(2b) 

(27) 

(28) 

(29) 

(30) 

Data  to  support   the   reaction  of  Equation   (29)   will   be  presented   later.     Since 

the   ratio  CH^produced/TMG-consumed was  usually  between   1   and  2   for  reactions 
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carried out below HOC only reactions (25), (26) and (27) were operative 

under these conditions. 

The experiments designed to obtain GaAs were carried out in an 80 cc Pyrex 

vessel with a 50 cc side arm connected by a Teflon valve.  In two experiments 

the vessel was coated with an As mirror formed by the decomposition of AsH 

at about 250C.  The reaction vessel was heated to 175C and a measured quantity 

of AsH3 (-35 cc) was condensed into the side arm at -196C.  The valve was 

then closed and the AsH3 allowed to warm to ambient temperature. Approxi- 

mately 7.5 cc of TMG was expanded into the main vessel (into a calibrated 

volume) and its pressure measured.  The stopcock was closed and the valve to 

the side arm opened to allow the AsH3 to expand into the main portion of the 

reaction vessel. 

After 1-1/2 hours, the products were distilled through -78C and -196C cold 

traps.  The products passing the -196C trap were Toepler-pumped into a cali- 

brated volume for quantitative measurement.  Mass spectra of these mixtures 

were obtained to determine the CH4/H2 ratio.  The fraction condensed at -196C 

was AsH3) while that condensed at -78C was TMG.  (The quantities of these 

reactants were determined by pressure-volume measurements.)  The reaction 

vessel was then closed off and heated to 450C for at least four hours.  The 

products (H2 and CH^) were analyzed in the same manner. 

The results from these reactions are given in Table 26.  For the three experi- 

ments listed the ratio CI^-produced/TMG-consumed was 3.05, 2.92 and 2.88. 

respectively, with an average value of 2.95.  For these three experiments the 

CH4 produced during the 1-1/2-hr 175C pyrolyses averaged 87% of the total pro- 

duced; the balance was obtained after heating the solid product at A50C. 

Similarly, most of the hydrogen was obtained in the 1-1/2-hr period.  These 

data demonstrate that the final solid product was undoubtedly GaAs and a mix- 

ture of As and AsH polymer.  In experiment 3 it appears that all of the AsH 

polymer had been decomposed to As metal.  It is thus concluded that GaAs can in 

fact be obtained from the reaction of TMG with AsH3, and that an excess of AsH 

should be used in any application of the process. 

148 

- ■   ■    ■     ■■    -       ■'  .■.......:-.  ,    . ■   .   ■■■■   .-      „■.-   .■■-.■   .   ,     ,1     ...-,.■.■■..-..   . ,L. .i-,-:..,..f...,■.;..^ A-.■..■..-^■.■.^■. •,-■■■■. ■■■■..   .-i.ii-i..-,   ■■:..,—-^■--.^.■.. !.■■■:. ;.--:.^.-^      .«.'.^ ...■■.;■, ■■   ■■■■....-.        . ■   ■   ■■      ,-■..■. ^ i . ;■-■■ :  .,.. y.-; ..■.;./..■.■■■.., -   :., .   .        ■     .      ■■   ■ ..-■■-   -,.-....■,.■■■■- i ■■.   .      ■   ■ ■ 



™'«?mraf»T'!»^wi^-Pww5raf^w!T*^^^ 

Finally, some experiments were carried out to obtain data concerning radical 

formation during the thermal reaction of TMG with Asl^.  In a typical experi- 

ment. CH3SiD3 
(il-6 cc) ™*  ASH3 (3.2 cc) were condensed into the flow-type 

reaction system.  The cold trap was maintained at -78C, which set the gas- 

Phase ratio of CH^iDyAs^ at 3:1.  The reaction proceeded lor 2-1/2 hr with 

the thermal 2one heated to 315C, where ^8103 is stable.  The H product 

fraction (1.6 cc) was U^UB/^  in a ratio of 1.0:0.8:0.45.  The formation of 

HD and D2 are strongly indicative of the presence of H atoms from the decomposi- 

tion of AsH3.  The D2 was the product of an induced decomposition of CH SiD 

initiated by H atoms and possibly AsH2 radicals. 
3   3 

Table 26.  Reactions of TMG with AsH, 

Expt. 
No. Surface 

Temp. 
(C) 

Time 
(hr) 

Reactants Consumed Volatile 
CH 
(cc) 

Products 
H TMG 

(cc) 
AsH 
(cc? 

1 As 176 1.5 6.1 1Ö.2 

 v  ^ 

18.6 

(CC) 

3.7 
2 As 178 1.5 4.0 7.2 11.7 3.2 
3 Pyrex 175 1.5 7.1 9.1 20.4 3.9 

In similar experiments,   the reaction of AsH3 and butadiene   (1,4-C^)  was  carried 

out.     In a  typical  experiment.   1.4-C^   (31.6  cc)  and ASH3   (12.6  cc)  were allowed 

to  react   in   the  flow-type  system  at  250C with   the  cold  trap  set  at  -78C.  which 

set  the  gas-phase  ratio of  AsH3/(l,4-C,H  ) 

AsH3  and  8.7   cc   of   1,4-C^ were  consumed, 

set  the  gas-phase  ratio of  Asiyd .4-C^)   at  10:1.     After  2-1/2 hr.   5.5  cc  of 

The  butadiene   is  stable  under  these  conditions,   so  some  radical   had  induced   the 

decomposition.     The   radical  AsH should  have produced HC  =  CH . 

H9C   CH„ 
z \ / ^ 

As 
H 

The absence of this compound as a product implies the absence of AsH radicals 

The volatile products from this reaction (other than Hj were AsH9CH r=CCH and 

^ 2  2H H  3 
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AsH2C^H9.  The products and the induced polymerization of 1,4-0,11 are con- 

sistent with the presence of H atoms and AsH., radicals. 

There, it appears that AsH does decompose to yield H atoms and AsH„ radicals. 

However, the results from Table 26 indicate that these species do not react 

with TMG in competition with excess AsH-,  The most likely interaction between 

H atoms or AsH  radicals with TMG would be the following: 

H + Ga(CH3)3 ->  CH4 + -GaCCH^, 

H + Ga(CH3)3 "" H2 + CH^aCCH^, 

(31) 

(32) 

Data which suggest that reaction (31) does not occur can be cited.  If reaction 

(32) occurred, the radical produced would abstract an H atom from AsH  forming 

TMG: 

•CH2Ga(CH3)2 + AsH3 -> Ga(CH3)  + AsH^ (33) 

To examine the possibility of reaction between H atoms and TMG, experiments 

with the flow pyrolysis of SnD, were carried out with TMG at 85C, without a 

cold bath on the trap.  The methane produced was a mixture of CH„D and CH. in 
i       4 

a ratio of about 1:10.  If the D atoms did abstract a GH., group from TMG 

essentially all CH3D should have been obtained: 

D + Ga(CH3)3 -> GH3D + -Ga^H^. (34) 

The small quantity of CH D formed probably came from a reaction of CH. radicals 

and SnD^.  (CH^Sn and (CH ) SnH were obtained; thus, TMG methylated SnD,. 

The alkylstannanes probably decomposed producing CH- radicals which could 

abstract D atoms from SnD, or H atoms from TMG: 
4 

CH-  +  SnD.   -> CH^D +  SnD,,, 
3 4 3 3 

CH3 + Ga(CH3)3  -»■ CH4 +   •CH2Ga(CH3)2. 

(35) 

(36) 
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Thus, it appears that the small quantity of CH3D formed in the SnD -TMG 

reaction probably did not occur via reaction (34). 

Finally, the thermal stability of TMG was examined over a Si mirror and 

over GaAs.  No decomposition of TMG was observed when TMG was pyrolyzed 

statically for 2 hr at a pressure of 78 torr at 175C over a Si mirror or 

at a pressure of 96 torr at 180C over GaAs. 

The static pyrolysis of TMG at a pressure of 99 torr (11 cc) at 235C for 

2 hr over a Si mirror yielded 3 cc of a mixture of Si^CH^, SKCH^ and 

HSi(CH3)3.  Methane and ethane were not obtained and almost all of the TMG 

was consumed.  When this experiment was repeated at 340C the same products 

wer^. observed, along with considerable quantities of CH4.  These results 

suggest that TMG reacts molecularly with Si above 235C.  At 340C, TMG 

decomposes to yield GH3 radicals which react with TMG to form CH4.  The 

absence of CH4 (or C^) from the reaction at 235C suggests that free methyl 

radicals were not produced at that temperature. 

The results with the TMG-AsH3 system can be summarized as follows: 

1. The reaction between TMG and AsH3 can be described by reactions 

(25)-(30) below 235C. 

2. Reactions (26)-(28) can be followed by examining the ratio of the 

CH4 produced to the TMG consumed. 

3. Reaction (28) is slow compared with reactions (25)-(27). 

4. Reaction (25) proceeds faster with excess AsH3 when the quantity 

of TMG remains constant. 

5. Reaction (28) appears to go to completion under the conditions of 

these experiments only above 400C. 

6. Under these reaction conditions TMG begins to decompose at 340C. 

The last two results suggest that further studies should he made of the reaction 

of TMG with AsH3 at high temperatures, where GaAs is formed on the surfaces of 

interest.  This reaction should then be compared with the decomposition of IMG 

at these temperatures over these same surfaces and over GaAs. 
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rhree different A1203 orientations were successfully thinned by this method - 

(0001), (1014). and (0112).  Considerable study of properties of the re.nl ti,, 

thinned substrates was carried out. and improvements in the ion-thlnnin, pro- 

cess for preparation of substrates for the In situ experiments were realized 

during the final year of the program. 

Mechanical lapping and polishing methods that produce good quality surfaces 

suitable for use as substrates for epitaxy were developed for several orienta- 

tions of A1203 - (0001). (0112). (1014), (1120), ^ deg off (1120) and (1122) 

■neans of etch-rate techniques developed for this material it was possible to 

determine the apparent depth of damage in Al^ substrate wafers at various 

stages of preparation, and considerable information of this type was obtained. 

In addition, the routine characterization of substrate surfaces at various 

stages of preparation has con .'nued throughout the program, utilizing various 

standard techniques of x-ray and electron diffraction analysis and optical 

and electron (including scanning) microscopy. 

1.  PREPARATION OF INSULATOR SUBSTRATE SURFACES FOR USE IN HETEROEPITAXY 

EXPERIMENTS 

For a period of several years it has been known to investigators involved in 

various types of epitaxial growth of metals or semiconductors on the surfaces 

of substrate wafers (whether crystalline or noncrystalline) that a surface of 

a certain minimum quality is required for the deposited film to have the 

desired properties.  Tins is especially true in the semiconductor/insulator 

systems, where optimized properties of the semiconductor are usually required, 

indicating that single-crystal film growth is essential (or at least highly 

desirable).  This in turn dicta^. a single-crystal substrate wafer, but 

experience has shown that more than just a highly perfect crystal lattice is 

required for the epitaxial growth to be ^  optimized quality.  That is, the 

structure and the condition of the surface itself are dominant characteris- 

tics that must meet certain minimum requirements. 

By 
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A considerable amount of effort was expended on this program to develop new 

methods and improve on old methods for preparing substrate surfaces adequate 

for use in heteroepitaxy studies.   The substrate materials of special interest 

were primarily A1„0„ - used for most of the experimental epitaxial growth 

investigations on this contract - and secondarily MgAl„0. - a substrate 

material that has experienced several changes in recent years in its status 

as a substrate for semiconductor epitaxial film growth for device use. 

In both cases the main interest was in the epitaxial growth of Si by CVD on 

the prepared substrate surface; the growth of GaAs films on these materials 

was also of intecest, although it did not receive the same program emphasis 

as did Si growth. 

Two techniques for producing polished high-quality surfaces on Al^O  (or 

MgAl„0.) wafers for use in semiconductor heteroepitaxy are discussed below. 

Both methods were examined extensively auring the course of this contract. 

The mechanical polishing process, of course, is the traditional method for 

producing a smooth and relatively flat surface on crystal wafers of various 

types; this is the process used ' ■• most commercial suppliers of "polished" 

substrate wafers of almost any of the readily available materials.  The gas- 

phase etching process, on the other hand, is relatively new and untested for 

the materials involved here but appears to offer considerable promise for 

use in obtaining good epitaxial surfaces on certain orientations of A1„0_. 

a.  Mechanical Polishing Methods for Al 0  and MgAl,0. 

Considerable improvement in mechanical poliiI ;ng procedures for insulating 

substrates - especially Alo0 - was achieved with good reproducibility as 

the result of work, done on this contract.  A1„0„ substrates of six different 

orientations - (0001), (0112), (1014), (1122), (1120) and near-(1120) - were 

successfully polished to "epitaxy finishes" in this work. 

An indication of the magnitude of the problem of achieving relatively scratch- 

free surfaces on A1„0„ wafers was given by the demonstration in the first yeai 

of the program that A1„0~ surfaces prepared by customary mechanical polishing 
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techniques and used routinely for semiconductor heteroepitaxy typically 

exhibited a severe surface and subsurface damage, with many scratches often 

several microns deep and often rendered invisible to close inspection by 

amorphous or fine-grained debris embedded in the scratches in the final 

polishing stages.  Such defects and impurities would obviously be influencing 

factors in film nucleation processes and contribute to defects in the result- 

ing films. 

For example, most groups of (1014)-oriented Al^ substrates as received from 

the vendors were found to exhibit unacceptably deep surface scratches.  Similar 

scratches were also found in the surfaces of (1014)A1203 substrates prepared 

in Rockwell laboratories with lym diamond as the final abrasive, although the 

surface finish obtained by this method was better than that on the vendor- 

polished substrates.  Good epitaxial growth cf Si had been achieved previously 

on A1203 substrates of this orientation prepared in the same way at Rockwell, 

but systematic examination of the surfaces of these substrates revealed 

defects of sufficient magnitude to affect adversely the nucleation process, 

thus raising doubts as to the film quality ultimately achievable. 

The (1014)A1203 orientation was found to be particularly difficult to polish 

properly for semiconductor epitaxy; subsequent in-house mechanical polishing 

of vendor-polished (1014)Al^ substrates with finer abrasives and modified 

polishing techniques usually revealed pre-existing surface and subsurface damage. 

An example of this is shown in Figure 35, in which the surface of such a sub- 

strate is shown in the as-received condition from the vendor (Figure 35a) and 

after two additional polishing steps in Rockwell laboratories (Figures 35b 

and c).  All photomicrographs show exactly the same portion of the substrate 

surface; the scratches revealed in Figure 35a are shown in an accentuated 

condition in the other photographs.  Also seen are what appear to be "new" 

scratches but are actually previously existing scratches uncovered by the 

fine polishing procedure through removal of debris packed into the scratches 

in one of the final preparation steps carried out by the vendor.  Detailed 

investigation of such examples at all stages showed beyond doubt that the 

"new" scratches appearing in the later stages were not introduced by the fine 
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polishing but were present originally.  For example, gas-phase etching methods 

to be described in the next section readily revealed the nature of the 

extensive surface damage found in these polished substrates and established 

Che existence of severe scratches in the surfaces. 

The scanning electron microscope (SEM) was also used in the evaluation of 

polished surfaces of (0112), (0001), and (lOUUl^ substrate wafers.* 

Because of the insulator characteristics of the samples it was necessary to 

coat the wafers with a very thin mecal conducting film to avoid charging 

effects on the electron beam.  A technique was developed for returning to the 

same point on the surface of a wafer for further examination at a subsequent 

time.   This technique involved specially designed SEM sample mounting ped- 

estals which permitted relocation of a substrate accurately in its previous 

Position on the pedestal by means of a set of "cross hairs" or XY axes 

scribed both on the top of the  pedestal and on the back side of the substrate 

wafer.   Once accurate alignment of these two sets of "cross hairs" was 

achieved (with the aid of an optical microscope) it became possible to return 

to a given point on the wafer by means of the calibrated XYZ micrometer 

motions of the SEM.  Each "quadrant" of the sample, as defined by the XY 

axes, was arbitrarily divided into four working areas for detailed examination. 

As . result, a sample was examined in 16 reference areas which covered a 

majority (although not all) of the surface of the wafer. 

A series of three typical photomicrographs made in the same region of a sub- 

strate of (1014)A1203 at three different magnifications is shown in Figure 36. 

The low magnification (200X) photograph of Figure 36a shows a surface scratch 

which is relatively difficult to see clearly.  As the magnification is 

increased, however, the nature of the scratch marked by the arrows in 

Figure 3Ua  becomes quite clear.  This type of scratch is introduced early 

in the substrate polishing process, and usually survives the later steps in 

the polishing to become a "permanent" blemish,unless the wafer is relapped. 

*The SEM analyses were done at the Rockwell International Science Center in 

Thousand Oaks, CA, by L. 11. Hackett, Jr. 
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1 
Further study showed that pre-existing surface damage was common to all of 

the crystallographic orientations of Al^ obtained from vendors.  The 

amorphous or fine-grained material packed into the scratches is probably 

powdered Al^ remaining from the polishing process. (Details of vendor 

polishing procedures are generally not available, for proprietary reasons.) 

In general, it appears that it is important to start with Al 0  slices the 

order of 50 mils thick.  Attempts to improve the surface finish on vendor- 

polished substrates by subsequent polishing at Rockwell have been only 

partially successful because, typically, these polished wafers are in the 

thickness range below 20 mils, and considerable material removal is required 

to eliminate deep damage and to generate an acceptable new surface; extensive 

wafer breakage often results in these cases. 

The problem of producing scratch-free Al^ surfaces of epitaxial quality by 

mechanical polishing still remains to be completely solved.  The main diffi- 

culty arises due to the rate of material removal achieved during the final 

polishing steps (3ym, lym, and 0.25ym diamond) with the methods developed to 

date.  Observations indicate that at these stages the Al^ wafers (mounted 

on a flat block) and also the lapping or polishing plate (charged with 

diamond abrasive) change in flatness due to the excessive time required to 

remove scratches caused by the preceding step (6ym diamond).  As "perfect" 

contact between the wafers and the lap is lost, new scratches begin to appear; 

oome of the largest previously-existing scratches (3-6um) begin to enlarge. 

Usually at that time it is best to start over at the 6ym step. 

A method is needed which removes sufficient material in the final steps of the 

polishing cycle, yet still maintains adequate contact (flatness) between the 

parts being polished and the lap charged with the abrasive.  This requirement 

has not yet been fully met and, as a result, some of the polishing problems 

associated with Al^ are not yet totally solved.  It must be remembered, 

however, that the surface quality required for epitaxial growth of semicon- 

ductors is considerably beyond that normally associated with the term 

"polished surface." As a result, special procedures had to be devised. 

159 



r •p^^'W^l'.i'il^iWJM.^VVr" 

The basic techniques used for mechanically polishing A190 wafers on this 

contract were developed in the first year of the program.  In addition, the 

(1014) orientation of Al 03 required considerably more attention to develop 

a reproducible polishing procedure, and MgAl 0 substrates were polished by 

procedures developed on other programs not related to this contract.  The basic 

procedures developed and used for all of these surfaces are described below. 

(1)  (1014)A1203 

After considerable work, with wafers of this orientation, which had been the 

most difficult of the Al-O- orientations on which to obtain a relatively 

scratcn-free epitaxial finish, it was determined that each wafer to be lapped 

and polished required that its edge be beveled at the point of intersection 

with each face of the wafer, so that no sharp edges remained after mounting 

to serve as starting points for chipping or more extensive breakage.  Earlier 

observations had indicated that this type of edge breakage during lapping and 

polishing operations was probably responsible for much of the damage produced 

on the wafer surface.  The edge beveling greatly reduced this problem. 

A1203 wafers of this orientation were typically mounted, after beveling, in 

groups of four or five on a single holder.  The samples were then lapped 

using three specially designed cast-iron laps in sequence.  The laps were 

charged with slurries of synthetic diamond abrasive of particle size 5, 3, 

and Ipm, respectively. A typical surface of (1014)A120- after the Ipm lapping 

step is shown in Figure 37; numerous scratches are readily visible. 

Following the lym step, another specially designed lap (in this case brass) 

was charged with 0.5ym synthetic diamond abrasive and used in a last polishing 

process on the optical polisher, prior to transferring the mounted samples (on 

the holder) to a vibratory polisher for final polishing.  The surface of a 

(1014)A1203 wafer after the brass-lap polishing step with 0.5lim diamond is 

shown in Figure 38a. 
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Figure 37.  Typical Surface Finish Obtained on (1014).il20 Substrate with 

Special Cast Iron Laps with Slurry of Ipm Synthetic Diamond on Optical 

Polisher (94X). 

Figure 38b shows the same region of the Al^ wafer shown in Figure 38a, but 

after the next step - 66 hr of polishing time on the vibratory polisher, with 

nylon cloth providing the polishing surface and the carrier for a slurry of 

synthetic diamond abrasive of 0.25ym particle size.  Following completion of 

that step, the wafers were then final-polished with 0.25iJm "top" diamond* 

using a perforated Pellon cloth. 

This method of processing constitutes the most successful technique developed 

to date for this particular orientation of Al^; it provides a surface 

acceptable for heteroepitaxy experiments and was adopted as the "standard" 

*This designation is given a particular "cut" of synthetic diamond abrasive by 

Fletcher Engineering, Inc., Westminster, CA. It consists primarily of O.lym 

synthetic diamond particles, processed by deionization and subsequent stabil- 

isation in solution. 
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(a) 

■■,■ (. . ■ 

■ ■ 

v--- 

(b) 

Figure 38. a)  Surface Finish on (1014)A1203 Substrate after Using Special 
Brass Lap with Slurry of O.SjJin Synthetic Diamond on Opticp.l Pclisher. 
b) Same Area after 66 hr Polishing on Vibratory Polisher Using 0.25ym 
Synthetic Diamond on Nylon Cloth (94X) 
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mechanical polishing procedure for this orientation of Al 0 . 

(2)  (0001)A1203 

Basal-plane Al^ was perhaps the easiest of the six orientations on which 

to obtain a good-quality epitaxy finish.  The procedure used for polishing 

these substrates was as follows:  The as-sawed wafers were first lapped on 

both sides using 400-mesh boron carbide.  The substrates were then rough- 

polished on three cast-iron laps in sequence, using diamond slurries of 5, 

3, and Ipm particle size.  A brass lap with 0.5ym diamond slurry was then 

used for the final rough polishing on the optical polisher.  The wafers were 

then polished with a Linde "A" (0.3ym Al^) mixture on the optical polisher 

using a perforated Pellon cloth.  Final polishing was completed on the 

vibratory polisher using a Linde "B" (0.05ym Al^) mixture. 

This procedure routinely produced surfaces of (OOOl)-oriented A120 suitable 

for epitaxy experiments. 

(3) (Oli2)Al203 

The polishing procedure developed for the (0112) plane of Al,^ was essential- 

ly identical to that used for basal-plane wafers.  The two orientations were 

approximately equivalent in their polishing characteristics. 

(4) (1122)A1203, (1120)A1203, and 6 deg off (1120)A1203 

These orientations all were polished with the same procedure as was developed 

for the (1014) orientation, except that the duration of the final polishing 

step was extended 10 to 257.  beyond that typical of the (1014) procedure. 

(5) MgAl204 

Polishing methods  developed on a separately-funded program*for a variety of 

*Subcontract  from  Crystal  Technology,   Inc.,  Mountain View,  CA,   as part  of 

AFML  Contract No.   F33615-70-C-1544. 
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crystallographic orientations of stoichiometric spinel (MgAl^) were applied 

to some of the substrates used for Si heteroepitaxy experiments in this 

contract program. 

The procedure used for preparing (111) and (110)MgAl204 substrate wafers for 

epitaxial growth was as follows.  As-cut MgAl^ slices were muimted on appro- 

priate polishing jigs with wax, using standard techniques.  The wafers were 

lapped on a vibratory polisher, first with 12ym and then with 5ym SiC abrasive, 

to remove surface damage caused by the sawing operation and to provide a 

smooth flat surface for subsequent processing.  The lapped wafers were then 

pre-polished with a slurry of Linde "A" (0.3ym Al^) on nylon cloth in the 

vibratory polisher.  Typical time for this step was -26 hr, with at least two 

changes of the abrasive slurry required.  Observation of the substrate surface 

following this step, using the Nomarski interference-contrast objective on 

the microscope, showed that very shallow scratches remained in the surface. 

To remove the Linde "A" scratches an additional polishing step using a slurry 

of Linde "b" (0.05ym Al^) on nylon cloth was employed, resulting in moderate 

overall improvement of the surface finish, with much finer scratches still 

present.  Although other polishing cloths were occasionally used in the Linde 

"B" step, Lhe best results were obtained with nylon. 

Use of these substrates for Si growth clearly demonstrated that, just as for 

mechanically polished Al^, the appearance of the surface can be very mis- 

leading.  Some surfaces that looked scratch-free really contained scratches 

that were filled in by polishing powder and debris.  This condition was 

revealed during attempts to clean MgAl^ surfaces for Si growth; it was found 

that after about 10 to 30 min in hot HF, most of the "fill-in" material „as 

removed.  Figure 39 shows adjacent regions of the surface of a broken slice 

of (lll)MgAl204; the right side was "etched" for 30 min in hot HF.  The 

defects shown were apparent in MgAl^ polished by either of the two principal 

vendors* as well as by Rockwell laboratories. 

*Union Carbide Corp. and Crystal Technology, Inc. 
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Figure 39.  (Ill) Czochralski MgAl20  (a) before Etching; 
(b) after Etching in Hot HP for 30 min 

Just as was the case for some Al 0 substrate surfaces, it was not evident 

from the quality of Si films grown on these polished but defective substrates 

that the surfaces were as poor as later scrutiny showed them to be.  The 

explanation for the high quality of Si films that could occasionally be 

grown on relatively poor substrate surfaces, both for Al^O and for MgAl^O,, 

is yet to be found. 

L2"4J 
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b.  Gas-phase Etching/Polishing Techniques 

In addition to the attention given to the problems of mechanical polishing, 

considerable effort was devoted to the use of gas-phase etching to reveal 

the surface quality of substrates prepared by vendors and by Rockwell 

personnel, and for the purpose of developing etching/polishing techniques 

for improving mechanically-prepared surfaces. 

An example of the first application is shown in Figure 40, in which the 

surface of a (0112)-oriented A120 wafer as received and the same region 

after two successive steps of gas-phase etching is illustrated.  No mechanical 

polishing was done on this substrate after receipt from the vendor.  Note 

that a considerable amount of r .terial (~8ym) had been removed in Figure 40c. 

Study had showed that such pre-existing surface damage was common to all 

of the crystallographic orientations of Al^ obtained from vendors, as indicated 

above, and that the amorphous or fine-grained material packed into the scratchk.-i 

was probably powdered Al^ remaining from the polishing process. 

That proper polishing techniques could minimize the occurrence of this effect 

was shown by a particular instance in which a pair of basal-plane ((0001) orienta- 

tion) A1203 substrates were compared; one was vendor-polished and the other was 

polished in Rockwell laboratories.  The latter had a much superior finish, with 

very few scratches visible at 115X with the Nomarski interference objective. 

Replica electron micrographs of both samples at 10,000X showed that the ore 

with superior finish still appeared practically free of scratches, while the 

vendor-polished surface appeared (at this magnification) almost entirely covered 

with a variety of scratches. 

After gas-phase etching at 1400C in Freon, which removed ~0.4ym of material 

from the surface, replica electron micrographs showed no indication of scratches 

on the Rockwell-polished surface, although numerous shallow etch pits and some 

low-angle grain boundaries were evident on perhaps 10% of the area observed. 

Numerous other surface features, appearing to be vertical steps, were detected 
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Figure  40.     Photomicrograph of Surface of  (0li2)Al  0    Substrate 
a)   as  Received  from Vendor;   b)   after Gas-phase Etching  in Freon at  1450C 
for  5 min   (~3VJm of  material   removed);     c)   after  15 min   (total)   Etching 
(~8ym of  material   removed) 
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at these defects and. In fewer number, in defect-free regions of the surface. 

The vendor-polished sample, however, still exhibited many scratches after the 

gas-phase etching. This indicated that the scratches (or the damaged regions 

below them) were probably deeper than O.Aum.  Virtually the entire observed 

area of this sample was coverea with etch pits and the steps associated with 

scratches. 

As an alternative approach to the achievement of better substrate surfaces 

for heteroepitaxy, gas-phase etching was investigated. The use of SF (Ref 53) 

and various fluorinated halocarbons (Freons) (Ref 54) for removing layers of 

A1203 had been previously demonstrated at Rockwell.  However, the use of this 

technique requires careful control to optimize the polishing action and to 

minimize the etching of defects at the Al^ surface. 

To this end. gas-phase etching/polishing studies were begun with the Al 0 

orientations of greatest interest - (0112), (1014), and near-dlM).  Based 

on the previous work (Ref 54), it was decided to concentrate the effort on 

etching with Freons. 

Etch-rate data for Al^ as a function of the flow rate of Freon gas are 

recorded in Figures 41-43 for pedestal temperatures of 1400. 1450. and 1500C. 

These data indicate that (OmUl^ etches at a greater rate than (1014)A1 0 

the rate ratio being -.4:1 at 1400 and 1450C but -2:1 at 1500C. The spread in^ 

the data points is mostly due to the fact that the etch rate was calculated 

from the weight loss of the slice, and 0.1 mg error can represent a considerable 

error in the etch rate, particularly when the measured weight loss was normally 

less than 2 mg.  (No correction was made for the weight loss from the sides 

of the substrate or from the outer edge of the underside of the wafer, which 

normally is reached by the gas stream.) 

Etch temperature, substrate orientation, and etch rate were found to have an 

effect on surface quality, particularly on (Ol^Al^. From Figure 44 it 

appears that 1500C is preferred to the other two temperatures for etch polishing 

(0112)Al2O3 
at Freon flows of -13 ml/min. even though the etch rate is approxi- 
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Figure 41.     Rate of Etching of Al-CL by Freon at 1400C 
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Figure 43.  Rate of Etching of 

Al-O« by Freon at 1500C 
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mately the same for the three temperatures. Structural defects started to 

appear on the sample etched at 1400C and were evident on the 1450C sample, 

but only faint scratches could be seen on the. substrate etched at ~1500C. 

Greater Freon flows, such as 20 ml/min and 40 ml/min, appeared to etch rather 

than to polish the (0112)-oriented surface. 

Another portion of the sample shown in Figure ^c Was photographed at 

different stages of etching, using the same polishing conditions (13 ml/min 

at 1500C).  Figure 45a represents the as-received vendor-polished surface. 

The "0" seen in the photographs was scribed on the back of the sample and 

was readily visible at the magnification employed (53X); this was used to 

provide reference points for returning to the same part of the substrate for 

examination at a future time.  Few scratches are visible in Figuie ^5a. 

After the removal of ~5ym of surface (Figure ^5b)t  the original scratches 

seemed to have disappeared; however, grain boundaries and new scratches were 

then exposed.  In Figure 45c the grain boundaries and some scratches appear 

more pronounced, even though 9ym of surface (on the average) had been removed. 

It is evident the gas-phase polishing is effective in removing work damage 

from (0112)Al^. Whether it would provide a film with better electrical 

properties has not been determined. 

No set of parameters has yet been found sufficient for gas-phase e^ch-polishing 

of (10l4)Al2O3.  Figures 46 and 47 indicate that the subsurface regions of 

(1014)-oriented substrates are typically extremely poor. The substrate as 

received from the vendor appeared to be essentially featureless,but after 

removal of ~2vim of material the scratch density was revealed. A majority 

of these scratches could be removed; light scratches were removable, but major 

ones were either propagated or were so deep originally as to require removal 

of major  amounts  of the substrate surface. This, in turn, usually caused 

pitting of the surfaces. 

Czochralski-groun Al^ oriented near (1120) seemed to polish well with Freon 

except when the work damage in the slices was very deep. In some cases, the 

removal of ~5vim of surface seemed sufficient; for other substrates, the removal 
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Figure 47.     (10Ü)A1203 Surface after Etch-polishing with Freon 

at Flow Rate of 60 mil/min at  (a)   1450C and  (b)   1500C. 

(approximately 2ym of surface removed from each substrate.) 
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of at least 12ym was still insufficient to remove obvious work damage.  These 

results suggest that close control of the sawing and mechanical polishing 

processes used in earlier stages of Al CL substrate preparation is necessary 

in order to standardize on a gas-phase polishing process for removal of work 

damage. 

Gas-phase etching with Freon was also used for several other purposes: (1) as 

a means for thinning Al^ substrates; (2) for slow but prolonged etching on 

-(1120), (0ll2) and (0001)Al^; and (3) to assess the subsurface damage, if 

any, caused by various polishing procedures, specifically that for (1014)Al 0 . 

The first application will be described in Section 6-3. The other two will 

be discussed below. 

(1) Prolonged Gas-phase Etching 

M203 substrates oriented in the -(1120), (0112), and (0001) planes were treated 

with Freon for 25 min periods using etch-polishing conditions which had been pre- 

viously identified as less orientation dependent.  The results are depicted 

in the accompanying photomicrographs, which were obtained with a Nomarski inter- 

ference contrast attachment on a metallurgical microscope. 

Figure 48 shows that gas-phase etching of Czochralski-grown (0112)A120„ can 

produce considerable etching of the crystal planes, but the structure changes 

in character with etching time,with the surface apparently becoming smoother 

as a stable surface is found by the etching action.  Etching of good quality 

A1203 oriented to -(1120) (Figure 49 ) seemed to reveal only the work damage 

due to polishing the substrate; however, some areas of Verneuil-grown substrates 

did possess a relatively high density of diamond-shaped etch pits (not shown 

in the figure). 

The same set of etch-polish conditions proved to be helpful in preparing smooth 

surfaces on (OOODAl^, shown in Figure 50.  After 25 min of etching, scratches 

were still visible.  After 50 min the scratches were essentially gone, and the 

surface remained smooth after 75 and 100 min of etching. However, a number of 
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hexagonal etch pits were evident; these may be characteristic of the substrate 

or caused by reaction of Impurities in the etchant and etching atmosphere with 

the substrate.  Figure 50 is included to show the sensitivity of the gas-phase 

etching process to certain types of defect structure present in these substrates 

cut from Verneuil-grown Al 0 . 

(2)  Evaluation of Mechanical Polishing Proced ures 

As previously indicated, the (1014)Al^ orientation has been found to be 

particularly difficult to polish properly for semiconductor epitaxy; subse- 

quent mechanical polishing at Rockwell of vendor-polished material has always 

brought out greaLer surface and subsurface damage than has been acceptable. 

Light polishing of vendor-polished substrates at Rockwell apparently removes 

polishing debris which, when packed into the scratches, gives the impression 

that the surface is of high quality when this is simply not the case. 

Such surfaces after a light gas-phase etch showed even more indication of the 

damage introduced during the mechanical polishing, and the technique of gas- 

phase etching for such evaluation was employed.  Figure 51 represents the 

surface of a (IDÜUl^ substrate wafer after being polished in Rockwell 

laboratories by the method described in preceding sections.  The major defect 

shown was deliberately introduced ,.0 act as a point of ^^ ^ ^.^.^ 

during the polishing and etching process.  Before gas-phase etching but after 

mechanical polishing the surface was very smooth and displayed essentially 

no character (Figure 51a), but after 10 min ^^ material removed) ^ 

30 min of etching (~0.6iim removed) some subsurface damage was revealed 

(Figures 51b and c).  However, the amount of damage was only a fraction 

of that found in vendor-polished material; the data offered evidence that 

considerable progress had been made in polishing (1014)A1 0 a significant 

achievement. 

The studies of gas-phase etching consistently revealed such surface 

and subsurface work damage on Al^. caused by the mechanical processing of 

the substrate in preparing a surface conducive to epitaxy.  Yet it is striking 
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Figure 51. 

(b) 

s.:4'S^ 
fe. 

90 fj. m 

(c) 

Surface of (lOÜUl^ (a) after Mechanical Polishing; 

(b) after 10-min Etch with Freon at 1400C; (c) after 

30-inin Etch with Freon at 1400C (~0.6yin removed.) 
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that such damaged surfaces have been Lag used in the industry for the epi- 

taxial growth of Si and other semiconductors.  Some experimental results 

obtained with substrates of this type may provide an indication of why this 

has been possible.  Further experiments were carried out with the various sub- 

strate surfaces shown in Figures 48 and 49.  Si films were grown and their 

electrical properties were measured.  The data are shown in Table 27 and are 

somewhat surprising.  Essentially identical carrier mobilities were found for 

films grown on unetched substrates and for those on substrates etched for as 

long as 100 min (.20Mm of thickness removed), for both Czochralskl- and 

Verneuil-grown Al 0 . 

This was taken to indicate that (1) the work damage is even greater than 20,n, 

deep in these substrates (which were prepared by commercial vendors), or 

(2) the Si overgrowth is able to "ovarcome" much of the substrate surface 

imperfection during its growth, with the actual mobility-limiting factor being 

the stress-nroducing thermal contraction (see Section 2-5) and/or lattice 

mismatch between the two materials, or (3) there is a third species present 

on the substrate surface in this CVD reaction and it provides the real growth- 

influencing sites.  The question remains unanswered; further experiments are 

needed to examine this matter in more detail. 
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c.  Ion-beam Etching/Sputtering 

The first test of the ion-beam sputtering apparatus used for preparing thinned 

A1203 substrates for the in situ CVD experiments (see Section 8) was to use 

it to ion-etch the surface of a mechanically polished (1014)-oriented A1„0„ 

wafer.  Evidence of scratches originally present on the polished surface remained 

after removing more than 9Mm of material.  The results after successive removal 

of a total of less than 0.1 and 9.6)Jm of Al-CL are shown in Figure 52. In the 

photomicrograp'is the irregular line at the extreme top right is the edge of the 

sample; the area immediately next to it was untouched by the ion beam during 

the etching process and represents the original condition of the Al-0 surface. 

Only the area in the lower left portion of each photomicrograph represents the 

region of the crystal which had been fully etched by the ion beam; the remaining 

intermediate areas were partially etched. 

Comparison of the etched and unetched regions of the sample as shown in Figure 52a 

reveals that the light icn-etching (<0.lMm) enhanced the visibility of the orig- 

inal scratches. This effect, similar to that noted with Freon etching, was 

attributed to the removal of polishing debris which had filled-in the scratches. 

Further ion-etching, sufficient to remove 2.7 and 7ym, began to produce a smoother 

surface, although the original scratches remained clearly visible. 

After removal of 9.6pm of Al^ (Figure 52b) the surface appeared significantly 

improved, yet traces of the original scratches were still present.  Although 

the scratches themselves were not 9.6iJm deep prior to the start of the ion- 

etching process, it does appear that the damaged regions below the scratches 

may have extended at least this deep into the original polished crystal surface, 

causing a preferential etching effect until the damaged regions were completely 

removed. 

Thus, the results obtained with ion etching appeared to be quite similar to 

those found for gas-phase etching.  Neither technique was pursued sufficiently, 

however, for it to become a regularly used procedure in the preparation of 

A1203 substrates for the heteroepltaxy studies. 
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(a) 

(b) 

Figure 52.     (lOlAM^CL Wafer  Ion-beam Etched at Low Angle 

to Remove  (a)   <0.1ym>   (b)  9.6ym. 
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2.  DETERMINATION OF DEPTH OF DAMAGE IN Al^ SUBSTRATES 

The investigations described in Section 6-1 clearly demonstrated the prevalence 

and the significant depth of the work damage that is characteristic of mechani- 

cally prepared surfaces of Al^. MgAl^, and similar materials of interest 

as substrates for semiconductor heteroepitaxy. 

To attempt to determine quantitatively the depth of this damaged region caused 

by the mechanical sawing, lapping, and polishing processes used on A^O  to 

produce epitaxy substrates, a series of etching experiments was undertaken. 

These experiments used the "constancy-of-etch-rate" technique (Ref 55), which 

is based on the observation that the highly strained crystal surfaces produced 

by localized heating and by the pressure of a saw blade and/or abrasive panic-es 

etch more rapidly than those with less strain.  Therefore, as the crystal sur- 

face is etched, decreasing amounts of strain are encountered and the etch rate 

decreases accordingly until a constant value is reached. 

The procedure used was to observe the etching rate as a function of the amount 

of surface material removed (based on wieght-loss determination), with the 

appearance of a constant etch rate taken as indication that the main part of ,he 

damaged region had then been removed.  The chemical etchant used in these measure- 

ments was a 1:1 (volume ratio) mixture of H^ and H^ (Ref 56), with a 

temperature of-200C and continuous agitation of the etchant required.  Although 

there may be some uncertainty about the exact structural significance of the etch 

rate reaching a constant value, the technique has been found useful with other 

substrate materials (e.g., BeO) for indicating depths of severe damage and varia- 

tions in this depth as a function of mechanical treatment and of crystallo- 

graphic orientation. 

Approximately circular Al^ substrate wafer blanks in the as-sawed condition 

and 0.020-0.030 in thick were used for these measurements. The orientations 

used were (0001), (0112). (1014). (1120), and ^6 deg off of (1120).  The samples 
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were evaluated in the as-sawed condition and then uniformly processed on both 

sides with a given lapping or polishing compound and evaluated again by the 

etching process.  Surface areas were determined ii.om micrometer measurements 

of dimensions. The samples were carefully cleaned and weighed on a microbalance 

before and after etching for 10-20 min intervals.  The weight loss for a given 
2 

time interval was calculated on a mgm/c -min basis, then converted to )Jm/min by 
3 

introducing the density of A120  (3.98 gm/cm ).  This weighing, etching, reweigh- 

ing and calculating procedure was repeated until the etch rate became constant. 

The etch rate data were then plotted as a function of total etching time. 

Since the etch rate for each time increment is an average value, the data 

points are placed in the center of the time increment.  The exact time at which 

the etch rate is considered to become constant is open to some question; to allow 

for this uncertainty, the range of values reported in Table 28 show the maxi- 

mum variation.  In order to minimize experimental errors further, two samples 

of each surface preparation and orientation were examined.  The curves in 

Figures 53, 54. 55 and 56 reflect the average rates of each sample set. 

The saw-cut wafers (Figure 53) show the largest amount of damage, as would 

be expected. The slices were cut on a tensioned-membrane inside-diameter (ID) 

saw using a blade impregnated with 340-mesh synthetic diamond abrasive. The 

etch rates after the initial damage was removed were slightly higher, due to 

the larger surface area created by the large number of faceted etch pits.  To 

check this, the acid temperature was raised to 300C where chemical polishing 

occurs.  The facets were thus removed, and the etch rate was then measured 

again at 200C; it then equaled the rates measured on flat, non-faceted surfaces. 

The depth of damage curves for the rough-lapped (400-mesh boron carbide)surfaces are 

shown in Figure 54.  In this case there was a very small variation in the 

etch rates between the hardest - (1014) - and softest - (0001) - orientations. 

Therefore, the etch rates for the (1120), 6 deg off (1120), and (0112) surfaces 

are plotted as a single line.  It is not clear at this time why the difference 

in etch rates is so small at this stage of processing. 

186 

i 

 ■----'"iianittliiiMiiiiiiiiMiiftwlfi - ■ 
r^^.^,>^^^^v^^^.,^^^^^. 



mmmmmmm mmmmmmmm^mmimmm \mimm..m»mimm*^fim*mmi***mmitmi mm mmmmmmmmmmmm 

0.06 

0.05 

E 

w   0.04 
H 

c o.o;* 

<: 
2   0.02 

0.0J 

0.0 

SURFACES AS CUT 

WITH ID SAW (34U-MESH DIAMOND) 
ETCHED IN H3 PO4: H2SÜ4 (1:1) AT 215 C IOH TIMES SI1ÜWN 

s*^ 
ÜÜÜJ 

^-lll}'ü 

— oili; 

J0 '20 30 40 ;>o CO 

TOTAL ETCHING TIME (inih) 

70 80 00 luu 

Figure  53.     Variation  in A1„0.  Etching Rate with  Depth  into Wafer 
for As-sawed Surfaces of  Several  Orientations 
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Figure 54. Variation in Al.CL Etching Rate with Depth into Wafer 
for Surfaces of Several Orientations Lapped with 40ym 
Boron Carbide 
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The etch rates for the 12pm SiC fine lapped surface (Figure 55 ) and the 

final-polished 0.25|J.m "top" diamond* surface (Figure 56 ) are low - 

characteristic of the surface preparation, with distinct termination of the 

damaged layers. 

The depths of damage calculated from these data are shown in Table 28 .  The 

times (min) required to remove the damaged layer under the etching conditions 

described above are also listed.  The depths of damage determined for the epi- 

taxial polish are approaching the experimental limits of the technique.  They 

can be considered valid, however, since they are self consistent and two 

samples of each orientation were run independently and are in excellent agree- 

ment. 

The etch rates found in these studies are approximately 30% lower than those 

reported by Reisman et al (Ref 56) at the equivalent temperature.  This dis- 

crepancy would be accounted for if those investigators had determined only 

an average etch rate over the first hour of etching - that is, if the damaged 

layer at the surface had not been removed prior to determining the etch rate. 

The results of both studies are in excellent qualitative agreement with respect 

to the orientation dependence of etch rates. 

The significance of the very shallow (<0.1fjin) depth of damage in final-polished 

A1203 surfaces, irrespective of crystallographic orientation, is yet to be 

fully evaluated.  Perhaps the main point to be emphasized is that, although 

very effective mechanical polishing procedures (Section 6-1-a) have been 

developed on this program for the A120 orientations cited here, there still 

is a damaged region of detectable depth at the surface, and it is the micro- 

scopic features of the surface (such as this thin damaged layer) that ultimately 

influence the film nucleation and early-stage growth mechanisms.  Thus, although 

a high-quality final polish may be a necessary surface condition for good 

heteroepitaxial semiconductor growth it is evidently not a sufficient condition. 

*See Section 6-1-a for description of this polishing material. 
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Table 28.  Depth of Surface Damage in A1„0 Wafers by Etch-rate Method 

Surface Preparation 

ID saw cut 

(340-mesh diamond) 

Crystallographi c 
Orientation of Surface 

(0001) 

(0112) 

6 deg off (1120) 

(1120) 

(10l4) 

Depth of Removal 
Damage (pm) Time (min) 

1.8 +0.1 50 

1.6 + 0.1 48 

1.2 + 0.2 46 

1.2 + 0.2 46 

1.0 + 0.1 42 

400-mesh boron carbide 

rough lap 

(40ym particle size) 

(0001) 

(0112) 

6 deg off  (1120) 

(1120) 

(1014) 

0.65 + 0.03 
- 0.02 

0.62 
0.02 

27 

0.64 + 0.01 27 

0.63 + 0.01 26 

0.63 + 0.01 26 

,. ^ + o.oi 25 

12ym SiC  fine  lap (0001) 

(0112) 

6 deg off (1120) 

(1120) 

(1014) 

Epitaxial final polish       (0001) 

(0.25ym "top"diamond)        (0ll2) 

6 deg off (1120) 

(1120) 

(1014) 

0.22 + 0.02 23 

0.21 + 0.02 22 

0.20 + 0.02 22 

0.20 + 0.01 21 

0.18 + 0.02 20 

0.08 + 0.01 15 

* * 

0.07 + 0.01 15 

0.07 + 0.01 15 

0.07 + 0.01 15 

*Data not yet available 
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3.  PREPARATION OF ULTRATHIN ELECTRON-TRANSPARENT Al 0 SUBSTFATES 

The in situ Si CVD experiments in the electron microscope (S iction 8) rc-quired 

A1203 substrates which were transparent to 100KV electrons, i.e., with thick- 

nesses of 200-5G0Ä (0.02-0.05lJm) or less.  The best available mechanical 

polishing procedures were found suitable for reduction only to 25 to 50|im 

in thickness.  Three other methods were attempted for the final thickness 

reduction: ion-beam sputtering (ion thinning), chemical etching, .md gas- 

phase etching at elevated temperatures.  Ion-beam sputtering was by far the 

most successful, being the only method actually to produce samples 200-500A 

thick.  However, it was found to be a slow process, with removal rates vary- 

ing from a low of O.lym/hr to the normal rate of CSym/hr. After modifi- 

cations, the operation of the ion-beam machining apparatus was refined into 

a relatively routine, albeit time-consuming procedure, requiring 2 to 5 

working days of operating time per sample. 

The work with these techniques is described in the following sections. 

a.  Mechanical Lapping/Polishing Techniques 

Whether as a preliminary step to further wafer thinning by other techniques 

or as a single method for attempting to achieve the required 25iim thickness 

for use in ion-beam sputtering, the first step in preparing Al 0 wafers for 

eventual electron transparency is mechanical  polishing to as small a thick- 

ness as practicable.  The mechanical lapping and polishing procedures used 

in these investigations typically started with Al^ wafers 250lJm thick,with 

both sides commercially polished.  The wafers were attached to a polishing 

jig with a low-melting-point wax and lapped on a vibratory polishing machine 

to ~125Mm thick, using 400-mesh boron carbide abrasive. The jig and mounted 

wafers were then transferred to an optical polishing machine and polished 

with successively finer diamond abrasives, beginning with 3ym particle size. 

Below a thickness of 75 to 125ym the samples often fractured during polishing 

or upon removal from the polishing jig, because of the large residual 

stresses present. 
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The following parameters were changed in various ways in attempts to produce 

the 25)Jm 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 was 

first applied; type of slurry; size and surface configuration of lapping 

plate; and type of polishing motion. 

With this general lapping and polishing method, only one group of wafers 

(which had been lightly chemically etched in H.PO :H2S0,(1:1) solution before 

lapping) was successfully polished on both sides to a thickness of "-40iim. 

This group was then successfully cut into about 0.75mm-dia disks for sub- 

sequent ion-beam thinning. Attempts to reproduce the polishing were unsuc- 

cessful. A second group of wafers, without the chemical etching, was 

polished to 60ym and subsequently cut into 0.75inm-dia disks. Only one side 

of the latter group was polished; the other wide was lapped only and quite 

rough. These samples were totally unsatisfactory because of the rough 

surface remaining after ion thinning. 

Despite considerable effort on this contract program to develop a satis- 

factory mechanical polishing/thinning method the thinnest sample produced was 

~ 40pm thick.  Later in the program, a commercial source (Insaco Inc, Quaker- 

town, PA) was able to supply mechanically-polished A1_0- wafers less than 

25\m  thick, with occasional samples ~12lim thick. These thinner wafers were 

used for most of the ion-beam sputtering that was done nenr the end of the 

contract. 

b. Gas-phase Etching and Chemical Etching Methods 

The high-temperature Freon etching already described (Section 6-1) was 

sufficiently promising in its main characteristics to warrant its investiga- 

tion as a method for thinning thick (IZSpm) Al.CL wafers to the electron 

transparency required for the in situ studies. 

A (10l4)-oriented mechanically-polished substrate, initially treated with 
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Freon at 1550C for 60 min at a low etch rate (~0. lym/min) to remove ~7yin of 

material, displayed the etch-pit density and scratch structure shown In 

Figure 57, At 110X magnification, the surface defect density as shown In 

Figure 57a is quite high, but at 450X magnification (Figure 571)) it. .an be 

observed that the space between etch pits is quite smooth; It can be assumed 

that these Al 0 surfaces; of luw dislocation after Freon etching would be 

usable for epitaxy. 

However, in order to use this method as a practical thinning technique, 

greater etch rates would be necessary; etching at a nominal rate of 0. öl-im/mln 

for "3 hr resulted in extreme deepening of the dislocation etch pits and 

a genaral severe faceting of the entire surface, as shown in Figure 58.  Thus, 

Freon etching at high rates did not appear satisfactory for thinning and 

producing smooth surfaces on (]014)-oriented A1„0 , so no further thinning 

wa.-i attempted by this meaiui. 

Chemical etching of Al Ü  in KIliiü, flux at 700 to lOOOC was also attempted 

as a possible means ol thinning substrates.  (üll2)-oriented wafers originally 

25Ü11II1 thick were readily reduced to -lOOUm with a relatively flat and uniform 

surface.  However, further etching to thicknesses of 5()|im led to rapid edge 

diKi.olutlon and a corresponding large taper in thickness.  As an alternate 

approach, samples thinned to lüOlün in the KMnO. flux were then etched further 

at -225C in a 1:1 mixture ol 1LP0, and H„S0., which provided a much slower 
3    q 2     4 

etching  rate   (0.25lim/lir) .     Several  samples were  etched  to slightly  less   than 

SOimi witli only moderate bieakage and  surface faceting.     One sample was 

further  thinned to  7.5  to 25yra,  but severe breakage was encountered and only 

a  few small  pieces  survived. 

Although further  study of both gas-phase etching and chemical etching could 

have been undertaken  fur  this application,   the method of ion-beam sputtering 

appeared so much inou-  juomising  that all  effort was  concentrated on  It. 

l'J3 
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c.    Ion-beam Sputtering Techniques 

Ion-beam sputtering  (also called ion thinning or ion-beam machining)   is a 

technique whereby material is removed by controlled sputtering caused by a 

directed ion beam.    The ion-beam sputtering done on this program was 

performed in an Edwards  ion-beam machining apparatus   (IBMA).     It consists of 

a conventional high-vacuum system containing two opposed ion guns and appro- 

priate feedthroughs  in the working chamber. 

The sample is held as shown in the schematic diagram of Figure 59,  so that 

each side is struck by"an ion beam at a glancing angle of 5 to 30 deg.    Argon 

ions are used, with energies  typically 5-10KV.     The sample is usually 

rotated in its own plane at 15 rpm to improve uniformity of material removal. 

Appropriate shutters are used to measure the ion-beam current, which varies 
o 2 

from 0 to 200 ya/cm",   typically 70 ya/cm  . 

The IBMA used for this work was extensively modified to overcome certain 

operational difficulties and to improve the operating convenience.    A new 

sample holder was built  to hold specimens up to 0.75 in    in diameter and to 

to permit tilting  the sample for a beam angle down to 5 deg instead of  the 

standard 10 deg. 

A new gas metering system was built by replacing the original-equipment 

leak valves with more precise vernier metering valves for control of  the  low 

gas flow ranges  required.    Vacuum-tight on-off   toggle valves were also 

installed so the gas flow could be shut off without disturbing the vernier 

valve setting. 

A new viewing flange was built and installed on top of  the working chamber. 

This and other modifications permitted more accurate and convenient operation 

in the following ways: 

1.    A larger recessed window permitted viewing  the sample with a stereo 

microscope during ion bombardment, even at large sample tilt angles. 
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Considerable time was saved as the flange no longer had to be removed 

periodically for sample examination during an extended thinning 

operation. 

2. A shield protected the ion-current measuring shutters from all but the 

central portion of the beam.  Only the current actually used for ion- 

beam thinning was measured, not the total current. 

3. A movable shutter prevented the window from being coated with material 

sputtered from the sample and its holder. 

4. A larger liquid-nitrogen shield was installed, increasing the shielding 

efficiency. 

(1)  Operating Procedures 

After a wafer was mechanically lapped and polished to be as thin 

as possible, as described earlier, the next step was to cut the thinned 

slices into disks, a process in which additional samples usually fractured. 

This was done, while the thinned wafers were still mounted on the polishing 

jig, by a high-speed thin-walled brass tube "biscuit-cutter" operating 

m a slurry of a diamond cutting compound.  The thinner samples were more 

prone to fracturing during this operation.  Initially, samples 3mm in 

diameter were produced.  As more experience was obtained, the size was 

reduced to ~0.75mm for the substrates eventually used in the in KUU CVD 

studies. 

The larger disks used in the preliminary studies were installed in the IBMA 

sample holder, sandwiched between two metal grids having 75 mesh openings 

per inch.  The 17.5)jm-thick grid protected the A12Ü below the grid bars 

from being sputtered, so the Al^ sample had a "waffled" surface after 

thinning; the resulting ridges provided mechanical strength.  The grid 

served a second purpose by providing a number of individual thinned areas 
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raLher than one large thinned region, thus increasing the yield of usable 

thin areas by a factor of 4-50.  Thinning normally proceeded until a small 

perforation was noted in one area; the sample was then examined in the trans- 

mission electron microscope for possible use as a substrate. 

The appearance of a sample thinned beyond the customary stopping point is 

shown in Fig 60,photographed with monochromatic light to show thickness 

contours by means of interference fringes.  Since this particular sample was 

only 5.5Mm thick initially, perforation occurred before the shielding grid 

was completely sputtered away. 

The 0.75mm-dia samples thinned for the in situ studies were mounted onto a 

SOpm-thick Ta sheet containing a 0.50mm-dia hole.  Several samples were 

mounted on the same holder, each held down with a small amount of soft wax 

applied around the rim.  Thinning then proceeded from both sides until a 

perforation occurred.  The area around the perforation was wedge-shaped in 

thickness but suitably thin for substrate use over an area -Sym wide. 

Figure 61 shows a sample 0.75mm in dia just prior to perforation. Illumina- 

tion with monochromatic light reveals the thickness contours (interference 

fringes). As a result of the fracture through one edge, the internal 

stresses caused a wrinkling of the thinnest portion of the crystal.  In 

general, the thin areas were surprisingly robust, so that the overall fabri- 

cation yield (excluding the cutting into 0.75mm disks but including ion 

thinning and the handling involved in loading into the heating mesh of the 

microchamber) was nearly 10%. 

(2) Effects of Various Experimental Parameters 

Operating variables affecting the material removal rate and final sample 

appearance include ion-beam current density, incidence angle of beam with 

respect to sample, ion-beam energy, crystallographic orientation of sample, 

axial alignment of beam and sample, and stability of the ion beam.  Only the 

first two were found to be of major importance. 

198 

 --'-- ■■ '■ — ■-•■• ---■■ ....^!^^«a»i^....  ..., ■   m^iiMÜMiftgittämitäfr^r-t'r 



f-nsvmjm^viw^Tmrjvr'riy■M^'«,^'"--,w»"rT^'^»pj»^P?"-'« frw«^«■u-v»pn^pep^ngpepn !V9RH«S>EP>WBBIwWRBKIBBiPlfSWPWWBBPIBIiHHBWSB^WgffW^w^WT OfBB-■ mVfBBIIfW&t&ZG&lm^STPTT^^WviT^^^.^^-y^^.^^;^^^ -S'^'■'■i'-J*W)A^«M 

a 

Figure  60.     Optical Micrograph of   Ion-thinned   (0001)A120„   Substrate 

(a)   25X,   (b)   A50X 
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Figure 61.     Ion-thinned Al-O     (0.030 in dia)  prior  to 
Perforation   (IIOX) 
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The removal rate was linearly proportional tu  the ion-beam current density. 

Thus, it was proper to measure the removal rate in terms of an integrated 

current, e.g., thickness of materiaü removed per ya-hr.  A removal rate 

expressed as ym/hr, while useful for time estimates, requires a statement 

or current density to allow prediction of the breakthrough point. 

A1203 is a high-melting-point material with a large energy required to form 

point defects; hence, from a radiation damage standpoint, there was no limit 

to the usable ion-beam current.  In contrast, metals typically form defect 

clusters indicative of radiation damage at current densities much above 
2 

100 ya/cm .  No defect clusters were observed in any Alo0„ samples, even 
2 2 3 

those thinned at 200 ya/cm .  There was a practical upper limit to the 

current density, however, because the high Ar flow rate caused the ion guns 

to become unstable, frequently causing automatic shutoff of the apparatus. 

The optimum current density was found to be 70-100 ya/cm . 

The incidence angle of the ion beam with respect to the sample surface 

controlled both the thinning rate and the final surface topography of the 

sample. At a glancing angle of 30 deg (the maximum permitted by the appar- 

atus geometry) the thinning rate was typically 100 to IGOÄ/ya-hr, approxi- 

mately twice that observed at 10 deg.  However, at 30 deg the sample surface 

was more likely to be irregular and covered with protuberances; to n. . imlze 

the presence of protuberances, a smaller incidence angle was found necessary, 

but this had the practical disadvantage of increasing the required processing 

time.  All in situ samples were ion-thinned at 30 deg because of the 

shadowing effect of the holder on the small samples. 

The energy of the Ar ion beam was found to be relatively unimportant within 

the range 6 to 10 KV.  Neither the thinning rate nor the sample surface 

morphology was greatly affected. Higher energies, especially 10 KV, had the 

disadvantage of being more likely to cause electrical arcing within the ion 

guns and consequent automatic shutdown.  Since there were no compensating 

advantages, the energy was standardized at 6 KV for all samples. 
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No variation in removal rate was observed as a function of crystallographic 

orientation for the (0001), (LOU), and (0Ü2) orientations of Al^ investi- 

gated.  The fluctuations in removal rate from sample to sample from unidenti- 

fied causes were greater than any variation In etching rate. However, there 

did appear to be variations in the final surface morphology, as discussed 

subsequently. 

From a general operational standpoint, beam stability was an important 

factor for it determined the degree to which the machine would run unattended. 

As thinning proceeds, sputtering occurs not only from the sample but also 

from the holder, beam shields, and cathode a. well, and the sputtered materi- 

al is deposited elsewhere in the system.  In particular, material from the 

cathode may deposit between the anode and cathode, causing a short circuit 

and automatic shutoff of the apparatus. When this occurs during attended 

operation the machine can be turned on again and will operate for 5 to 120 

min before again arcing, but during unattended operation this operating time 

is lost.  Arcing can be prevented by thoroughly cleaning the ion gun, but 

since this requires ~1 hr of down-time for every 20 to 50 operating hours, an 

economical operating "duty-cycle" must be selected. 

Sputtering of the cathode occasionally produced a more serious problem. 

The original cylindrical beam-exit canal normally becomes  conical in opera- 

tion due to the erosion by the beam, but it may also become skewed.  In this 

case the most intense portion of the ion beam does not strike the sample and 

the thinning rate is reduced.  The reduced thinning rate of some samples is 

partially the result of this effect.  The cathode canal normally increases 

in size until the cathode must be replaced (typically after 100 to 200 hr of 

operation), but replacement may be required earlier if the canal becomes 

skewed. 

(3)  Sample Surface Morphology 

Many preliminary samples, and to a lesser extent the samples eventually used 

in the in situ CVD experiments, had a rough and irregular surface morphology, 
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ranging from an essentially flat surface with numerous but isolated hemis- 

pherical protuberances (rare) to an undulating surface completely covered 

with such features (common).  These features were undesirable because large 

numbers made it virtually impossible to find an adequately large thin area to 

use as the substrate for the in situ experiments. 

The protuberances identified on both optical and electron micrographs of 

A1203 ion-thinned samples were conclusively identified as an artifact of the 

ion etching technique.  These approximately hemispherical bumps are visible 

in the optical photomicrographs of Figures 60, 61, and 62 and the electron micro- 

graph of Figure 67.  These features ranged from 50 to fractions of a  micron 

in diameter and typically about one fourth that in height.  They were evi- 

dently caused by some form of contamination shielding the sample surface 

from the ion beam, thus preventing sputtering in that location. 

Figure 62 clearly shows that one source of such contamination was the wire 

grid used during thinning.  Protuberances formed even if a grid was not used, 

however, for the sample holder was an unavoidable source of contamination. 

The incidence of these surface features could be reduced, but not entirely 

eliminated, by thorough cleaning, appropriate shields, and use of a small beam- 

incidence angle.  The small protuberances visible in a linear arrangement 

in Figure 61 strongly suggest residual contamination from improper cleaning 

of the surface. (It should be emphasized that the "objects" visible in 

Figure 66 are not protuberances but intersections of extinction contours.) 

Another causative factor in the formation of an irregular final surface on 

ion-thinned Al^ was an initially rough surface.  This was demonstrated by 

The ion-thinning of samples ~5um 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 excep- 

tion of the normal formation of a few protuberances. 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 
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Figure 62.  Optical Photomicrograph of Thinned (1014)A1203 

Substrate (110X) 
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mounds 20 to 40ym in dia. At the edges and intersections of the mounds there 

were numerous electron-transparent regions which had an extremely large 

thickness gradient and a correspondingly narrow thin area.  This behavior was 

observed for beam incidence angles of 10 and 30 deg.  It was concluded that 

an initially smooth surface was a necessary condition for the formation of 

large ion-thinned regions. 

(A)  Sample Thickness Variations 

Another problem encountered in the ion thinning of Al 0 for electron 

microscope examination was the large thickness gradient that invariably 

resulted, so that suitably thin (electron transparent) regions were very 

limited in extent.  Large areas of relatively uniform thickness in the range 

200-500A were seldom found.  This in turn made alignment of the samples in 

the CVD microchamber of the electron microscope very tedious and lime con- 

suming.  Causative or potentially causative factors in the thickness non- 

uniformity included (1) shadowing of the sample by the grid or holder during 

thinning.  (2) fc--nation of protuberances (see above), (3) starting thickness 

of the ion-thinned Al^ wafer, and (4) the nature of the thinning process 

itself.  The first factor was controllable by selection of the proper system 

geometry, but the remaining factors were only indirectly controllable. 

The magnitude of the thickness gradient represented in Figure büb was 

analyzed by optical interferometry using monochromatic sodium light.  The 

asymmetrical shape is the result of the bottom grid being slightly misaligned 

with respect to the top grid during thinning, as shown in Figure 60a. The 

thickness variation in this case had a slope of 1:50, which generally 

appeared to persist down to the thinnest regions, typified in Figures 66, 67 

and 68. The thickness was found tu vary from zero to 200Ä over a transverse 

distance of ~lym.  In practice, the thinnest regions (0 to 50A) near a hole 

would break off during handling. 

One source of excessive thickness gradient is obvious from Figures 60 and 61 

uie feüu in i J-BUIC uu auu tue ii<j.tuc;i.'j-u rxgui-c ox jjai. Lj.axxy siiiexaeü some areas 
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of  the  sample,   the  exact area being determined by  the  incidence  angle and  the 

thickness  of   the grid or holder.     IE  a hole became enlarged and  the region 

examined was   In   the  shadowed area,   the  thickness  gradient was  naturally 

greater.     This  problem was avoided  simply by   limiting electron microscopic 

examination  to  the unshadowed  center of  the grid square. 

The area of  a sample always  exposed  to  the   ion beam within  a grid square  of 

the  75-mesh grid during  the  thinning  process  was  calculated.     The grid had a 

repeat  spacing  of  3J8Mm,  with open  areas 268iim wide not covered by  the grid 

bits.     ihu height  oL   the grid   (18nm)   caused some  of   the sample  to be shadowed 

a  portion of  the   time.     At  a  beam angle  of  30 deg,   the area never   In shadow 

was  5(U of  the  open area.     At a beam angle of   10 deg   the  corresponding  figure 

was  5%.     If  for  some   reason   the grid was not   In  contact  against  the sample 

but was   InstQid   raised another  7Mm,   for example,   there would be no  region 

within a grid  square  that  would  be  exposed at  all  times   to  a beam  incident 

at   10 deg.     Ihe  data  for  other angles are listed  in Table -"J. 

The   later samp Us   thinned by   this   technique and   intended  for  use  in  the  in 

sjjtn  CVÜ exp'.;i-imeats  had   less  severe  thickness gradients   in   the  central 

region  of   the   tliinned area because  they were  thinned without  use of  a grid. 

Analysis  of photomicrographs  of   the   type shown  in Figure 61 indicated  the 

gradient   to be   typically   1:1000  or  1:500 for   the  central  region.     Although 

rhlcknoss  gradients  could not  be measured with  the  transmission electron 

microscope,   this  gradient appeared  to  persist even  in  the   thinnest  regions 

of   the  sample.       The  outer  region,   partially  shadowed by  the  holder during 

thinning,   had a gradient  typically  of   1:25.     If   ion  thinning was  not stopped 

at  precisely  the moment a perforation  first appeared,   the central  region was 

rapidly eroded  away and  the edge  of   the hole assumed  the more  severe gradient 

of   the  outer  region. 

One group  of  flux-grown   (OOOl)-oriented Al 0    crystal platelets,   initially 

~5|.im  in  thickness, were  ion-thinned and exhibited  thickness   irregularities 

tharfr-TsreTeT-essnfrequent   and  less  severe.     The  factor most  likely  responsible 

for   the  improved  result was   the  small  initial  thickness,   but another possi- 

*Kindly  supplied by Prof.   E.  White,   Imperial  College,  University of London. 
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Table 29. Size of Completely Unshadowed Area for Various Beam Incidence 

Angles in IEMA 

Grid 
Height 
(Mm) 

18 

Incidence 
Angle 
(deg) 

90 

Length of Grid 
Shadow 
(ynr) 

Portion of Total 
Grid Square Length 

Unshadowed 
(%) 

100 

Portion of Total 
Grid Square Area 

Unsliadowed 
(%) 

100 

18 30 31 

18 25 39 

18 20 50 

18 15 67 

18 10 102 

18 5 207 

25 30 43 

25 25 54 

25 20 69 

25 15 93 

25 10 142 

25 5 288 

77 

71 

63 

50 

23 

0 

68 

60 

49 

30 

0 

0 

59 

50 

40 

25 

5 

0 

46 

36 

24 

9 

0 

0 

bility was the relatively smooth starting surface of the crystal. Thu^, 

improvement in thickness uniformity and the consequent enlargement of the 

thinned area was a strong impetus for producing starting (pre-ion-thinning) 

A1203 wafers less than 25Mm thick. Another impetus, of course, was reduction 

of the ion-beam thinning time required. 

It is possible that a limiting thickness gradient irim^dsed oh all samples 

by the nature of the ion-beam sputtering process itself. Thin areas, i.e., 

where sample thickness approximately equals ion penetration depth, are more 
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rapidly eroded than thick areas, and this fact alone may set a lower limit to 

the gradient attainable. Although the importance of this effect was never 

determinea, it is unlikely to be the limiting factor for all samples, 

especially since adequately thinned regions were indeed obtained. 

A final factor influencing the uniformity of thickness of samples is the 

cross-sectionai profile of the ion beam.  The profile was determined 

experimentally by thinning a large A^O- wafer.  The beam has conical 

symmetry, with the most intense region along the axis of the ion gun.  The 

i.3-cm dia sample used for the evaluation had a saucer-shaped surface after 

thinning, with a 3.5-nim dia region A9lJm deep approximately in the center, 

tapering to lOym deep near the edges.  In the deepest region the removal 

rate was unusually high, l.Aym/hr, while at the edges the rate was 0.3Mm/hr. 

The deepest region was located ~lmm from the geometric center of the sample, 

indicating a misalignment by this amount of the center of rotation of the 

sample and the axis of the ion beam.  For most samples this misalignment is 

unimportant; however, for samples smaller than 1mm dia it means the sample 

will be out of the most intense portion of the ion beam for a fraction of the 

time during rotation, snaking the effective thinning rate lower than normal. 

(5)  Characteristics of Thinned Samples Used for In Situ CVD Experiments 

Three different orientations of A^O. were successfully thinned by ion beam 

sputtering - (0001), (1014), and (0112).  Reflection electron diffraction 

spot patterns and Kikuchi patterns obtained from samples in these three 

orientations are shown in Figures 63,64 and 65.  The spot patterns are from 

thin regions (~500A) and the Kikuchi patterns are from thicker regions 

(~10,000Ä).  These are believed to be the first such patterns obtained from 

single-crystal A^O,, by transmission electron microscopy. 

These three orientations were selected for iun thinning for the following 

reasons.  The (0ll2) orientation is widely used in the semiconductor indus- 

try and permits the largest range of temperature and deposition conditions 
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(a) 

(b) 

Figure 63.  Electron Diffraction (a) Spot and (b) Kikuchi Pattern f 

(0001)A1203 Substrate. 
rom 
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Figure 6A.  Electron Diffraction Spot and Kikuchi Pattern from 

(1014)A1203 Substrate 

(a) (b) 

Figure 65.  Electron Diffraction (a) Spot and (b) Kikuchi Pattern from 

(0112)A1„03 Substrate. 
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for single-crystal epitaxial Si growth.  All in situ experiments were 

conducted on material of this orientation. The  basal-plane orientation 

was selected because initially this was the only orientation available in 

samples sufficiently thin to serve as starting wafers for the ion-beam 

sputtering; these were flux grown crystals Sym in thickness.  The (1014) 

orientation was selected because excellent (lll)Si growth can be obtained 

on this plane of Al^. However, this is a difficult orientation to polish, 

as indicated previously; since production of 50ym-thick starting samples 

for ion thinning proved too time consuming, work on this orientation was 

stopped. 

Representative electron micrographs made on thinned A120 substrates are 

shown in Figures 66through 72.  The substrates used for in situ depositions 

(see Section 8) are also typical  of the ion thinning results. 

The  samples were all of relatively high quality single-crystal Al 0,, so no 

internal defect structure is visible in the micrographs.  The ideal uniformly- 

thinned crystal would appear featureless on an electron micrograph.  However, 

three characteristics are clearly visible in these figures - extinction 

contours, surface structures, and a thickness gradient; the significance of 

the latter two factors has already been discussed.  The combination of 

these factors is least noticeable in Figures 69 and 71; accordingly, the 

samples involved in those micrographs were the most desirable substrates • 

for in situ CVD.  The other samples would be less suitable as substrates. 

Many regions in the prepared samples had a thickness gradient that was larger 

than desirable; these samples were less suitable as substrates, for that reason. 

Thin regions with suitable large areas were seldom observed in more than one 

location per sample. The thickness gradient always limited the usable thin 

region to <5ym in width, and frequently to <lym. As previously discussed, the 

thinnest crystals prior to ion-beam sputtering (the 5ym (0001) platelets) were 

more uniform in thickness and had less severe gradients after ion thinning, 

emphasizing the importance of obtaining thin and uniform Pre-ion-thinning Samples 
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Figure 66.  Electron Micrograph of (0001)A1203 Substrate 

Figure 67.  Electron Micrograph of (0001)A1203 Substrate 
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Figure  68.     Electron Micrograph of   (1014)A120    Substrate. 
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Figure 69. Electron Micrograph of (1014)A1203 Substrate 

Figure 70. Electron Micrograph of (1014)Al^ Substrate 
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Figure 71.  Electron Micrograph of (0112)A1 0 Subst rate. 

^ 
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Figure  72.     Electron Micrograph  of   (0112)A1203  Substrat« 
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The extinction contours, observable in all of the micrographs, but especially 

pronounced in Figures 66, 67 and 72, are the result of constructive and destruc- 

tive interference of the electron waves passing through the crystal. Extinc- 

tion contours in electron microscopy are analogous to interference fringes 

in optical microscopy, but unlike the latter their spacing is not simply 

related to the thickness of the crystal. Slight tilts of the crystal 

dramatically change the contour spacing. Extinction contours are quite 

sensitive to crystal orientation and thus reflect minor amounts of strain or 

buckling in the crystal. When those characterisiics are absent, as in 

Figure 67, the extinction contours give a qualitative indication of local 

thickness variations. 

The combination of a thickness gradient and local strains and buckling can 

result in rather interesting combinations, as shewn in Figures 66 and 72. 

It is emphasized that the circular semisynnnetrical patterns in these figures 

are not objects in the crystal but rather intersections of the extinction 

contours. This can be readily demonstrated by tilting the sample slightly 

during examination; the circular intersections then move about the crystal. 

The obscuring presence of extinction contours is generally best eliminated 

by producing uniformly thin, strain-free, unbuckled crystals by the ion-beam 

sputtering process. 

An interesting feature was observed in the electron micrograph of Figure 70. 

The large oblong particle and two smaller particles shown were inclusions 

originally present in the Al^ as a second phase. That they were inclusions 

and not particulate matter resting on the surface was determined by examining 

the extinction contours in the Al^ around the inclusion; at higher magni- 

fications the strain brought about by their presence was revealed. No other 

inclusions or suggestions of a second phase were ever detected on any other 

sample.  Indeed, no internal structure of any type, including dislocations, 

was observed on any other sample.  This is not to imply that such structure 

was totally absent, because dislocations in particular were known to be 

present. Rather, it was the result of the low statistical probability of 

observing a limited number of defects in a small field of view. 

216 

Ita.■.....,;. -.J..,:,^.^i...,■■.-...,«I.IIVV....-.-?.^ ,.,:.,.,:,lY....,.^,,J,;.^.J.,..:.i,i-,.^,..^.;,..;,fc^..^  -  ■ ■-»-i» 



■ ■    .        . 
■ 

Certain samples exhibited a microscopic surface structure after thinning; 

this is particularly noticeable in Figures 69 and 72.  This semiregular, 

wavy or terraced structure was noticed a small percentage of the time on 

(1014), somewhat less on (0112) orientations, but not at all on (0001) 

samples, which suggests crystallographic origin.  However, the direction 

of the features in Figure 69 does not appear to be crystallographic, and 

the structure did not appear on all samples or in all thin areas of the 

same sample.  The surface structure was more pronounced in areas where the 

thickness gradient was least, suggesting a complex interaction between the 

crystalline sample and the ion-sputtering mechanism.  The structure did 

not appear to be simply related to ion-beam energy or incidence angle, 

and its origin is currently unknown.  No samples with the morphology of 

Figures 69 or 72 were used as in situ substrates. 
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SECTION 7 

A1203 CHABACTERIZATION BY CARRIER INJECTION AND TRANSPORT MEASUREMENTS* 

A technique utilizing the photoelectric process in a metal-insulator-semi- 

conductor (MIS) structure has been used by a number of workers (Refs 57-59) 

to study the Interface between a semiconductor and an insulator.  In this 

method a thin insulating layer (-2000 A) is grown on a polished semiconductor 

wafer and a semitransparent metal film is deposited on top of the insulator 

layer to form the MIS structure. A monochromatic beam of light is directed 

onto the semitransparent electrode and is partially absorbed in the metal 

layer.  The remainder of the incident light is absorbed in the semiconductor 

material close to the semiconductor-insulator interface, since the insulator 

is transparent to light for the photon energies used. 

Electrons are excited in both the metal layer and the semiconductor by the 

absorbed photons. If a bias voltage is applied across the MIS structure with 

the metal layer (electrode) positive with respect to the semiconductor, then 

electrons excited in the semiconductor near the interface will flow through 

the insulator and into the metal electrode, provided the electrons have suf- 

ficient energy to overcome the interface barrier.  The photoelectric current 

is measured by a meter in the external circuit, as shown in Figure 73. When 

the metal electrode is biased negatively with respect to the semiconductor, 

a current due to photoelectric emission of electrons from the metal electrode 

flows through the insulator to the semiconductor. 

By studying the photoelectric yield as a function of photon energy, it is 

possible to obtain information on the interface barrier height (location of 

the conduction band of the insulator at its two interfaces), the electron 

affinity of the insulator, the amount of band bending in the semiconductor, 

and the effect of mobile ions in the insulator. The photoelectrons emitted 

* These studies were carried out at the University of California at Los Angeles 

in the Electrical Sciences and Engineering Department by C. R. Viswanathan 

and R. Y. Loo. 
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from the region of the semiconductor adjoining the insulator provide a type 

of electric "probe" which helps to characterize the interfacial regxon of 

the semiconductor. 

When a substrate of Al^ serves as the insulator and a Si or GaAs film is 

grown on one surface of the wafer and a semitransparent Al film is deposited 

on the other face of the wafer, data of the type described in Section 11-3 

can be obtained.  In addition to yielding information on the interface barrier 

height and the amount of band bending in the semiconductor near the interface, 

such experiments demonstrated that electrons excited either in the semicon- 

ductor film or in the metal layer can be transported through single-crystal 

A1203 substrates whose thickness is the order of several mils - a result 

totally unexpected from the work of others (Ref 60).  The fact that photo- 

electrons excited on one side of the transparent substrate flow completely 

through the thick substrate is a very significant result, and its discovery 

early in this program (Ref 6]) led to further studies of related phenomena 

associated with the Al^ substrates (Refs 62,63). 

In particular, the injection and transport of carriers in thick single-crysta] 

A1203 substrates was studied in detail.  In this investigation, A120 sub- 

strates were obtained from vendors with both sides polished.  The substrates 

were etched in boiling H3P04 for an hour and were thoroughly washed in acetone 

and distilled water and then dried in a N2 stream.  Semitransparent Al films 

of a few hundred angstroms thickness were deposited on both sides of the Al 0 

substrates to produce a MIM sandwich structure.  A bias voltage from a battery 

supply was applied across the MIM sandwich, and the current through the sample 

was measured by a picoammeter (APR Model No. 135). 

A monochromatic beam of light was incident on the semitransparent metal elec- 

trode, as in Figure 7^  While electrons were excited in both the electrodes, 

electron injection into the insulator occurred (resulting in a photocurrent 

in the external circuit) from that electrode which was biased negative with 
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respect to the other.  Thus, electron injection was possible from either of 

the two electrodes by a suitable choice of the polarity of the bias voltage. 

Extensive studies of the transport mechanisms of photoinjected electrons in 

A1203 crystal wafers were carried out using this experimental arrangement, 

and the results are described here. 

1.  THEORY OF TRANSPORT OF ELECTRONS IN INSULATORS 

When electrons are injected at one face of an insulating substrate the elec- 

trons will travel in the insulator toward the opposite face under the action 

of a suitable electric field in the insulator. It might be supposed that the 

electrons would eventually reach the other face and be collected by the metal 

electrode thereon. This would be possible, however, only in a perfect crys- 

tal free of electron traps. Usually the electrons will travel some distance 

and become trapped at a defect or impurity center. 

In zero applied field the electrons will execute some type of Brownian motion 

before they are trapped. During this motion in the crystal the electrons are 

considered as being in the conduction band, and when they are trapped they 

are localized in the crystal, occupying an energy state with its level in the 

band gap of the insulator. Electrons can also be transported across an in- 

sulating layer by a quantum mechanical tunneling process; however, such a 

tunneling process is observable only in very thin insulating layers. 

The average distance (mean range) a photoelectron travels before it is trapped 

when a weak electric field is present is called the "Schubweg." If it is 

assumed that an electron has a probability •= per unit time of being captured by 

a trap, then the average time that an electron spends in the conduction band 

before it is trapped is equal to T and the mean range W is equal to 

W = u?T, (37) 
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Figure   73.     Schematic  of  Experimental Arrangement   for Measuring  Properties 

of  Photoinjected  Carriers  in Al-0 
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Figure  7A.     Schematic Diagram of  Experimental  Setup  for Calibrating 

Light  Source. 
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where y is the mobility of the conduction band electron in the insulator and 

Eis the electric field. 

It is now possible to derive a theoretical expression for the current-voltage 

relationship.  If there are n electrons present at time t, then in a time 

interval dt the number of electrons captured will be equal to 

dn = n(t) T- (38) 

This on integration yields 

n(t) = no e-
t/T. (39) 

where no is th« number of electrons injected at time t=o.  If electrons are 

injected at one end of the insulating layer, say at x=o, then in a time inter- 

val t they would have traveled a distance 

X = Uet- (40) 

Therefore 

n(t.) » n e"       = n e   . ,,,. o o (41) 

The number of electrons captured in a distance between x and x+dx is equal to 

n e     dx 
dn = _ _°_^  . (42) 

W 

If d is the thickness of the insulating layer, the number of electrons reach- 

ing the electrode on the opposite face is equal to 

n(d) = noe      • (43) 
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The average distance ;hat th« electron traverses is calculated using both 

the electrons that re ,ch the other end of the crystal and those that get 

trapped on the way.  Tierefore, the average distance x is equal to 

/ xdr, + n de 
x  = W(l-e   ; . (4A) 

The current in the external circuit I for an injection of N electrons per 
. o ^ 

second at one end of the crystal is equal to 

1 = 
no qx 

From Equation (37)  W = -'-r- .so 
d 

q n W    , . 
 o ,. -d/W 

UYI 

(«) 

I = qno^ (l-e-^). 
(46) 

Defining Vo = — , it follows that 

V     -Vo/V 

I = qno f- (1-e     ). 
o 

(47) 

It must be pointed out that the above derivation is valid only for the ini- 

tial value of the current and under the condition that there are no space- 

charge effects. 

Another model that describes the voltage dependence of photoelectric current 

due to injection of photoelectrons in an insulator is due to Berglund and 

Powell (Ref 64); this model considers the scattering of photoinjected electrons 

in the potential barrier resulting from a combination of the image potential 

and that due to the externally applied electric field. Assume that the inter- 

face at which photoelectrons are injected is located at x=o and that the 

interface potential at x=o is (Jy  Then the potential at any point in the in- 

sulator is given by 
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where ^ Is the optical dielectric constant of the insulator. The second 

term in Equation (48) is due to electric field while the third term is due 

to image force. Neglecting any localized charge in the insulator, it is 

possible to show that the potential reaches a maximum at a distance x given 
by 0 

Xo =  [ 16TTKIeoe(xo) I (49) 

and the maximum value of the potential is given by 

x o_ .       q 
*max -h + 'o  EWdx - I^_r . (5o) 

loo 

The voltage dependence of photoinjected current can be expressed in the form 

I = ACHo)) (HO) - q ^o + kvV e-^^V^", (51) 

where (j^ = interface potential barrier, 1l(o = photon energy, V =  ^ 
sy' o IöTTK e I2, 

1 - mean free path for scattering in the insulator, and p = a parameter that 

depends on the electron energy distribution and typically varies between 1 and 
3. 

Equation (51) can be rewritten as 

I » T a- v/v/V 1      loe        0  • (52) 

where Io is the current that would flow in the absence of scattering and the 

exponential factor gives the attenuation In the photocurrent due to scatter- 

ing in the insulator.  Io can be considered practically Independent of voltage 

if the photon energy Ho, Is chosen to be much larger than the interface barrier 
potential <K    . 
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In the above derivation it has also been assumed that the scattering prob- 

ability is the same throughout the insulator, independent of position in 

the insulator.  This expression is strictly applicable only if the injected 

electrons are not trapped.  In the presence of trapping, an additional pro- 

cess has to be considered to explain the transport of photoinjected electrons. 

This is particularly necessary if the insulator thickness is large (several 

microns thick), as in these studies. 

In a thick insulating layer there will be bulk effects which will determine 

the transport process.  As was shown earlier, the Injected electrons will 

travel a certain distance and become trapped. An applied electric field 

will promote the excitation of this trapped electron into the conduction 

band of the insulator, and this excited electron will be transported in the 

crystal until it is again trapped or reaches the other electrode.  This type 

of transport mechanism is called the Poole-Frenkel model. 

In this model the current flow increases exponentially with the square root 

of the applied voltage.  The trap is assumed to be located at an energy level 

Ea below the conduction band.  When an electric field is applied the potential 

barrier is reduced in the direction of electron flow under the action of the 

electric field,and the potential barrier is increased in the opposite direc- 

tion.  The barrier attenuation in the direction of the current flow is 

A^F = % (53) 

where 

= 2 
I o -1 

(54) 

The current density in the Poole-Frenkel model as modified by leda et al 

(Ref 63 is given at high fields by 

J  =  BT [(ß/1/2/2kT).l] e^V^2)^. (55) 
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where B is a constant. At lower fields, the behavior is ohmic and the con- 

ductivity follows Ohm's law. 

All the different processes can be combined to account for the photoelectric 

current measured using the MIM structure. A detailed theoretical program is 

required to correlate theory and experiment. However, it can be assumed that 

the voltage dependence in the injection process is negligible since the 

photocurrent is limited by the Poole-Frenkel mechanism; in this case the 

photocurrent can be expressed in a simplified form as 

1/2^ 
I = AT2ee-(Ea-ßpE ' )/kT 

= AÄ-(Ea-^1/2)/kT 

(56) 

(57) 

where A is a constant. 

2.  MEASUREMENT OF QUANTUM EFFICIENCY OF PHOTOINJECTION 

In order to understand the photoinjection process and the subsequent carrier 

transport mechanism it was necessary to determine the quantum efficiency of 

the photoelectric process.  The quantum efficiency is defined as the number 

of photoelectrons giving rise to the photocurrent per incident photon for a 

given photon energy and bias voltage across the MIM structure; this is 

usually measured for the steady-state photocurrent.  If F is the incident 

photon flux and I is the photoelectric current, then the quantum efficiency 

n is given as 

n = 
qF * (58) 

In order to determine the quantum efficiency, the photon flux F had to be 

determined. The Hg-Xe IQGOw light source used in the photoelectric measure- 

ment was calibrated using an Eppley thermopile In the experimental arrangement 

226 

 --'•—'-   •■— ^ ..-^■-.■.. 
,..,_ ^.„.„^.„„.^..^„..^..^...^...„„^ 

amm mmm „^^^■u.-,-..,,,.,.^,,,.   .^..^■^^M^.^ ^ • -^-.y : ^a* 



■™TWa3*rTre?TI*W'*sl?TT^"W?rf*»^-*^^ 

shown schematically in Figure 74.  The light beam from the light source 

operating at the usual power level was focused on the entrance slit of the 

monochromator.  The light from the output slit was focused on the thermo- 

pile, the output voltage from which was read by a millimicrovoltmeter 

(Keithley Model 149) whose output in turn was fed to an X-Y recorder 

(Hewlett-Packard 7004B).  The output voltage divided by the calibration 

factor for the thermopile gave the photon flux.  The monochromator was 

electrically driven and the output voltage was recorded as a function of 

the photon energy. 

The MIM structure samples wrre prepared with different values of Al elec- 

trode film thickness varying from 400 to 4000A (Ref 66) .  Several (0001)A120 

substrates of thickness 0.010 and 0.0]5 in were used in these quantum ef- 

ficiency measurements. 

The quantum efficiency n is plotted as a function of photon energy for 

various bias voltages in Figure 75 for a sample having a 400A-thick Al elec- 

trode.  The plot of quantum efficiency as a function of bias voltage at 

different photon energies is given in Figure 76 for the same sample.  It can 

be seen that typical values of quantum efficiency lie in the range of 2x10 

electrons per incident photon.  The variation of quantum efficiency n with 

the thickness of the Al electrode is plotted in Figure 7 7 for an incident 

photon energy of 4.8 eV, in Figure 78for an incident photon energy of 5.2 eV, 

and in Figure 79 for an incident photon energy of 5.5 eV. 

It can be inferred from these results that the quantum efficiency rises 

initially with Al film thickness and then decreases after reaching a peak. 

It is apparent that the thickness of the Al film at which the maximum value 

of quantum efficiency occurs decreases with increasing photon energy.  The 

initial rise in the photoelectric yield with increasing thickness is due to 

the increase in the number of photons absorbed.  The peak represents the ab- 

sorption of all incident photons.  Subsequent decay represents a fall in 

photoelectric current, since the number of electrons that can reach the con- 

duction band of the insulator falls off exponentially with Al film thickness as 
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Figure 75.     Quantum Efficiency as Function of Photon Energy for Various 

Bias Voltages for Carrier Photoinjection into Al 0- from 

Al Film 400Ä Thick. 
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Figure 76.     Quantum Efificiency of  Carrier  Photoinjection into A1„0    from 

400Ä Al Film as  Function of  Bias Voltage,   for Various 

Photon Energies 
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Figure  77.     Quantum Efficiency  of  Carrier Photoinjcction into Al  0    as 

Function  of Al Electrode Thickness  for 4.8 eV Photon,   for 

Various  Bias Voltages. 
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Figure. 78.     Quantum Efficiency of Carrier Photoinjection into Al 0    as 

Function of Al Electrode Thickness  for 5.2  eV Photon,   for 

Various  Bias  Voltages. 
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I = I e 
o 

-x/L 
(59) 

where L is called the escape length. 

In order to determine L, some of the experimental points of Figure 78 were 

plotted in terms of photocurrcnt and were connected by a smooth curve as shown 

in Figure 80, and the decay portions were fitted with an exponentially decaying 

behavior by a suitable choice of the parameter L.  This procedure yielded a 

value of 350Ä for the escape length L in Al for an incident photon energy of 

5.2 eV.  The reported (Ref 67) values of escape length for electrons in other 

metals are 740Ä for Au, 400Ä for Ag, 170Ä for Pd, and between 50 and 200Ä for 

Cu.  Thus, the value of 350Ä for Al films as found in these experiments appears 

to be the right order of magnitude. 

3.  PHOTOCURRENT VARIATION WITH SAMPLE TEMPERATURE 

In order to understand the transport mechanism of the photoinjected electrons 

in A1203 the photoelectric current at various sample temperatures was measured. 

For this purpose, a substrate of (1120) Al^ 0.037 in thick was polished on 

both sides and used to fabricate a MIM structure. Al electrodes were de- 

posited on both faces of the substrate. As indicated previously, the photo- 

current increases to a peak on illumination with light and then starts to 

decay as a function of time and ultimately reaches a steady-state value. 

The steady-state values of photocurrent were measured for different bias 

voltages at four different temperatures, with an incident photon energy of 

5.0 eV.  The resulting values of photocurrent are plotted as a function of V 

on a serailog plot in Figure 81. The experimental data points are connected by 

smooth curves. 

If the voltage dependence of the current Is assumed to be given by Equation 

(57), it is possible to obtain a fit to the experimental data. The parameter 

ßp (see Equation (54)) was calculated to be 3.57x10 
4 joules/V^neter""5. When 

this value of ß is usediiri" Equation (57) tie agreement is not evident. The 

value of ß required to give a good fit was found to be approximately four 

times the theoretical- value. • The values of ß /kT for several temperatures, 
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Figure  79.     Quantum Efficiency of  Carrier Photoinjection into Al 0    as 

Function of Al Electrode Thickness  for  5.5 eV Photon,   for 

Various  Bias Voltages. 

500 1000       1500       2000       2500       3000 

A£FILM THICKNESS (A) 

3500       4000       4500 

Figure 80.     Calibrated Photocurrent  in Al^  as  Function of Al Electrode 

Thickness  for 5.2 eV Photon Energy,   at  Several Bias  Voltages, 
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both  theoretical and adjusted  to fit  the experimental data, 

Table  30. 
are given in 

(ßp 
/kT) X 10 J 

Theoretical 
f 

Ad.-j us ted  Value 

0.57 2.3 
0.39 1.5 

0.36 1.4 

0.3A 1.3 

Table 30.  Values of Pp for Al^ at Several Temperatures* 

Temperature 
( K) 

315 

333 

358 

385 

*3p is coefficient of t
1/2 in Equation (53). 

At large values of the electric field the exponential factor in Equation (57) 

is the dominant one.  Using the appropriate values of ß /kT given in the 

table the theoretical values shown by crosses in Figure^] were obtained; it 

can be seen that there is very good agreement with experimental results, 

particularly for the higher field values.  The discrepancy between the 

theoretical values of ßp and the adjusted values has been noticed by other 

workers also, but there is not a good explanation for it at this time. 

If log (l/r) is plotted as a function of 1/T, a straight line whose slope is 

equal to (Ea - ^f 2)/k should result, according to Equation (57).  Figure 82 

shows such a plot, but in view of the limited number of temperatures at 

which measurements were made it is not possible to draw a straight line 

with good accuracy through the experimental points. However, the same slope 

does appear to exist for the four different bias voltages, and thir slope 

corresponds to an activation energy of 0.17 eV.  It is assumed that correc- 

tion due to the electric field is not possible here because of the paucity 

of experimental points.  It is concluded from these data that the trap levels 

in A1203 are 0.17 to 0.18 eV below the conduction band. 
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This investigation thus established that (1) the A1„0„ used for substrates 

for growth of heteroepitaxial semiconductor films has trap levels approxi- 

mately 0.18 eV below the conduction band; (2) the transport of photolnjected 

electrons occurs through the Poole-Frenkel conduction mechanism ; and (3) the 

quantum efficiency for the photoelectric process appears to be about 10~ . 

Such a low value for the quantum efficiency arises from several contributions, 
—V    / U T 

but the main attenuation is due  to the term e  a   in the Poole-Frenkd 

model (Equation (57)), which accounts for a factor of ~10 

Due to the long time needed to obtain each experimental point, it was not 

possible to study other Al-CL orientations.  It also was not possible to study 

the photocurrent at very high temperature because the A1„CL appeared to become 

leaky due to prolonged maintenance at elevated temperature.  Study of the 

transport of photolnjected carriers in single-crystal A1„0 substrates should 

be continued not only to understand better the transport process in single- 

crystal insulators but also to characterize further the nature of A1„0„ 

substrates as they are used for semiconductor heteroepitaxy. 
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