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ABSTRACT

The objective of this program is to carry out a fundamental study of nucleation
and film growth mechanisms in heteroepitaxial semiconductor thin films, and to apply
ithe results to the preparation of improved films and thin-film devices on insulating
substrates. Both theoretical and experimental investigations are involved, with
emphasis on chemical vapor deposition (CVD) techniques applicd to the Si/A£50.,,
Si/MgA£90y4, and GaAs/Af904 systems. The accomplishments of the fifth six-month
period are described in terms of seven program subtasks.

The theoretical studies have concentrated on modeling the observed mobility
anisotropy in the Si/A£203 and Si/MgA#90,4 systems, The investigations of
(221)Si/A 0504 and (001)Si/A£903 werc completed, extensive anisotropy calculations
were made for the general (XX1)Si crystallographic orientation (which includes the
major orientations of practical interest), and an emphasis was placed on understanding
the (111)Si,/A0203 system; calculated anisotropies based on thermally-induced
stresses and resulting piezoresistance effects are too small to explain the experimental
results. Experimentally observed anisotropies in this system as high as 30 to 40
percent have becn observed, with an average of about 16 percent, while the stress
model predicts values of about.6 percent. Residual growth stresses may be responsible
for the disparity, Preliminary measurements of the variation of anisofropy in
(221)Si/Al90g4 films as a function of thickness indicate a trend for anisotropy effects
to increase for thinner films.

Studies of the basic chemistry of formation of Si and GaAs by CVD reactions
have shown that Al9Og3 surfaces do catalyze the decomposition (pyrolysis) of SiHy at
moderate tempcratures (~-500 C), although the catalyzing action rapidly disappears
upon formation of a monolayer of Si on the surface. The decomposition modes of
trimethylgallium and AsHg have been examined, as has the thermal stability of
(CHgGaAsH), - the first apparent product of the reaction of these compounds.

Considerable effort has been devoted to attempts to prepare suitably thinned
Af90, wafers for subsequent reduction to 500A thickness by the ion-beam sputtering
technique; some wafers 1 to 2 mils thick were produced by various polishing and/or
etching procedures, and these were further thinned by the ion beam method and used
in in situ CVD experiments in the electron microscope. The CVD microchamber,
mounting flange, and associated gas handling system were completed and installed on
the electron microscope, and focus tests and gas flow expcriments were completed.
Several in situ CVD experiments resulting in the growth of crystalline Si films on
amorphous carbon substrates were carried out, demonstrating the feasibility of
observing Si film deposition and growth (by pyrolysis of SiHy) in the electron micro-
scope. Additional Si CVD in situ experiments are in progress.

Measurements of clectrical properties in the Si/MgA/ O4 system indicate that
the carrier mobility decreases more rapidly with filin thicknees (for t =0, 5um) than
it does in the Si/Af903 system. Studies of inhomogeneity in donor concentration in
CVD Si films on Af203 over the film area indicate a radial concentration gradient is
probably produced on the sample pedestal during deposition, either by gas flow
patterns or by nonuniform tcmperatures in the rf-heated susceptor. Measurements
of high-field transport characteristics of Si and GaAs films on Af50q have been

continued, as have the investigations of photoinjected current transport through A/ 204
substrates.
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Additional minority carrier lifetime measurements in Si heteroepitaxial films
in a range of thicknesses and resistivities have indicated values ranging from 9 x 10-12
to 5 x 10-10 sec; attempts to correlate lifetimes with film resistivity and thickness
have not yet been successful, Schottky-Larrier diodes and FET structures have been
fabricated in Si/A%290, composities, although resulting device characteristics are not
yet satisfactory. Preliminary fabrication and evaluation of photovoltaic cells in
Si/A%903 has also been initiated.

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

INTRODUCTIONM

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

1. PROGRAM OBJECTIVES

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

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

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

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

of Si and GaAs on insulating substrates by chemical vapor deposition (CVD)
methods.

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

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

The general plan for aceomplishing these objectives involves as the primary
effort the study of the fundamentals of heteroepitaxial semiconductor film growth on
insulating substrates. Specialized device fabrication is used both as a means of
evaluating certain properties of the films (and thus as a measure of film quality as
thc program progresses) and as a means of exploiting certain unique properties of
heteroepitaxial semiconductor-insulator systems. The dctermination of which
fundamental mechanisms, properties, and processes to investigate is based on 3 thorough
knowlcdge of epitaxy and its probleras and on experience with thin-film device
difficulties encountered over a period of several years.

The problems studied are not restricted to those identified a priori; experimental
(and theoretieal) attention can be shifted as the program progresses in order to
achieve the goal of a better understanding of heteroepitaxial processes and the resultant
improvement in thin-film active semiconductor devices.

Ll e o A



2. PROGRAM SCOPE

The program involves both theoretical and experimental investigation of the
’ nueleation and growth mechanisms of heteroepitaxial films in semieonductor-insulator
systems, the development of improved teehniques for preparation of heteroepitaxial
semiconduetor films, and the fabrieation of some devices utilizing these films,
the latter primarily for the purpose of evaluating thc heteroepitaxial materials but
also to exploit the special properties of such films.

The theoretieai studies consist of two types. First, there is direct interaction
with the experimental program involving data analyses, suggestion of definitive
experiments, and postulation of specific models to explain experimental observations.

Second, there is development of original eontributions to the theory of heteroepitaxial
growth.

The experimental investigations are also of two types. First, fundamental
explorations are earried out to delineate meehanisms and general empirical principles
of the heteroepitaxial growth proeess. Second, praetical studies aceompany the
fundamental investigations so that new developments ean be immediately applied to
| the improvement of semieonduetor films and thin-film devices on insulating substrates.

SRS . oA o e |

The work has emphasized the CVD method of growing scmiconduetor thin films
because of its importanee in the semiconductor industry. This emphasis on the
fundamental mechanisms of CVD growth distinguishes this program from most
previous fundamental studies of epitaxy, which have coneentrated upon physieal |

vapor deposition (PVD) methods partly beeause such studies are easier with PVD
techniques.

The program emphasis is on films of Si and GaAs and substrates of sapphire
(Al20g3) and spinel (MgA£204). The initial emphasis was on the Si-on-Al204 system,
with increasing attention being given to the Si-on-MgA{£204 and GaAs-on-A[203
systems. Si and GaAs have been eliosen beeause of the preeminenee of the former in
the semieonductor industry and the high-frequency and high-temperatu.e attributes

of the latter; in addition, they represent the elemental and eompound semiconduetors
for whieh most comparative information exists.

The progran: is earried on primarily at facilities of the Electronics Group of
North Ameriean Roekwell Corporation (NR) by NR personnel. Parts of two of the
subtasks are performed by personnel of the University of California at Los Angeles
(UCLA), in the Dcpartment of Elcctrical Sciences and Engineering. Work on
another of the subtasks is being done in part in the Department of Chemistry of

California State University, San Diego (CSUSD). Both the UCLA and the CSUSD programs
are supported by subeontracts from NR.

ol e e e ma o . e b



3. PROGRAM DESCRIPTION BY SUBTASK

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

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

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

Subtask 2: Deposition Studies and Film Preparation. Investigation of the
effects of various experimental parameters upon the propcrties 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 rcactant materials used in metalorganic-hydride and other
CVD processes; preparation of resea rch-sample quantities of improved-purity
rcactants for usc in film growth experiments; investigation of the chemistry and
rcaction kinetics of CVD processes to improve the detailed understanding and control
of the checmical reactions involved in the preparation of heteroepitaxial semiconductor
films by CVD.

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

Subtask 5: Studies of jn situ Film Growth in the Electron Microscope.
In situ observation and study of thc early stages of growth of CVD films in the
clectron microscope, to develop additional fundamental knowledge of the cpitaxy
process; results of experimental observations to be incorporated into theroetical
studics wherever possible.

Subtask 6: Evaluation of Film Properties. Measurement of the electrical,

optical, crystallographic, and thcrmal properties of heteroepitaxial semiconductor
films on insulators, by a variety of measurement techniques. Standard techniques
will be employed and new methods dcveloped where required for measurement of
film properties which best characterize ultimate device performance.




Subtask 7: Design and Fabrication of Devices. Design and experimental l
fabrication of certain types of devices, using heteroepitaxial films prodnced in the
| above studies. Some devices will be used to evaluate material properties and otbers
’ to exploit semiconductor film characteristice unique to heteroepitaxial systems.

i
The results obtained during the fifth six-month period of the contract are |
discussed by subtask in Section II. An outline of the work planned for the final l

l

six months is contained in Section IIl, and a program summary to date is given in
Section IV,
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SECTION II

RESULTS AND DISCUSSION

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

1. SUBTASK 1. THEORY OF EPITAXY AND HETEROEPITAXIAL INTERFACES

Several possible approaches to the theoretical modeling of heteroepitaxial
systems have been investigated under this contract. The general eriteria originally
adopted for determining suitability of a given teehnique were that the theoretical
treatment and associated calculations should (1) relate explicitly to hetcroepitaxy;
(2) be as ncarly as possible a "first-principles' approach; (3) relate as closely as
possible to an aetual systcm such as Si/Al90g; and (4) reprcsent an original
contribution to the theory of heteroepitaxy.

Meeting these eriteria is difficult., Howevcr, the eriteria are important in
providing a framework and goals for the theoretical studies. Although the Si/A2203
system is of eonsiderable commereial and praetical importanece, existing theories
and calculations in the literature fall drastieally short in that there is no real connec-
tion with systems such as Si/Af903. The emphasis of prcvious theories has instead
been on simple and unrealistic one- or two-dimensional cubiec lattices which unfortu-
nately eannot be applied to Si/Al9O3. The intent of the initial theoretical studies of
this contract has been to dcvelop an approach which relates specifically to the Si and
thc Af903 lattices.

During the first year of the contraet a formal theoretical method of replacing
overgrowth atoms on a substrate with Gaussian mass distributions was further
developced tor those cases where the effective interatomic potential is known, The
technique, applieable to irregular-shaped islands or films of finite extent, was
applicd to a simplified model to determine preferred orientation relationships from
caleulated film-substrate interaetion energies., Thc method was not pursued further,
howcver, because it was not sufficiently adaptable to real systems. Sevcral other
possiblc approaches to the theoretical modeling of hcteroepitaxial systems were
critically reviewcd, including the Frank-Van der Merwe model, a Green's function/
Wannier-funetion approach, a contrived potential-energy model, and the two-body
interatomic potential method. It was concluded at that time that most cxisting
theories arc inadequate for application to real systems.

The feasibility of a molccular orbital devclopment of the hetcrocpitaxial intexrface
was then investigated. Howcver, it was determined infeasible to apply this teehnique
in a manner directly relevant to heteroepitaxy, so the effort was terminated. The
interatomic potential approach to hcteroepitaxy was then reinstigated, with the goal
being the computer simulation of growth of Si on A903. Mechanical stability condi-
tions for an AfO4 latticc modeled with two-body potcntials were investigated and
determined to the depth required for the applications. Computcr programming of the
Af903 lattice energy and elastic constants was begun for use in detcrmining appro-
priate empirical potentials required for modeling the A2203 lattice, a major
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requirement for modcling Si growth on Af503. In addition, the application of the
electron-on-network theory to the problem of determining surface configurations and
interfacial binding encrgies in heteroepitaxial systems where the surface structure

is al.owed to relax was investigated and for a timc appearcd promising for the real
systems of interest,

In the final half of the second year the theoretical studies were devoted to three
main areas: (1) modeling of the Si/A17203 system by means of interatomic potentials
and computer simulation; (2) use of the elcctron-on-network technique to calculate
work functions and suriace double-laycr potentials of monovalent metals; and (3) cal-
culations relating the mobility of Si films on Al503 to stress effects arising at the
heteroepitaxial interface and caused by diiferential thermal contraction of film and
substrate. The electron-on-network method has not been pursued further for
possible application to heteroepitaxial systems, however, because of scvere limita-
tions of the method encountered in the prcliminary studi. s.

The modcling of the A£903 lattice has bcen carried out in terms of Morse
potentials; only anion-anion and cation-anion potentials have been employed. These
were chosen to conform to specific constraints related to the physical lattice., Inves-
tigation of surface reconstruction in basal-plane Af903 was also initiated, using
thesc potentials, since this phenomenon plays a major role in predicting Si film
orientations on Al90g. Reclaxation of the four atomic planes nearest the surface was
treated for thc casc of a surface composcd of oxygen atoms with the constraints of
translational symmetry in the surface and three-fold rotational symmetry normal to
the surface. Programming of the case of an A? atom surface was also begun, with
the samc symmetry constraints being imposed. However, the work on this aspcct of

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

The theoretical studies during the past six months have concentrated cxclusively
on the mobility anisotropy and piczoresistance investigations in the Si/A? O3 and
Si/MgAl50, systems (Ref 4). The theoretical modcling of hcterocpitaxia? systems
using interatomic potentials was decmed to be of secondary importance to the
anisotropy studies at thc present time, and as a consequence no further work was
done on the modeling studics in this report period. However, that cffort will be
resumed during the next six months, with a slightly differcnt direction and emphasis
designed to illuminate some practical questions which have arisen concerning the
possibility of residual growth stresses occurring in some Si/A1203 orientations.

It has long been rccognized that the differential thermal contraction between a
Si film and its Af90g3 substrate will produce substantial stress in the Si film,

Through the piczoresistance effcet, this stress acts to modify the cleetrical properties
of the semiconductor, including the carricr mobility.

An assumption which is usually implicit in most semiconductor thin-film
matcrial evaluations is that the electrical properties arc isotropic and thus do not
depend upon oricntation in the plane of the film. However, during the previous
rcporting period (Ref 4) it was determined cxperimentally that most sVMzo films
cxhibit some degrce of mobility anisotropy in the plane of the film. It wags recognized
that a dctailed theoretical investigation of this anisotropy could possibly lead to a
greatly improved fundamental understanding of the mechanisms determining carrier
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mobility in Si/Al904 heteroepitaxial films and thus eould be of praetieal significance
to the technology. This has been the basis for emphasizing the mobility anisotropy
studies in this reporting period.

The theoretieal model for the anisotropy in earrier mobility involves ealeulating
the ehanges in mobility and resistivity due to the stress originating in the differential
thermal eontraetion of film and substrate. For eompleteness, the difference in
thermal expansion eoeffieients parallel and perpendieular to the e-axis in A5O3 has
been taken into aceount. The resulting theoretieal model is thus the first whieh is
valid for the ease of anisotropie thermal expansion.

At the end of the previous reporting period theoretieal formulas had been
developed whieh were valid and applieable for both Si and Ge films and for A2203 and
MgAsz aubstrates (Ref 4). The (001), (110), (111) and (221) Si film orientations were
trea eé speeifieally, as were some "off-orientation' eases. In the past six months
publications deseribing the results for (221) Si (Ref 5) and (001) Si (Ref 6) were
prepared. Caleulations were performed for the 5 deg-off-(111) Si films investigated
experimentally,

Extensive eomputer evaluations of theoretieal formulas for the general
orientation (XX1) Si were also eompleted. By letting X vary from zero to infinity,
all Si film orientations of the form (XX1) lying along the zone defined by (001) Si,
(111) Si, (221) Si, and (110) Si were treated and predieted anisotropy results
obtained. Sinee Si film quality is usually highest for (001) and (111) types of growth,
this general treatment is expeeted to encompass all orientations of major interest
now and in the near future. " In this extensive treatment, four modes of epitaxy have
been eonsidered for Si/A£504 and one mode for Si/MgAf£904. The general mathe-
matieal model for the various modes of epitaxy has been eompleted. A basic and
eomprehensive aecount of the work is now being written for publieation; it will eontain
fundamental information on mobility anisotropy in epitaxial Si and will constitute the
first sueh comprechensive treatment of this subjeet and thus be of eonsiderable
importance.

The theoretieal analysis of mobility anisotropies and the responsible physieal
meehanisms began as an "on-line' response to the important experimental diseovery,
earlier in the eontraet program, that an anisotropy was present in the earrier
mobility in (001) Si, ‘221) Si and (111) Si heterocpitaxial films grown on A?9O, and
would probably oeeur in all orientations of Si/Af203. It was recognized that different
physieal meechanisms whieh could produee some form of mobility anisotropy would, in
general, be expeeted 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 anisatropy eould, in prineiple, provide a more
powerful means than has previously been available for determining the rote of various
phenomena in establishing the earrier mobility in the Si/Al904 films. The anisotropy
studies are therefore of great importance to this contraet program and to hetero-
epitaxial semiconduetor film teehnology in general,

Physical phenomena whieh eould, in prineiple, lead to a mobility anisotropy in
these heteroepitaxial systems inelude (1) surface seattering, (2) hot eleetron
phenomena, (3) surface quantization, (4) disloeation scattering, and (5) both surface
and bulk piezoresistanece effeets, All of these phenomena are inadequately understood



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.

The initial theoretical work on this problem consisted of a study of the effect on
carrier mobility ¢f substrate-induced thermal contruction stresses acting through the
piezoresistance effect. A theoretical model was developed which correctly predicted
the magnitude of the mobility anisotropy and the angular direetion in the plane of the
film for which mobility maxima and minima would oeeur for (001) S and (221) Si
epitaxial films on Af303. Analysis of the theoretical and experimental data has
shown that the model and thermal stresses do indeed largely aceount for the
anisotropy in the mouwility and the angular loecation of mobility maxima and minima.
Thus, the anisotropy in mobility can be substantially deseribed in terms of thermal
stresses without recourse to other physical phenomena such as residual growth
etresses or disloeation scattering. However, the magnitude of the overall average
mobility in these films is found to be slgnificantly lower than bulk-erystal values.
This indicates that some other phenomenon, such as defect or disloeation scattering,
is quite impartant in determining the properties of these (001) and (221) Si films.

Attention was then direeted to the (111) Si ease on two different Af504 substrate
orientations : 5 deg oif of the (1120) plane, and (1014). In both cases the
theoretieally predicted anisotropy is too small by a factor of ~ 3 to G, and the predieted

directions of riobility maxima and minima are rotated 90 to 100 deg away from those
determined experimentally,

Extensive attempts, both theoretieally and experimentally, have been made in
efforts to explain the experimental (111) Si results. The experimental results show
substantlal lata seatter and attempts have been made both to determine the origin of
the seatter and to reduee its magnitude. Inhomogeneity in film properties is one
potential sourcc of both seatter and ambiguity in the experimental data. The results
of experimental studies of Si film inhomogeneity are discussed in Subtask 6 of this
report. \While Si film inhomogeneity must be taken into account in accurately
measuring mobility anisotropies, the film Inhomogenelty does not itself appear to
explain tne large anisotropy or ioeation of mobility maxima and miInima.

A second physical mechanism -- hot electron phenomena -- has been ruled out
as a likely cause of the experimental results on (111)Si since the mobility anisotropy
is found to be in'ependent of the magnitude of the electrie field. Surface scattering
and surface quantization are two other physieal phenomena which could play a role in
determininyg the experimentally measured anisotropy. For bulk thin films (i. e. , NO
substrate) both these effects should lead to isotropic carrier mobilities on the basis
of general symmetry arguments (Ref 6)*., The stress applied by the substrate is
anisotropic and would thus be expected to tead to some anisotropy. However, intui-
tively this anisotropy would be expected to be of the same order as the (001) Si results
~= an anisotropy of 6 to 9 percent. These phenomena appear Implauslble as mechanlsms

for producing the rather large (16 to 30 percent average) (111) Si antsotropy thet has
been observed.

*This reference 13 included in this report as Appendix A
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A definitive interpretation or analysis of the (111) Si results can not be made
at this time. Experimental efforts are underway (Subtask 6) to more adequately
assess the effects of film inhomogeneity and to establish the magnitude of the
contribution of possible surface eifeets and surface-state conduetivity.

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

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

At present there is apparently no way of deeiding whether or not such growth
stresses do in fact exist in Si films in the (111) orientation and --if they are important
here--why suech stresses do not appear to be required in the theoretical explanation
for the (001; Si and (221) Si anisotropy cases. However, the possibility of a residual
;rowth stress explanation appears plausible; this explanation would, if found to be
correet, represent a major step forward in understanding some of the basie physies
of heteroepitaxial Si films. Attempts are to be made in the coming reporting period,
by means of either atom matehing or interatomle potential modellng, to determine if
growth stresses of the qualitative nature required to explain the (111) Si mobility
anisotropy results in terms of a stress model are likely to oceur,

During this reporting pe+iod ealeulations for mobility anisotropy in the general
(XX1) Si orientation were earrled out. Here X varies from zero to Infinlty to mup out
all orientations of the form (XX1) lying along the zone defined by (001)S1, (111)Si,
(221)Si and (110)Si. These eaiculatlons have been performed for four different
modes of S1/A €904 epitaxy and one mode of Si/MgAl20,4 epltaxy, for both n-type and
p-type Si. A substantial amount of data has been generated by computer ealeulations.

Representative data for the anlsotropy taetor A = (Kmax = Fmin)/1/2 (Kmav * Fmin)

is glven in Table 1 for n-type Si. The first column contalns the values of the Miller

Index X in the erystallographlc plane (XX1) of SI. The second column shows
the angle 6 (in deg) of the (XX1) plane measured from the (001) plane toward the

(110) plane. The remalning columns list the values of the anlsotropy factor A (In
pereent) for various modes of epltaxy, where the modes of epitaxy are as
follows:

Mode I :  (001)S1//(0112) A (504

Mode Il :  (111)81//(1124) Aly03 and (221)S1//(1132) AL90O4
Mode IlI:  (111)$1//(1120) A 2503

Mode IV:  (111)81//(1014) Af503

Mode V :  (111)S1//(111) MgAl0,4

9
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Table 1 allows eomparison between various modes of epitaxy with respeet to the
anisotropy predieted by the theory and permits some distinetion to be made between
the various meehanisms likely to be responsible for the anisotropy. For example,
Mode V is for the Si/MgAf90O,4 system and thus represents the case of isotropie
thermal expansion. The anisotropy A in this ease is thus due solely to anisotropy
in the piezoresistance cocfficients and in the elastic eonstants. On the other hand,
for the (001) Si anc (111) S1 eases (X =0 and X = 1, respeetively) the anisotropy in
mobility arises only from the anisotropy in thermal expansion.

It is of interest to note the fairly rapid inerease in anisotropy values in going
only 5. 27 deg from the (111)Si plane toward the (110) Si plane. Also it should be
pointed out that the (110) Si plane (6 = 90 deg from the (001Si plane) probably repre-
sents the greatest anisotropy possible in this system, although this has not been
rigorously proven. This faet may, however, be somewhat academie in that high

quality (110; Si film growth has not yet been achieved on substrates of Af903 or
MgAl,0y.

The anisotropy factor A of the reneral (XX1) Si orientation has been given in
Table 1 over a wide range of angles for the sake of eompleteness and to illustrate how
the anisotropy depends upon erystalographic orientation and mode of epitaxy. However,
it should be recognized that not all of these Si orientations will be of experimental and
practical significance for all epitaxy modes. In general, in proeeeding away from the
"natural” plane for a given mode--say (001)Si//(0112)A9203 (Mode I)- -the quality of
the film growth deteriorates and may become multimoded or highly defected. The
exact velationship between film quality and the number of degrees off of the orienta-
tion of a pure mode is not known in detail, although some general information has
been estublished by earlier workers (Ref 7). The (221)Si//(1122)A2203 is an
example of an orientation that is =16 deg off the "natural" (111 5i // (11Z4) A {903 plane
and y’ t ylelds good quality films (Ref 5).

2. SUBTASK 2. DEPOSITION STUDIES AND FILM PREPARATION

During the first year of the program the emphasis on this subtask was placed on
determining the effect of experimental growth parameters on the quality of Si . ~itaxial
films grow.: by the CVD method of pyrolysis of Sill4 on substrates of various orienta-
tions of Af203 and MgAl,04. It was established for the growth system used that
autodoping oceurs in Si on Al9Og at temperatures greater than about 1050 C, soa
concerted study was made which considered the effeets of such factors as growth
temperature, growth rate, and nucleation phenomena at or below this temperature
(Itef 2). It was determined that the eleetrical properties of undoped n-type hetero-
cpitaxial Si films grown on various orientations of Aly0g3 (and also MgA(50y) by the
CVID) method of pyrolysis of SiH4 are dominated by surface-state conduction for
carrier concentrations of ~1016 em-3 or below. Essentially equivalent (100)- and
(111)-oriented Si films were grown on (0112) and (1014) A€504 substrates at deposition
temperatures below the autodoping range (~1050 C). Al504 orientations naar the
(1120) plane, not previously used in heteroepitaxy studies, were utilized us substrates
for (111) Si heteroepitaxy; this resulted in electron mobilities of 600 to 700 em2/V-sece
for carrier coneentrations of 1015 -1017 em=3, exceeding mobilities obtained on
either (0112) or (1014) A?904 substrates.
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These studies revealed the strong interrelationships that exist among the various
parameters involved in optimizing Si growth on insulators, Evaluation of the eleetrieal
properties of Si films on those Al503 orientations that produee th~ hest Si overgrowths
has demonstrated that growth conditions (1) must be maximized for the partieular sub-
strate orientation ehosen; (2) differ for those A9203 orientations whieh lead to the
same Si orientation; (3) are dependent upon reaetor geometry and gaseous atmosphere;
and (4) must be optimized for the partieular film thiekness desired. Studies of Si
growth by SiH, pyrolysis at redueed pressures (1 to 10 torr) indieated that single-
erystal growth ean be obtained over a fairly wide temperature range, when eonditions
are optimized, on both AZ504 and MgAf504 substrates; these results provided neces-
sary eonfirmation of the feasibility of Si film growth in the pressure range to be used
in the in situ CVD experiments in the eleetron mieroseope (Subtask 5). Investigation
of the growth of Si films on A2203 and MgAl504 using He as the growth atmosphere
and the earrier gas showed that epitaxial growth eould be aehieved, although the
ecnditions for best growth were not established at that time.

The effort on this subtask in the final half of the seeond year was eoneentrated
on eontinuing attempts to optimize the Si deposition proeess for growth on~ (1120)
and (0112) A£ 504 surfaees. In the eourse of this work the effects of post-nueleation
annealing during the deposition proeess on ultimate film properties were examined,
but no signifieant improvement in overall quality of Si films reslting from these
proeedures was demonstrated. The effeets on film growth of gas-phase etching of
Al203 surfaees prior to deposition have been evaluated further; there is some indiea-
tion that surface damage may not be the primary faetor in determining the quality of
Si overgrowths, but this question must be examined in more detail. The effeet of
eooled reaetor ehamber walls on the Si growth proeess was investigated further,

but no significant advantage of eooled walls in the vertieal reaetor systems used in
this work has been observed.

Considerable additional study was made of the growth and properties of Si films on
Czoehralski-grown stoiehiometrie spinel (MgA2204). This work indieated that Si
films with eleetrieal properties at least as good as those grown on A{50g ean be
obtained when lte-Hy gas mixtures are used for the growth environment. It also
determined that autodoping is operativc in the Si/MgA€204 system (in He-llg
atmospheres) at approximatel s the same temperatures as for Si/A@203.

During the past six months the work of this subtask was coneentrated in several
areas. These include (1) the preparation of Si films on various orientations of
Af90q in order to study the electrieal anisotropy as a funetion of A£90g3 orientation,
film thiekness, and doping level (Subtask 6); (2) the preparation of samples of
GaAs/A£303 and 8i/Al50g for use at UCLA in the measurement of earrier lifetime
and high-field transport properties 2nd in fabrieation of Sehottky-barrier FET
structures (Subtasks 6 and 7); (3) the preparation of samples of Si/Af,04 and
GaAs/A2203 for the evaluation of new tanks and sourees of Sill (Subtask 3); and
(4) the growth of Si and GaAs films on MgA 72904 and A@zo in an attempt not only to
identify the preferred substrate but also to examine the cf?eet of various subst--te
processing steps on film quality.

a. CVD Growth of Si on MgA£,0,

As indieated in the previous semiannual report (Ref 4), good quality n-type
Si films have been grown on (111) MgA2204 with earrier mobilities higher than
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those achieved in the Si/Af203 system. Mobilities as high as 925 em?/V-sec were
measured in ~2 pm films, but the mobilities were influenced by the source tank of
SiH4. In fact, more recent attempts to duplicate earlier growth rate and dopant data
in Si films on MgA£,04 as a function of the He-Hg ratio have not been successful and
have indicated that even these important factors appear to be dependent on the source
tank of SiH4 used. Yet the purity of the SiH4 as determined by growth of Si on Si in
a Hg atmosphere has bcen quite acceptable, with thick films ( ~100um) possessing
essentially bulk Si mobilities (see Subtask 3). The rcsults seem to indicate that
impurities present in the SiH4 behave quite differently in Hg and in He-Hg mixtures.
Because of these now-recognized differences only those data obtained on films grown
on insulators with the samec source of SiH4 can be used for comparison purposes.

Considerable subsurface work damage has been found in (111) MgA#2904
processed into polished substrates by various vendors and at NR. This damage has
been revealed by etching the polished surface in hot HF or hot HBF 4 for ~45 t> 90 min.
A high temperature (~1500 C) anneal in air seems to reconstruct the MgA£904 surface
and to minimize or remove scratches, but the electrical properties of films grown on
thesc surfaces do not appear to be any better than those measured in films grown on
those containing obvious work damage. This conclusion is based on the data shown in
Table 2.

A fcw experiments were performed to determine the effect of heating
(111) MgA {904 in Hp at 1100 C prior to film growth at 1025 C in He-Hy. "The clec-
trical propertics of Si films grown on these surfaces and on surfaces not treated in
Hg are not considercd significantly different. The data involved are recorded in
Table 3.

Most of the studies of Si growth on MgAf 9Oy on this program have been
directed to thc use of (lll)MgAI?204 , Since this orientation has produced higher
mobility films than have been rcportcd in the literature for either (100) or
(110) MgAfo04. However, it was hoped that the process now in use for Si deposition
would provide better film growth on the (i10) and (100) orientations. To date the
number of experiments involving tiese orientations has been limited.

The Si films grown on (100) MgA£9O4 were only partially reflective at growth
tempcratures of 1025 C and wcre slightly inferior electrically to (111) Si films grown
simultaneously on (111) MgA£90y4 substrates. For example, a 2pm-thick (100) film
had thc following :?roperties: resistivity = 0. 52 ohm-cm; carrier concentration
= 3.5 x 1016 ¢cm~9; carrier mobility = 470 cm2/V-sec, The properties of the compan-
ion (111) Si film were p = 0.70 ohm-cm, n = 1.4 x 1016 cm™, 1 = 630 cm2/V-sec.

At 1050 C, cssentially similar results wcre obtained with the (111) film being better
than the (100) film.

Film growth on (110) MgAf20, appeared to improvc with deposition temperature,
for where only gray films were formed at growth temperatures of 1025 and 1050 C,
undcr growth conditions satisfactory for (111) substrates, somewhat reflectivc films
werc obtained at 1075 C and 1100 C. The differences in quality may be thickness-
dependent rather than growth tempcrature-dependent, for epitaxial film quality is
normally expccted to improve with thickness.
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| Table 3. Effect of Ho Etching of Substrate at 1100 C on Properties
of Si Films Grown on MgA£,04 in He-Hgy Atmosphere

| Growth Film
Rate Thickness Resistivity Carrier Conc Mgbility Ho
(vm/min) (wm) (ohm-cm) (cm=3) (cm?2/V-sec) Etched
| 0.33 2.3 0.17 5.7 x 1016 660 No
0.27 1.9 0. 88 1.5 x 10%8 480 No
: 16

0.23 1.6 0.33 3.4 x 10 560 Yes
0.21 1.5 0. 46 3.2 x 10%° 420 Yes
0.22 1.6 0.72 2.9 x 1018 300 Yes

Work with MgA £,04 suvstrates on another program at NR has led to the
interesting result that (100) Si epitaxial growth also occurs on (110) MgA£904 sub-
strates, in addition to the (110) Si growth previously observed. The orientation

relationships are
(100) Si//(110) MgAL ,0,, and (110] Si//{01T] MgAL,0,.

Thus, (110) MgA{o0y4 is found to influence the epitaxial growth of (100) Si just as it
has been shown previously to produce (100) 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 MgAf204 substrate surface 2nd its effect on film quality,
the following conclusions can be reached based on the results of electrical measure-

ments on 8i/MgAf,04 samples:

1. When the MgA£204 substrate is properly processed (i. e., polished and cleaned)
Si films grown on good quality MgA£o04 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 (~5um) exhibit higher carrier mobilities than thinner ones
(<2pm),
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5. The electrical properties of 2pm-thick films of (111) Si on MgA£90, are
at least as good as those of (111) Si on A2203 and quite often better than
those of (100) Si on A50g.

6. Although annealing has been found to change the MgA£90,4 surface in some
manner, the electrical properties of Si films grown on annealed surfaces
do not appear to be better than those measured in films grown on unannealed
surfaces.

b. CVD Growth of Si on A2203

The preparation of Si films on A£9Og for the anisotropy measurements (Subtask 6)
also provided films whose properties could be used in evaluating the quality of the
SiH4 used in the deposition process. (See Subtask 3.) It was observed, in the course
of those studies, that substandard properties of Si films on~(1120)-oriented Al304
substrates (i.e., lower-than-usual carrier mobilities for a given set of deposition
conditions) coincided with the use of a SiH4 source tank which had a high level of
impurit.es as identified by mass spectrometric analysis.

For example, as reported in Table 4 (Subtask 3),SiH, tank C-1016 was found to
contain an unusually high Hg and HyO content. Film mobilities for the (111) Si films
grown on~(1120) Al9O3 using this tank were ~500 em2/V-sec, lower than the 600 to
800 cm2/V-sec values previously obtained using other tanks of SiH4, but the quality
of {100) Si growth on (0112)A2203 did not seem to be similarly affected. Thick (111)Si
films (~10um thick) on the ~(1120A£904, howevecr, were found to possess good
mobilities, a value of ~950 cm2/V-sec having been measured in a film with a
carrier concentration of 4.5 x 1016 em=3. Further consideration is being given to
the prssible significance of correlations of this type, as part of the attempt to identify
the important controlling parameters in the Si deposition process.




3. SUBTASK 3. ANALYSIS AND PURIFICATION OF CVD REACTANTS

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

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

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

An important study of the chemistry and reaction kinetics of CVD processes
used for growing Si and GaAs films in heteroepitaxial systems was initiated late in the
second year at the California State University, San Diego (CSUSD). The first experi-
ments undertaken were directed toward determining the role of the Al504 surface in
catalyzing the pyrolysis of SiH,; experiments with the trimethylgallium (TMG)-arsine
(AsHg) reaction used for GaAs growth were also begun.

During the past six months additional analyses of reactants have been made by
mass spectromcter techniques, * and the studies of CVD reaction kinetics at CSUSD have
continued on both the Si and the GaAs reaction systems.

a. Analysis of CVD Reactants for Impurity Content

Four different tanks of "pure" SiH4 were analyzed by mass spectrometry for
impurity content during this reporting period, in some cases after some Si films
were grown using that particular tank, The analyses are recorded in Table 4.

Cylinder C-1016 (tank DC), from Synthatron Corporation, was returned to the
vendor for replacement after the high concentrations of Hg, HgO, and Ar were found.
As noted in the table, its replacement (Cylinder 6-967) was found to be of considerably
higher purity.

* The analyses have been carried out by West Coast Technical Service, Inc.,
San Gabriel, CA.
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Both tanks DI and DM (see Tabie 4) have becn evaluated by means of Si growth
on p-type Si substrates. A 100pum-thick film of Si grown using tank DI had the
following electrieal properties: p= 9.3 ohm-em; n = 4.8 x 1014ecm-3; and » = 1390
cm2/V-sec. A film grown using tank DM had the following properties: p = 57 ohm-cm;
n=6x 1013em-3; and K= 1750 em2/V-sec. In both eascs, thc eleetrieal eharaeicris-
ties are indieative of very good film quality and thus of good SiH4 having relatively little
content of impuritics damaging to thc properties of the Si films.

As indieated in thc prcvious semiannual report (Ref 4), a tank of AsHq-in-He had
been returned to the vendor (Airco) beeause of thc high content of water, Og, COg, and
HoS found in the tank by mass spectrometrie analysis. Its replacement was reeeived,
after many months delay, and analyzed for impurities.

The results for this tank (DP) are shown in Table 5 togethcr with results obtained
for a tank (DN) of AsH3-in-Hg obtained from Three-H Corporation and for tank CR,
10 percent AsHg-in-Hg, obtained from Phoenix Researeh Corporation. Bascd on
attempis to condense H,O fromthegases in tank DN, it was coneluded that the mixturc
was qluitc dry. GaAs fﬁms grown using tank DN werce found to have a doping level
(3x10 4em- ) as low as that obtaincd with the best gases evaluated to datc, but the
mobility was also quite low; therefore, this tank is to be furthcr evaluated by growth of
films with doping levels ~1016em‘3, wilieh lead to higher mobilities when grown on
insulators such as At203 or MgA£,0,4. Because of the long delay in the reccipt of
replacement tank DP, tank DN was put into use before the analysis supplied by the
vendor eould be verified by a loeal analytieal scrvice laboratory. Such a eomparison
is to be made in thc ncar future.

The AsHg-in-H, from Phoenix Researeh Corporation was found to be relatively
good for GaAs growth on A£,03; a doped 20 pm-thiek film on (0001) A £5,0, had the
following clcetrieal properties: p=0.07 ohm-em; n=1.7x1016em-3 and “p = 5470
em2/V-sec. At higher doping levels (n = 5. 5x1017 em~3) a 31 pm-thick GaAs film
had a mobility of ~3900 emzfv-scc, also a reasonablc valuc for a film with that
doping levecl.

b. Study of Chemistry and Reaction Kincties of CVD Proeesses

In these studies the kasie ehemistry involved in the formation of GaAs from
the metalorganie-hydride rcaetion of trimethylgallium (Ga(CHg)3) and AsHg and in the
deposition of Si by the pyrolysis of SiHy is beirg investigated cxperimentally.

The flow pyrolysis of trimethylgallium (TMG) with AsHq Is being examined over
an incrt surfaee (Si mirror) to detcrmine the requircments for the formation of pure
GaAs. The paramcters being varied are the pyrolysis temperature, the TMG-AsHg
ratio, and the partial prcssure of Hy. In addition, the volatile products are being
detcrmined. The decomposition modes of AsHg and TMG arc to be examined to
dctermine what radicals are produeed in the pyrolyscs of AsHg and of TMG and !n the
eo-pyrolysis. The reaetion of these radicals with TMG and AsHg will also be
investigated.
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The pyrolysis of SiH4 and SigHg over A (503 has been investigated in the initial
studies. The At903 is preheated to various temperatures (400 to 1100 C) prior to each
pyrolysis to determine effects due to heat treatment. The pyroiysis of SigHg over
A1503 is being carried out inthe presence of CH3SiD3 to determine whether the A1203
has changed the mechanism of decomposition from the 1, 2-hydrogen shift observed in
the homogeneous decomposition

—~ 1
SipHg — SiHy + SiHg . ‘ @

The possibility of SiH4 decomposition initiated by H atoms from molecular hydrogen
decomposition above 600 C will also be exam’ned.

All of these reactions are carried out in flow systems with low-temperaturs
traps which remove the heavier less stable products from ihe streasm. This allcws for
the determination of the effect of pyrolysis temperature on the yield of SigHy, in rie
pyrolysis of SiHy:

2 SiHy — SigHg + Hy. (2)

This last point will provide some information concerning the species whick a-e present
at the point of Si deposition.

The first experiments undertaken were directed toward determining tae recle of
the A?503 surface in catalyzing the decomposition of SiH4 and other Si hycd:ides.
Pyrolysis of SiH4 was carried out in a flow system contsining a Hg Toeples pump and
two low-temperature traps maintaiped at -160C positioned beyond the heat-c¢ zone. The
quartz-walled heated zone (6.2 cm* volume) had a surface-to-volume rati- of 42. 8
when packed with 3/32-in. diameter A?903 beads and 2. 84 without the begds. The
Al203 beads were washed in 9:2 mixture of HNOg:HF and then rinsed witk weter,
trichlorethylene, deionized water, and finally methanol prior to use. The resuits of
the initial experiments were inconclusive, although SiH4 pyrolysis appeay2d to take
place at the same rate over a Si surface (i.e., the beads covered with a :i deposit) as
over a bare A1203 surface (i.e., clean beads).

Subsequent pyroiysis experiments were carried out for 30 min eac+ina recirculating
flow system containing a -160C cold '"U" trap which condensed any Sigkle forined and
maintained the SiH4 pressure at about 12 torr. In these experiments beiween four and
six monolayers of Si or SiH, polymer were deposited on the test surfac.. The results
of these experiments are given in Table 6 and show that any catalysis by A f90g, SiOg
(quartz) or pyrex is rapidly eliminated after (or possibly even before) «rne monolayer
of Si is deposited.

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 A790. beads, connected by a "U" trap to a combination
Toepler pump-McLeod gage. With this apparatus it is possible to detect H, produced
from the SiH4 pyrolysis well before one monolayer of Si is deposited on the beads. A
13-fold increase was measured in the rate of SiH4 decomposition over uncoated Ai90g
as compared with the rate over Si-mirrored beads. However, the amount of SiHy
Fassing the -196C trap was about four timeg that of the Hy, produced in the reaction, so to
correct this the "U" trap was filled witha molecular sieve. This modification
decreased the background SiHy (due to incomplete SiH4 condensation at -196C) by a
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Table 6. SIH_' Pyrolysis Experiments

Test Surface SiHy SiaHg H
Expt. Pyrolysis Exposed to Consumed Produced Produced
No. Temp. (°C) Pyrolysis (mmol) (mmol) (mmol)
surface/volume = 2,84
1 521 Si0y (quartz) 0.09 0.03 0.17
2 521 8102 (quartz) 0.07 r,03 0.17
' 3 521 Si 0.07 0.03 0.20
| 4 521 Si 0.09 0.05 0.22
BT L E R L L R D T S T o O N P PR T L NS CONN S
i
_ surface/volume = 11.9
| 5 522 Pyrex 0.09 <0.01 0.29
| 6 522 Pyrex 0.1 <0.01 0.30
7 522 Pyrex 0.13 <0.01 0.29 F
{ 8 522 Si 0.09 <0.01 0.26 I
9 522 Si 0.08 <0.01 0,24
surface/volume = 42.8
10 525 A130, 0.17 0.03 0.48
11 526 Al,04 0.19 0.03 0.5]
12 524 Si 0.16 <0.0!} 0.50
13 524 St 0.17 0.0} 0.49

i
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factor of 4. The size of the chamber was also increased so that double the number of
beads could be used. In these experiments the H, reading was about four times the
SiH4 background. The experiments were carried ou: at a pressure of 100 torr at
245C. With this system the catalytic rate over Af9043 was shown to be about 30 times
greater than that over a Si mirror. That is, Af£203 clearly does catalyze the
decomposition of SiH4. This result established the role of Af503 surfaces in the
pyrolysis at moderate temperatures but leaves final delineation of this role at tempera-
tures up to 1100C yet to be accomplished.

During this report period studies of the chemistry of the metalorganic-hydride
reactions involved in the deposition of GaAs from trimethylgallium (TMG) and arsine
(AsH3) were also initiated. Pyrolyses of AsH3, Ga(CHg)g, and AsH3-Ga(CHg)3
equimolar mixtures were carried out in a flow system contained a pyrex turbine pump,
a Si-mirrored thermal zone, and a cold "U" trap.

In control experiments, it was demonstrated that, at between 15 and 20 torr
pressure, Ga(CHg)s does not decompose below 320C while AsHg very slowly decomposes
at 150C. The resu‘i)ts of pyrolyses of equimolar mixtures of Ga(CHg)4 and AsHg are
given in Table 7.

Table 7. Pyrolysis of Equimolar Ga(cH3)3-AsH3 Mixtures

Total Ratio Ratio
Pyrolysis Duration of | Non-condens.| CHq produced| Cpg4produced
Temp. (C) | Pyrolysis (hrs)| Produced(cc) | Hy produced |(CHg)g3Ga consumed

153 8 5.4 4.2 1.2
190 6 8.8 1.95 i.3
195 4 7.8 2.1 1.2
230 4 8.1 2.3 1.1
275 4 11.0 2.2 1.2

*No bath used on flow line.

These data suggest that (CHg)g Ga and AsH, form a one-to-one complex which
eliminates one CHy. If the product (CH3)2(§aAsH2 condenses on the wall of the thermal
zone a sécond CH4 is apparently eliminated.

The reaction has been further examined for an equimolar mixture of AsHg and
Ga(CHg)3 in a static system at 90-100C for 3 hr =t about 250 torr total initial pressure.
In this time about 25 - 30 percent reaction occurs, yielding (CH3GaAsH)y - as the
first apparent product of the reaction - and CH4. The ratio (CH4 produced/AsH3 consumed)
was 1.95, 2.0 and 2.1, while the ratio (CH4 produced/Ga(CH3)3 consumed) was 1.95,
2.0 and 1.8 in the best three runs of the series.
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The major problem has been the handling of Ga(CHg)3, which slowly decomposes
(probably by hydrolysis) when condensed as a liquid. Frequent cleaning of the vacuum
system is therefore required.

The pyrolysis of 0.12 mmoles of (CHyGaAsH), has been examined in recent
experiments; no decomposition was noted below 360C. At 410C, 0.11 mmoles of
CH,4 was produced in 4 hr. Further experiments with this compound are in progress.
In addition, preliminary flow reactions of AsHy and CHgSiDg in a 1:1 ratio at 310C
were found to produce Hy/HD/Dg in a ratio of i 0:0.12:0.02. These data suggest
that some H atoms were produced in the decomposition of AsHg. These experiments
also are continuing.

4. SUBTASK 4. PREPARATION AND CHARACTERIZATION OF SUBSTRATES

In the first year of the program it was demonstrated that Al»03 surfaces prepared
by mechanical polishing techniques and used routinely for semiconductor heteroepitaxy
typically have severe surface and subsurface damage, with many scratches often
several microns deep yet often rendered invisible to close inspection because of amor-
phous or fine-grained debris embedded in the scratches in the final polishing stages.

-Some improvement in mechanical polishing procedures was achieved in terms of the
density and depth of such damage. Gas-phase etching/polishing procedures using SFg
and various fluorinated halocarbons in the 1350 to 1500 C temperature range produced
essentially scratch-free surfaces on (0112) and near-(1i20) A2203 substrates. Exten-
sive gas-phase etch-rate data were obtained as a function of crystallographic orienta-
tion in this temperature range.

_ During the first part of the second year a much improved technique for polishing
(1014) A1203 was developed, and very good surfaces in this orientation can now be
obtained. Gas-phase etching/polishing techniques were further developed for (1) thin-
ning A{203 substrates to thicknesses the order of 1 mil; (2) evaluating the effects of
prolonged etching on (0112), (0001), and ~ (1120) A2203: and (3) assessing the
subsurface damage caused by various mechanical polishing procedures.

More recent work on this subtask has included verification of the polishing
procedure for (1014) AfyO3 as a reproducible process. Evaluation of polishing
methods for MgA£204 surfaces has indicated that surface fill-in occurs for this
material just as for Af305. Preliminary gas-phase etching experiments with MgA {504
surfaces were also carried out.

Ion-beam ?{uttering techniques have been under development for preparing
ultra-thin (~200A) A?504 wafers for use as substrates in the in situ CVD experiments
with Si (Subtask 5). Some wafers successfully thinned to ~ 0,002 in. by mechanical
polishing techniques have been subsequently thinned by ion etching to the point of
perforation in some areas, which results in adjoining regions of thickness suitable
for transmission electron microscopy as applied in the in gitu experiments. Typical
thinning rates are 0.2 to 2. 0pm/hr. Three different Af504 orientations have been
successfully thinned by this method - (0001), (1014), and (0112). Considerable study
of properties of the resulting thinned substrates has been carried out.

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

24



During this reporting period additional Af,O3 substrates were prepared for
epitaxial growth experiments by mechanical polishing techniques previously developed
on this program (Refs 3, 4); additional effort was expended on attempts to prepare
suitably thinned Af504 wafers for subsequent final thinning by the ion-beam sputtering
technique; considerable further improvement in the ion-thinning process for preparing
substrates for the in situ CVD experiments in the electron microscope (Subtask 5)
was achieved; and etch-rate experiments to determine the depth of damage in A{9O3
substrate wafers at various stages of the pre-deposition preparation process were

begun. )
a. Polishing of A304 Substrates

Several new sets of A£30g3 wafers in various orientations have been polished for
use on this program. The first group consists of (1014)-criented oval-shaped (7/16 in.
x 1/2 in.) wafers finished for use as epitaxy subs‘rates. The procedure used on
these wafers was as follows: The back side was first lapped with 400-mesh boron
carbide on a vibratory lapping machine. The wafers were then inverted and lapped on
the second side using the same abrasive and method. After the wafers were lapped
flat, the jig holding the samples was transferred to an optical polisher for further
processing.

Rough polishing was continued using 5um, 2um, and 1pm diamond abrasive on
three cast-iron laps. A brass lap was then used with a 0. 5um diamond slurry to
obtain a reasonably good polished surface prior to transferring to the vibratory
polisher. The wafers were then polished with 0. 25um diamond slurry on nylon cloth.
After completion of this step, the samples were final-polisked with 0.25um "top"
diamond using perforated Pellon cloth. This method of processing constitutes the most
successful technique developed to date for this particular orientation of A2203.

Basal-plane A {204 wafers were also polished for use as substrates during this
reporting period. The procedure used for polishing these substrates (~5/8-in. dia)
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 1pm particle size. A brass lap with
0.5pm diamond slurry was then used for the final rough polishing on the optical
polisher. The wafers were then polished with a Linde "A" (0.3um) mixture on the
optical polisher using perforated Pellon cloth. Final polishing was completed on the
vibratory polisher using a Linde ""B" (0. 05pm) mixture.

A similar procedure is being applied to a group of (0112)-oriented Aly04 wafers
now being prepared for a variety of experiments on this program. In all three cases
the procedure being used has been largely developed in earlier studies under this
contract.

b. Mechanical and Chemical Thinning of A {503 Substrates

A major effort has been expended during the past six months in an attempt to
mechanically polish A£503 single-crystal wafers to 0.001-in. thickness for subsequent
use in thinning to ~5004 by ion-beam sputtering (ion thinning). Such thicknesses are
required for substrates that are to be used in the in situ CVD experiments in the
electron microscope (Subtask 5).
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It s desirabie to start with crystais less than 0.001 in. thick because the ion i
thinning process is relatively siow ( <0.5pm/hr) and surface irreguiarities are more |
likely If greater amounts of material iust be removed by ion thinning. A varicty of

mechanical polishing techniques has been attempted, with extremely limited success:

two groups of (0112)-oriented crystals were polished to thicknesses of 0.0017 in. and
0.0024 in.

The mechanical lapping and polishing procedures used in these investigations
have typically started with (0112)-oriented Af203 wafers 0.010 in. thick with both
sides commercially polished. The wafers are attached to a polishing jig with a
low-melting-point wax and lapped on a vibratory polishing machine to ~0.006 in thick,
using 400-mesh boron carbide abrasive. The jig and mounted wafers are then trans-
ferred to an optical polishing machine and polished with successively finer diamond

abrasives, beginning with 3um particle size. The wafers processed in this way have
often shattered at thicknesses of 0.005 to 0.003 in.

The fallowing parameters were changed in various ways in attempts to produce
the 0.001 in. thickness required: shape, mounting arrangement, and edge condition of
wafers; size and number of wafers (hence surface area and polishing pressure); size of
abrasive and wafer thickness at which the abrasive is first applied; type of siurry:
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 HaPO,: HoSO,4 (1:1) solution before lapping) was
svccessfully polished on both sides to 1 thickness of 0.0017 in. This group was then
successfully cut into about 0.030-in. dia disks for subsequent ion-beam thinning.
Attempts to reproduce the polishing were unsuccessful, A second group of wafers,
without the chemical etching was polished to 0.0024 in. and subsequently cut into

0.030-in. dia disks. Only one side of the latter group was polished: the other side was
lapped only and quite rough.

No further in-house me :hanical polishing of this type is now planned. In view of
the limited success and the diminishing rate of improvement, it has been decided to
shift the manpower to a different facet of the program. Furthermore, wafers <0. 001
in. thick are now commercially available, and these have recently been successfuily
cut into 0.030-in. dia disks. Actually, wafers as thin as 0.0006 in. are available, *
but no technique has yet been found to cut them into small disks without shattering,

Chemical etching of Af,0, in KMnOy4 flux at 700 to 1000C has also been attempted
as a possible merns of thinning ‘substrates. (0112)-oriented wafers originally 0.010 in.
thick were readily reduced to ~0.004 in. with a relatively flat and uniform surface.
liowever, further etching to thicknesses of 0.002 in. leads to rapid edge dissolution
and a corresponding large taper in thickness. As an alternate approach, samples
thinned to 0.004 in. in the KMnOy flux were then etched further at ~225C ina 1:1
mixture of H. PO, and H9SO,, which provided a much slower etching rate (0. 25um/hr).
Several snm;;\cs were etched to slightly less than 0,002 in. with only moderate breakage
and surface faceting. One sample was further thinned to 0.0003 to 0.001 in., but severe

breakage was encountered and only a few small pieces survived: those have heen cut into
disks for ion thinning.

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

Development of the ion-beam sputtering teehnique as a method for thinning
Af903 substrates has continued during the past six months. The operation of the
ion-beam machining apparatus has been refined into a relatively routine, albeit
time-eonsuming, operation essentially free of diffieulties. The thinning rate for
A2203 remains low, ~0.5um/hr, so each sainple required 2 to 5 days of operating
time. Of the samples thinned to date, ~20 pereent have yielded thin areas at least
marginally suitable for use in the in situ studies.

A typieal ion thinning proeedure begins with the mountmg of one or more Af503
disks 0.030 in. in diameter onto a sample holder. A beam of Artions at 6-10 kV and
~100 pamp/em is directed at th2 eentral area (0.015 to 0. 020 in. aeross) of the
erystal at a glaneing angle of 10 to 30 deg. Thinning proeeeds until a perforation oecurs.
The area around the perforation is wedge-shaped in thiekness but suitably thin for
suvstrate use over an area ~5um wide. The thin areas are surprisingly robust, so that
the overall fabrieation yield, ineluding ion thinning and the handling involved in loading
ontothe heating meshes of the eleetron mieroseope mierochamber (see Subtask 5),
is nearly 10 pereent.

The substrates that have been prepared in this manner were similar in charaeter,
the thin areas being eomparable with those showi in Figures 12 and 20 in the fourth semi-
annual report (Ref 4). Thiekness irregularities were normally present, so that extended
areas of uniformiy-thin eleetron-transparent substrate were seldom found. The thiekness
gradient always present limited the usabie thin region to ~5um in width, Flux-grown
(0001)-oriented Af Oj crystals initiaily Spm in thiekness (obtained from Prof. E. White
of the University o? London) had thiekness irregularities that were less frequent and
less severe. The faetor most likely responsible is the small initial thiekness, but
another possibility is the relatively smooth starting surfaee of the crystal. An
improvement in thiekness uniformity and the consequent enlargement of the thinned
area is the strongest impetus for producing starting (pre-ion-thinning) wafers less
than 0,001 in. thiek. Other impetus, of eourse, is in the reduetion of the ion-beam
thinning time required.

It was shown in the previous semiannual report (Ref 4\ that one apparent eause of
the thickness irregularities is eontamination bloeking eertain regions of the substrate
from the ion beam. Experiments this period have shown that another eausative faetor is
an initially rough surfaee. This was demonstrated by the ion-thinning of samples 0.0024
in. thick whieh were polished and smooth on one surfaece and lapped and quite rough on
the other. The polished side remained smooth as a result of the sputtering aetion of the
ion beam, with the exeeption of the normal formation of a few ""protuberanees' (Ref 4).
The lapped side was made smoother by the sputtering but was still relatively rough,
even when some region of the erystal first reached zero thiekness. At this juneture the
surfaece was found to eonsist of numerous approximately liemispherieal mounds 20 to 40um
in dia. At the edges and interseetions of the mounds there were numerous eleetron-
transparent regions whieh had an extremely large thickness gradient and a eorresponding
narrow thin area. This behavior was observed for beam ineidence angles of 10 and 30

deg. Thus, it is eoneluded that initially smooth surfaees are a neeessary eondition for
the formation of large ion-thinned regions.
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d. Determination of Depth of Surface Damage in Aly0,

A series of experiments designed to provide a measure of the depth of the
damaged region caused by the mechanical sawing, lapping, and polishing processes
used on A£50, to produce epitaxy substrates has been started, with (0001) - and _
(1014)-oriented slices the first to be examined. The (0112) and the 5-deg-cff-(1120)
orientations are also to be investigated.

The technique used is to observe etching rate as a function of the amount of
surface material removed (based on weight-loss determination), with the appearance of
a constant etch rate taken as indication that the main part of the severely damaged
region has then been removed. The chemical etchant being used in these measurements
is a 1:1 mixture of H3PO, and HpSO,, with a temperature of 200 to 225C and continuous
agitation of the etchant also requirec?. Although there may be some uncertainty at this
stage about the structural significance of the etch rate reaching a constant value, the
technique has been found useful with other substrate materials (e.g., BeO) for indicat-
ing dcpths of severe damage and variations in this depth as a function of mechanical
treatment and of crystallographic orientation.

Only preliminary results are available at this time, but these indicate that both
orientation differences for a given mechanical surface treatment and surface processing
differences for substrates of a given crystallographic orientation are being detected
by this method. Results will be given in the next semiannual report.




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

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

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

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

During the past six months, the fabrication of the CVD microchamber and its
mounting flange has been completed. A gas handling manifold has been installed on
the electron microscope and connected 19 the CVD flange. Focus tests of the micro-
chamber were completed satisfactorily. Gas flow experiments were performed to
determine the flow rate of gas through the microchamber as a function of pressure and
to determine the maximum pressure attainable in the microchamber. Constructional
details of the microchamber were described in a brief technical paper (Ref 8) during
this period; the paper is included in this report as Appendix B.

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

1. The pyrolysis of SiH4 to form Si inside the electron microscope
is feasible.

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

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

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

a. Microchamber Testing and Gas Flow Measurements

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

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

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

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

Results of the pressure tests with only the normal microscope pumping system
in operation are shown in Figure 5. The maximum pressure permissible in the electron
microscope is 1 x 1054 torr, which corresponds to a maximum permissible micro-
chamber pressure of approximately 1500 miilitorr. The maximum permissible

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

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

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

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

The gas flow rate through the microchamber has been determined by measuring
the pressure decay when the metering valve is suddenly closed. The rate at which
gas flows out is given by G = [VP1/760(ty-t1)]n (P1/Pg), where G is the flow in em3/min
corrected to standard temperature and pressure, P and Py are the pressures in torr
at times t; andtyg, and V=9.7 cm3 is the internal volume of the microchamber,
thermocouple gauge, and connecting tubing. The gas flow was found to vary with
pressure as shown in Figure 6.

The presence of gas in the microchamber causes unwanted multiple scattering of
many elecirons ii: the electron beam, which consequently destroys the image quality.
Estimates of the magnitude of this effect (Ref 2) have been shown to be correct, as
only a slight change in image quality is noticeable. Figures 7a and 7b illustrate the
loss of image quality visible in a network of cellulose acetate (a processing residue) on
an amorphous carbon substrate, with the microchamber containing 50 percent SiH4 and
50 percent Hg at a pressure of 3.5 torr.
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(b)

Figure 7. Electron Micrographs Showing Image Quality in CVD Microchamber
at (a) 1 x 107 torr (Normal Microscope Vacuum) and
(b) 3.5 torr (50% SiHy4 and 50% Hy).
(The image is cellulose acetate network (a processing residue) on amorphous carbon substrate)
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b. Microchamber Operational Details

During this report period considerable effort was spent on developing a technique
for loading and unloading the CVD microchamber to properly align a selected thin area
in a given A2203 substrate. This loading and alignment procedure is more lengthy than
anticipated because the suitable electron-transparent regions in the A2203 substrates
are smaller than desired.

An appreciation of the loading time required and the necessity for large, thin
areas of Al30g substrates can be obtained from a consideration of the requirements
for successful loading and of the dimensions involved. Open areas 100pum sq in the
two substrate heating meshes must first be aligned with each other, then with a thin
region in the A03 substrate, and then with the cent r electrode aperture of 100 pm dia
(Figure 1 of Appendix B), all of which in turn must be aligned with the 100 pm-dia
removable aperture. All work must be performed under a 50X stereo microscope.

The probability of achieving successful alignment can be estimated as follows.
In the best case, open areas in the two heating meshes are perfectly aligned with each
other, and can also be aligned exactly with one aperture so that 100 percent of the
area is open. In the worst case, however, the two hea‘ing meshes will be completely
misaligned with each other, and with the aperture, and only 9.4 percent of the area
is open. Experimentally, careful alignment has produced an average of about 80 percent
open area at this stage of the procedure. The probability of aligning the second aperture
with the first is a function of how accurately the removable aperture is machined, In
the one aperture used to date the best alignment attainable produces only ~25 percent
open area. The overall probability of aligning both meshes and both apertures thus
results in from 2, 7 to 25 percent open area, with experimentally the average being
~20 percent, This figure must in turn be multiplied by the percentage of the area on
the A£203 substrate which is suitably thin for use, typically 2 to 3 percent. (This is
an area ~5um wide and ~400um total length in a circular disk 0. 030 in. in dia,) Thus,
the overall chance of a suitably thin region of the A {90g substrate being located in the
open area of the apertures and heating meshes is about 0. 5 percent, or 1 in 200.

To date there have been 12 attempts to load and align a substrate, each attempt
requiring approximately four hours time. Eleven attempts were completely unsuc-
cessful and one was only marginal, in that the Al90g3 region located was considerably
thicker than optimum but did permit some electron transparency; it consequently was

‘utilized for a CVD in situ experiment, described in the next section. Experience in
loading is likely to reduce somewhat the time required per experiment, but the largest
improvement will clearly come from increasing the size and uniformity of the thin
areas in the Af304 substrates,

¢. In situ CVD Experiments in the Electron Microscope
After completion of the gas handling manifold, a number of experiments were

performed to ensure that gas handling procedures used were completely safe. (SiH,
explodes spontaneously upon contact with air. )
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Toward the end of the report period five In situ Si CVD experiments were
performed. In two of the experiments a Si film was formed, demonstrating that SiH,
pyrolysis inside the microscope is feasible.

The first three in situ CVD experiments utilizedan AL O4 substrate in which a
thicker than optimum region was aligned with the apertures. The procedure was first
to turn on the electron beam, then bleed gas into the microchamber to the desired total
pressure (1.2 and 1.5 torr for the first two experiments), and then heat the substrate
by gradually increasing the current through the heating grids. In the first two experi-
ments, no Si deposition was observed. It is believed that the SiHy flow utilized was
too low (0.4 percent SiHg in Hg). In the third CVD cxperiment the concentration was
raised to 40 percent SiH4 in Hy at a total pressure of 2.5 torr. Again no Si deposition
was observed, even though the substrate heater current was 1.0 amp. (It has been
previously found that 1.25 amp is normally sufficient to evaporate Cr from the stainless
steel grid.) This strongly suggested that the Af£504 substrate was not being heated
properly, a problem which had occurred repeatedly in the earlier PVD experiments.

The next CVD experiments were conducted with amerphous carbon substrates,
which generally cause no substrate heating problems. The gas mixture for the fourth
experiment was ~25 percent SiH, in H, at a total pressure of 3.5 torr. The image
quality of the carbon substrate was slightly degraded as a result of gas admission, but
otherwise unchanged. Upon heating the substrate no change occurred until a heating
current of 1.4 amps was attained, at which time the electron microscope screen rapidly
darkened as a Si film several microns thick formed within ~2 sec. Since the thickness
limit for electron transparency in Si is ~800A, no details of the film were visible.

The experiment was terminated, and the substrate and heating grid removed and
inserted into a conventional specimen holder.

Examination in the electron microscope revealed a thin region in the CVD Si film
that had been formed on a cooler substrate region near one edge of the grid heater.
The film gave a typical Si electron diffraction pattern. The film was crystalline and
fine-grained, as can be seen in Figure 8a (bright field) and in the dark-field micro-
graph of Figure 8b. For the dark-field mode of operation the objective aperture was
displaced so that only the Si grains which contribute to one quadrant of the (111)
diffraction ring appear bright.

The fifth CVD experiment was performed by first heating the amorphous
carbon substrate (heater current 1.25 amp) to the desired temperature. While at this
temperature, but prior to SiH4 introduction, large numbers of small nuclei or particles
appeared on the substrate surface. Although small and somewhat indistinct, these
particles exhibited growth and coalescence phenomena. Their origin is uncertain
but presumably they are Cr or an unknown contaminant evaporated from the grid.
(They appear as small particles in the background in Figures 9 and 11.)

After 40 min at the elevated temperature a 13 percent SiH4-in-Hg mixture
at 1. 0 torr was admitted to the microchamber. After 2 min, Si growth was visible on
the heating grid, forming large irregular masses which moved about considerably
during growth. A typical growth sequence is shown in Figures 9a through 9c.
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(a)

rigure 8, Electron Micrographs of Si Film Formed in Fourth CVD in sity

Experiment. (a) Bright Field and (b) Dark Field of Same Area.

(In b, Si

grains which contribute to one quadrant of (111) diffraction ring appear bright, )
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(e)
Figure 9. Si Growth on Edges of Heating Mesh at (a) Arbitrary Time
0 sec, (b) 10 sec, (c) 20 sec.
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Si whiskers, shown in Figure 10, beeame visible or the earbon substrate after
~10 min. The Si whiskers grew by the vapor-liquid-solid (VLS) meechanism, as
evidenced by the small liquid droplets visible on the tins of the whiskers. The whisker :
srowth was more prominent near the heating grid ‘the souree of the liquid contaminant)

and quite sparse in the eentral substrate regions.

Conventional Si nueleation, growth, and coaleseence weie observed on the substrate
after 30 min. These phases of the development of the depositare shown in Figures 1la
through 11e. Although the original negatives were overexposed, a considerable amount
of information coneerning the growth meehanism ean be obtained from photographs
made during the growth process. Perhaps the most significant feature is that the
nveleation of Si on amorphous earbon is 3low eompared with the subsequent growth of
the deposit. There uppears to be an ineubation period, ~30 min in the experiment
deseribed here, during whieh no nuelei form on the substrate. Onee nuejeated, however,
the Si grows relatively rapidly and no further nueleation oceurs.

Another growth feature of interest is that the Si formed is three dimensional, as
are the nuclei in most thin-film growth processes. Different, however, is the shape
of the pariieles, the Si being eonsiderably more angular in nature than most other
nuelei that have been direetly observed during film growth. The growth sequence
shown here (Figure 11) is also different in that the Si islands are quite large at the
time of eoaleseenee, with very little shape ehange oecurring at the point where two
islands coalesee. This suggests a low surfaee diffusion coefficient for the Si/earbon
system.

Figure 10, Si Whiskers Growing on Amorphous Carbon Substrate near Heating Mesh,. ]
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Figure 11. Growth Sequence on Amorphous Carbon Substrate (a) 30 min, (b) 32 min,
(c) 33 min after SiH 4 Was Introduced into Microchamber.

42




e

The growth phenomena shown in this experiment, if truly characteristic of Si
CVD growth from the pyrolysis of SiHy4, are significantly different from conventional
thin-film growth and thus warrant considerable study. The conclusions stated above are,
of course,preliminary in nature and must be verified by further experimentation.

6. SUBTASK 6. EVALUATION OF FILM PROPERTIES

During the first year, the routine ev "vation of film properties was carried out
by cstablished methods of X-ray and electron diffraction analysis, metallographic
analysis, and electrical measurements of transport properties. In addition, a new
technique for evaluating the characteristics of the interfacial region of heteroepitaxial
films was developed, involving measurement of the photoelectron emission from
monochromstically-illuminated films in the MIS configuration on insulating (viz.,
A2203) sustrates. Relatively large photocurrents due to electron transport through
thick (~10 mils) single-crystal Af203 substrates were measured as a function of photon
energy. Photoelectric threshold energies, escape length (mean free path) of excited
electrons, and band bending in the semiconductor film adjoining the interface were
determined in the Si/Af503 and GaAs/AlyO3 systems. Observation of the energy
spectrum of back-scattered proton or alpha-particle beams injected in channeling
directions in heteroepitaxial semiconductor films was also investigated as a means of
measuring the density and the location of structural defects in the films. Experiments
indicated that Si/insulator films have less imperfect interfacial regions than do GaAs/
insulator films. The best structures of those examined were found in (100) Si films
on (0112) Af90g4 substrates and in (111) Si films grown on near-(1120) Af,04 substrates.

In the first part of the second year the study of the effects of changes in
deposition parameters on Si/A£203 film properties continued. Those studies provided
considerable insight into the factors which most strongly influence film quality, so
that identification of some of the conditions for optimized film growth on various
Af504 orientations could be made. The importance of reactor geometry was recognized
and demonstrated; the extent of Af autodoping from the substrate was established,and
appropriate annealing procedures for minimizing the effects were determined. The use

of previously unused A2203 substrate orientations (e.g., near the (1120) plane) for Si
growth led to epitaxial films as good as or better than those previously reported.

The measurements of photoemission of electrons from heteroepitaxial semi-
conductor films and of the transport of electrons in Al203 were carried further. Work
functions of additional metals were determined, and the mechanism of electron trans-
port through the insulator was studied further. Measurements of high-field transport
properties of Si and GaAs heteroepitaxial films were also initiated.

The evaluation work in the final months of the second year included (1) study of
the variation of the electrical properties of Si/A2203 with temperature, in which some
effects attributed to high defect densities or inhomogeneous strains were observed;

(2) the first stages of an extensive experimental study of the anisotropy of the electrical
properties in Si/A2203; (3) evaluation of the electrical properties of Si films on
MgA£y04, with evidence that n-type films with mobilities higher than those obtained in
the Si/A2203 system can be obtained; (4) additional measurements of the electrical
properties of 8i/Al,03 to establish parametric relationships among temperature,
growth rate, and substrate orientation; (5) further study of the photoelectric effects
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observed in the Si/A9203 system, including verification that the observed phenomena
do result from photoinjection of electrons from metal films into Af204, and determina-
tion of the work functions of additional metals and the heights of the nietal—A2203
interface barriers; and (6) additional measurements of the high-field transport
properties of heteroepitaxial films.

The anisotropy studies were concentrated in the (221)Si/ (11§Z)A!ZZO3 and the
(100)Si/(0112)A£,04 systems. These two Si planes are basically different in that the
anisotropy in the (221) plane can be expected for any Si heteroepitaxial system, while
that in the (100) Si plane results from the anisotropic thermal contraction of AZ,O
and would not be present, e.g., in the Si/MgAEZO4 system. The mobility anisotropy
factor A, defined as the ratio of the difference between the maximum and minimum
values of carrier mobility in the plane of the film to the average value of the mobility in
that plane, was found to be about 40 percent for the (221) plane and about 9 percent
for the (100) plane. Results of calculations (Subtask 1) based on the piezoresistance
effect in Si resulting from the difference in the thermal expansion coefficients for Si
and ABZO3 agreed well with the experimental data. The calculations and the experi-
mental results also indicate that (221) Si probably exhibits higher electron mobilities
than other more commonly used orientations.

In the past six months further experimental studies of anisotropy in the electrical
properties of (111)Si/AIZzO3 have been in progress, using both (1014)- and (1120)-
oriented ABZO substrates. The observed anisotropies have not agreed with the
predictions of the piezoresistance model for this Si orientation, for reasons which
have not yet been established (Subtask 1); anisotropies as high as 30 to 40 percent have
been observed, while the stress model predicts values the order of 6 percent. These
discrepancies are still under investigation because the anisotropy effects which have
been discovered and largely explained by the stress model are highly significant to the
entire technology of heteroepitaxial semiconductor devices.

During this same period the electrical evaluation of (111) Si films on MgAZ Oy
has continued, with some evidence that the mobility decreases much more rapidl%'
with film thickness (for thicknesses less than ~0.5 pm) than it does in the Si/AlsO4
system. This indicates a need for a comparative study of early stages of film growth
in the two systems to assist in identifying the preferred substrate material for Si
heteroepitaxial devices.

Recently, the experimentally observed inhomogeneity in the donor concentration
in a CVD 8i/Afp03 film from point-to-point over the film area has been investigated
in an attempt to identify and correct the cause.

In other recent evaluation work some additional attempts have been made to
obtain high-field transport characteristics of Si and GaAs films on ABZO ; although
contact problems have continued to be troublesome, high-field data have been obtained
(including some at 77K) with good consistency among the samples measured. The study
of photoelectric properties of AlyOq-based systems has concentrated on attempting
to determine the nature of the dependence of the photoinjected current upon the
condition and method of preparation of the Alp0g surface.
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a. Anisotropy Studies in the Si/A2203 System

Experimental studies of the anisotropy in the electrical properties of
(111)Si/~(1120)A 403 have been nearly completed during this report period. This
particular orientation of Af90g has been explored in detail during the past year since
it yields high quality nominally (111)-oriented Si epitaxial films. The specific
orientation of the substrate that has been used (5 deg from the (1120) plane) is found
to result in a Si film whose orientation is 4 deg off the.(111) Si plane.

The anisotropy effects observed have not agreed with the piezoresistance calcu-
lations previously carried out for the (111)Si/(1120) AlyOg system. These calculations
predict a mobility anisotropy, described by an anisotropy factor A_(Ref 4) of 6.4 percent
with a maximum mobility occurring parallel to one of the AlgO,<1100> directions in
the plane of the substrate. In contrast, the experimental data indicate that a mobility
maximum occurs approximately 50 deg from the [1100] axis. The magnitude of the
anisotropy varies considerably for the samples measured but averages ~16 percent.
Table 8 shows the pertinent results obtained from a computer fit of the data on various
samples. As in previous planes analyzed, a fit is made to the equation p/ By =
(B + C cos 26)™, where B and C are constants.

The transverse effect, given theoretically by an equation of the form
ET1/iPo = D sin 28, where Eq is the transverse electric field, has also been examined
experimentally. The coefficient D, deduced from a computer fit to the data, is also
given for various samples in Table 8. The experimental curve for the transverse effect
is found to result in Eq = 0 at approximately 50 deg from the [1100} axis. The
theoretical treatment for the "on-axis" case predicts a zero transverse field for
j//[1100]. Thus, the experimental results for the transverse effect are displaced the
same amount from the theoretically predicted direction as they are for the longitudinal
effect.

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

Studies of the electrical anisotropy in (111)Si/(1014)A£505 have also beeb continued
during this report period. Detailed data on six films grown ina vertical reactor and
_three films grown in a horizontal reactor have been obtained. Those grown in the
vertical reactor were found to have considerable scatter in the mobility data, probably a
result of inhomogeneities in donor concentration in different regions of the film.
Estimates indicate that the anisotropy factor (a computer fit has not yet been carried
out) for these films is ~30 percent. The three films grown in the horizontal reactor
showed relatively homogeneous properties and little scatter in the mobility, althotgh
the mobilities were quite low. The latter films yield an anisotropy factor of ~40 percent.

A summary of the data obtained on these samples is shown in Table 9. The
coefficient D of the transverse effect for this orientation averages 0.17, compared
with the theoretically predicted value of 0.012. Also shown in the table is the maximum
variation in carrier concentration (An) measured on the different legs of a given sample.
It can be seen that the homogeneity in film properties (represented by a small An) is
much better for the filins grown in the horizontal system, although the average mobilities
of the films are lower.
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Table 8. Anisotropy Parameters for ~(111)Si/~(11§0)A2203

MA A Angle °f_'r*‘max . Angle of Zero
Sample No. (cmz/V—sec) (Percent) fro(r(‘l‘e!gl)m()] D Tra?::;)rse Effect
LM-71 489 32.5 42 0.158 42
LM-67 578 14.6 47 0.153 45
LM-83 557 6.9 55 0.091 51
LM-91 587 11.0 63 0.046 71
LM-105 570 15.8 55 0. 077 55
LM-109 527 21.5 44 0.13 50
LM-110 594 10.8 41 0.17 45
Averages 16 50 0.12 51

It is evident that the anisotropy in mobility and the associated transverse effect
in the (111)Si/(1014)A{,04 system are much larger than the values predicted (-4 percent
and 0.012, respectivel%() %y the stress model heretofore applied. Further studies of
the (111)Si system are clearly necessary before an understanding of the origin of the
discrepancies between theory and experiment can be acquired.

Attempts have been made recently to examine the variation of the anisotropy
factor in (221)Si/(1122)A£,03 films as a function of film thickness. It is hoped that
such data may provide inf%rmation of the variation of stress in heteroepitaxial films
with film thickness. The results of this preliminary study arc shown in Figure 12,
where the measured anisotropy factor A and transverse-effect coefficient D are plotted
versus film thickness. Although there is considerable scatter inthe data, there does
appear to be a trend for the anisotropy effects to increase for the thinner films. At the
present time, however, there is still some question as to whether the anisotropy is a
function of the average mobility in the film. Such a dependence of anisotropy upon
mobility would also lead to the results shown in Figure 12, since the mobility decreases
with decreasing film thickness. Further experiments now being planned should provide
more insight into this question.

In order to rule out surface conduction effects as a significant contributor to the
observed anisotropy in Si/A2203 films, a set of photolithographic masks has been
designed to allow measurement of transport properties under flat-band conditions.
Using this technique, the anisotropy bridge pattern will be covered with an oxide and
the active portion of the bridge will in turn be covered with an A£film. This structure
will then form an MOS device, and the transport properties will be measured as a
iunction of gate voltage.
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In order to rule out the possibility that anisotropic effects may be associated
with "vaarm-electron" conduction (i.e., nonohmic behavior) the current-voltage
relaticnship was examined over two orders of magnitude of current in several
anisolropy samples. The results showed ohmic behavior over the whole range of
currents (and electric fields), indicating that this effect is not pertinent to the present
anisotropy results. (See also Subtask 1.)

b. Si/MgAly0, Studies

The apparent nonreproducibility of the electrical properties of Si films grown
on MgAZ,04 substrates over a considerable period of time has suggested that substrate
crystal origin and surface preparation may have more significant influence on film
quality than in the Si/Af304 system, Accordingly, preliminary experiments have been
undertaken to evaluate the growth of Si/MgA£204 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 have
previously yielded good quality Si on A0203 substrates. The preliminary results
indicate that no firm conclusions can yet be drawn: Hall mobility variations from
approximately 400 to about 750 em2/V -sec showed no definite trerus relating to sub-
strate origin and/or preparation. This suggests that an additional factor or factors
may be controlling the Si film quality on MgA£,0,4 substrates. Further experiments
pursuing this problem will be undertaken during the last six months of the program.

The electrical properties as a function of film thickness have been examined in
two n-type Si/(*.ll)MgA2204 films. Data were obtained by successively thinning the
films and remeasuring the electrical properties. The mobilities of the as- grown films
were greater tian those obtained for Si/A2203 films of approximately the sa me
thickness and stadied in the same way (Ref 3).

Data on a 5.4 pm-thick sample are shown in Figure 13 and similar data on a

1.4 pm-thick sample are shown in Figure 14. The mobilities were found to decrease
much more rapidly with film thickness for thicknesses less than ~0., 5 #m than was the
case for the Si/AlyOg films. This result is rather surprising and suggests that
additional comparisons between the early stages of growth of (111)Si on Af’zﬂ and on
MgAfy0, substrates should be undertaken. If consistent results were to be obtained
verifying the behavior described above it could be a significant factor in the choice of
- substrate for device applications using films ~1 pm thick.

c. Studies of Homogeneity of Properties of Si/Al504 Films

The problem of inhomogeneous donor concentrations in different regions of
Si/A£203 films, which has seriously complicated the analysis of electrical anisotropy
in these films, has been under investigation during the past several months. In an
attempt to produce films with more uniform doping impurity distributions, a number

two or three substrates are employed simultaneously. ) Anisotropy measurements on
these samples generally did not show enough of an improvement in homogeneity for
this technique to be considered a solution. For example, two (221)Sl/(1122)A£203
samples still showed an average of 29 percent variation in carrier concentration in
different regions of the film, compared with an average of 35 percent obtained on nine
previous samples,
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In order to quantify the extent of dopant variation across a given Si film, carrier
concentration data from anisotropy samples formed in films grown simultaneously
were correlated with their position on the rf-heated susceptor during growth. Since
the exact positioning of the samples on the susceptor was not known, it was assumed
that there is a radial gradient of carrier concentration such that the maximum concen-
tration in the films would be obtained in the region grown at the center of the susceptor.
The pcasition of each leg of the anisotropy pattern on the susceptor could then be deduced
so that a plot of the carrier concentration Ny versus distance from the center of the
susceptor could be made. .

Such a plot is shown in Figure 15; the carrier concentration has been normalized
to the value of carrier concentration at the center of the susceptor (NcD). Each curve
represents data for two anisotropy samples grown at the same time. (Each sample
yields 10 data points corresponding to the 10 legs of the anisotropy bridge pattern.)
The results of three runs are plotted in the figure; one shows a minimum variation in
carrier concentration (~10 percent), one shows a maximum variation (~45 percent, and
one is between the other two. The closeness of the data points to a smooth curve lends
confidence to the validity of the assumption that a radial concentration gradient does
indeed exist.

The reasons for the variations are not known at this time, but may relate to gas
flow characteristics in the reactor. This is suggested by the fact that growth in a
horizontal reactor (where presumably the gas flow is more laminar in nature) has
consistently yielded more homogeneous films, Alternatively, the variation in tempera-
ture across the susceptor due to inhomogeneous heating by the rf coils has been
examined. Preliminary measurements of the variation in temperature as a function of
position on the siisceptor indicate that temperature gradients of as much as 5-20C over
a distance of .5 in. may exist at the growth temperatures (1000-1100C). Although
the exact profiles are not known at this time, if a temperature gradient of 20C in 0.5 in.
is assumed it is possible to use previous data to estimate the variation of carrier
concentraztion to be the order of 30 percent. Such a large temperature gradient may
well account for the observed film inhomogeneities.

d. Miscellaneous Film Evaluation Studies

Profiling studies have been carried out on several p-type Si/A£203 samples. The
films were grown with no intentional dopants added; the acceptor imparities that were
- present resulted from A autodoping from the substrate. Measurements of electrical
properties were made after successively reducing the film thickness by polishing
techniques; the results indicate a slight decrease in acceptor concentration as the
8i-A£y04 interface is approached.

This demonstrates that the electrically active Af does not increase in concentra-
tion near the interface, as might be expected. Presumably some of the AL nearer the
interface forms neutral complexes with the higher concentrations of defects and/or
impurities which may be present in the film near the AE203.

The design of photolithographic masks for the fabrication of MOS transistors to
examine field-effect mobility as a function of channel orientation in the plane of
Si/Af O3 films has been completed. The masks for these studies should be available
early%n the next report period.
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In previous reports (Refs 3, 4) experiments at UCLA using the photoelectric
technique to study the characteristics of A22O3 films have been described. These
measurements have been continued during this six-month period. Attempts are still
being made to perfect the experimental conditions for the study of transport properties
of electrons injected into the Alo0g3 substrates by the time-of-flight measurement
method. In these experiments a light chopper is used to pulse the light beam, and the
pulsed light beam (with a rise time the order of 0.1 msec) is incident on the metal
electrode of the MIM sandwich. A 1-megohm resistor is connected in series with
the bias voltage supply and the sample. An oscilloscope measures the voltage due to
the photocurrent pulse across the 1-megohm resistor. The difficulty, however, is in
having the input-circuit time constant low enough while still being sufficiently
sensitive to measure very low current levels the order of 10-10 amp,

In the transient measurements, some ionization effects were also observed
which interfered with the photocurrent measurements. This emphasized the need for
ensuring that the incident UV light falls only on the center of the metal electrode a .4
not anywhere else. The steady-state phoiocurrent-voltage characteristics are also
being measured, and it is hoped that an understanding of the mechanism for transport
of injected electrons in the Al503 substrates can be acquired thereby.

The high-field transport properties of heteroepitaxial Si and GaAs films are
still under study at UCLA. The experimental arrangement was described in an
earlier report (Ref 3). As indicated in the last semiannual report (Ref 4), ohmic contact
to n-type GaAs films was achieved using a Ag-Ge-In alloy.

Ohmic contact to the Si samples has also been obtained; a 50004 -thick SiO9 layer
was deposited on the n-type Si wafer using the '"silox" process. Windows were then cut in
the oxide, using a photolithographic technique, in the region where the ohmic contact was
required. Phosphorus was next deposited in the window at 950C for 5 to 10 min. Af was
evaporated over the entire sample, and then the excess was removed by photolithography.
The A? remaining on the contact window was sintered at 530C for 3 min, resulting in ochmic

contac: to the n-type Si.

Results of measurements on a GaAs film sample and three different regions of a
Si film sample, both on A¢9O5 substrates, are shown in Figures 16 and 17, respectively.
Both films are ntype. The data for GaAs are similar in general behavior to that
previously reported (Figure 42, Ref 4), with a deviation from linear behavior for fields
beyond about 1. 7kV/cm and a "peak" at about 3kV/em, and with a subsequent current
increase at higher fields due to specimen heating. The data for Si are similar but
with no evidence of the heating effect at higher fields.

In order to interpret these data properly it is necessary to obtain supplementary
measurements on these samples as a function of temperature and also on films in
several different crystallographic orientations. For this purpose two sample
chambers - one for low-temperature measurements and one for use at elevated tem-
peratures - were fabricated so that m 'asurements could be made throughout a wide
range of temperatures. A new mask tet was made to permit measurement of the i-E
characteristics as a function of direction of applied field in the plane of the sample, to
allow for possible anisotropy of the effects. Figure 18 shows the i-E data for the
n-type Si sample of Figure 17, taken at three different temperatures. The functional
dependence is seen to remain linear for fields up to nearly 5kV/cm at 77K, with
evidence of increased resistivity in the vicinity of room temperature, as expected for
Si. Additional data of this type are being obtained, with a sun.mary of results to be
given in a future report.
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7. SUBTASK 7. DESIGN AND FABRICATION OF DEVICES

In the first year of the eontract apparatus for determining earrier lifetime by
C-V measurement in MOS structures was designed and construeted, and tests were
begun. A special MOS structure was designed for measurement of channel eonduet-
ance, high- and low-field transport properties, and various interface charaecteristics
of heteroepitaxial films. Initial attempts to fabriecate Sehottky-barrier diodes in
Si/A2203 films as a means of evaluating their eleetrieal properties were not suecessful.

In the first half of the second year the preliminary design of a Sehottky-barrier
type of FET was completed for use in fabrieating experimental FET struetures in
GaAs/insulator films for operation at 1 GHz. Preliminary results on earrier lifetime

During the second six months of the second year the deviee-oriented effort
centered about the determination of earrier lifetimes using the MOS-pulsed-ecapacitance
technique and attempts to fabricate a Schottky-barrier FET in GaAs/A2203. Numerous
processing difficulties were encountered in both of these investigations. An analysis was
made to evaluate the effect of the impurity redistribution in the Si in the region near
the oxide interface (resulting from the oxidation process used for making the MOS
structures) on the interpretation of lifetime data obtained by this teehnique.
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Litfetime measurements in both Si and GaAs films as a function of film thickness,
carrier concentration, and crystallographic orientation were obtained on numerous
samples, with thicknesses ranging from ~1 to ~10pm and resistivities from ~0. 01 to
~1 ohm-cm. Analysis of the data for Si films indicated values ranging from 9 x 10-12
to ~5 x 1010 sec. Attempts were made to find correlations between carrier lifctime
and film resistivity and thickness but those studies have not been completed. Similar

measurements were begun on GaAs films on Af50g substrates.

In the past six months an analysis of surface effects on the results of the lifetime
measurements was carricd out. Recent device efforts have produced Schottky-barrier
diodes (in n-type Si/A12203 samples) having good reversc but unsatisfactory forward
characteristics, so further improvements are being sought. The Schottky-barrier FET
structures that have becn made are still not satisfactory, with further work still in
progress. Plans have also been made to adapt surface charge transport techniques
developed with bulk single-crystal Si at NR (to facilitate fabrication of a varicty of
memory, shift register, analog delay line, and optical imaging devices) to Si/Al903 or
Si/MgAl 204 to produce charge-coupled devices (CCD). Observation of CCD operation
will give information about the density of trap states at the Si-oxide interface, the ratc
of generation of minority carriers in the Si film, and the effects of various processing
steps on these characteristics. An existing set of masks and an already-dcveloped
process will be used initially; tolerant specifications will permit a minimum of cxperi-
mental effort heing spent stu_dyin% charge transfer itself. The Si to be used must have
carrier concentrations <10 16em™3 and preferably be n-type; film thickness should
exceed ~3um to accommodate the gate depletion regions.

a. Minority Carrier Lifetime Measurements

The pulsed-capacitance MOS technique used at UCLA for measurement of
minority carricr lifetimes in the heteroepitaxial films has been described in previous
reports (Refs 3, 4). This technique has been uscd to provide data on both the
minority carrier lifetime 7 and the surface recombination velocity s in Si/AIZ203
films of thicknesses ranging from 1.4 to 9.0um and of various resistivities in the
(100) and (111) orientations. The following analysis of the pulsed-capacitance MOS
technique has been performed in order to establish the effects of surface phenomena on
the lifetime measurements.

Let D be thc diameter of the gate electrode of the n-type MOS capacitor.
(The following analysis is valid for Dz20um.) When a negative voltage is applied on the
gate electrode a space-charge region (SCR) is formed in the semiconductor. The
value of s is a maximum immediately after the application of the voltage step (depleted
surface) but decreases rapidly as the minority carrier concentration increases through-
out the transient. If the MOS capacitor is pre-biased into inversion prior to the
Jepleting voltage step, then the surface recombination velocity in the region of the
surface directly beneath the gate electrode will remain at a very low value throughout
the transient.

Due to impurity redistribution effects the SCR width yq along the Si surface will
differ from the SCR width x4 perpendicular to the gate electrode. For a boron~doped
Si sample oxidized in steam at 900C typically yq =2.7 Xxq- For a phosphorus-doped Si
sample oxidized under identical conditions yq = 0.5x;. With the surface generation
currents being reduced to an edge effect when pre-biased into inversion and with
impurity redistribution effects being considered, the MOS transient is now described
by the equation
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‘ The maximum possible value of s is given by s

108 sec=1. For bulk thermal generation lifetime values of T
generation term becomes negligible in comparision with the
all of the Si/Afzo3 samples measured thus far T

and

In the last term ¢s = Si permittivity, x; is a parameter that defines the extent of the

is an "effective' thermal generation lifetime
. Beff
given by
1 _1 ,das, (4)
{ T T D
Betf B
3 NB
where Tg = actual bulk thermal generation lifetime, D = gate diameter, and a = x -
S

The s value in Eq (4) is the value of the surface recombination velocity for the
epresent the maximum surface recombination

surface on the MOS transient has now been

reduced to that of an edge effect. Schroder and Nathanson (Ref 9) first noted this
effect on pulsing from accumulation to inversion.

inversion, however, the surface effects are essentially eliminated.

With the capacitor pre-biased into

- =1‘z’- » where ¥ is the thermal

For holes with v = 5 x 10% cin/sec the maximum
; possible value of the surface teym 328 is, fora=0.5and D =5 x 10~2¢cm, equal to

g <1079 sec the surface
oulk generation term. For
Befr Was found to he <5 x 10‘losec, 80

recombination mechanisms are bulk - rather
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One further feature of Eq (4) is that a plot of l/rg versus 1/D should yield a

straight line whose intercept on the l/rg axis is propgg‘ftional to 1/r, and whose slope
is proportional to s, eff L4

No correlation has been found between Tg and the Si resistivity in these Si/AQz()i;
samples for resistivity values between 0,018 and 0.3 ohm-cm. Values from 2 x 10-1
to 5 x 1010 sec were observed for T,. The Si film thicknesses ranged from 1.4 to 9. Oum
in the samples studied. Lifetime vaﬁlcs of 6 x 10711 sec were observed in the thinnest
(1. 4pm) films and values of 5 x 10~10 sec in the thickest (9. 0ium) films. In general, the
thicker films exhibited the larger 1, values, but much scatter in the data is cvident.
All of the samples have been pulseg at several pulse amplitudcs in order to investigate
the variation in lifetime with dcpth below the top surfaee of cach film: these data arc
presently being analyzed. Low tempcrature measurcments arc also being performed
on Si and GaAs films on Af20g in an attempt to establish the effcctive cnergy level
of the traps involved.

b. Miscellaneous Device Studies

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

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

Despite this continuing problem, such Schottky-barrier diodes have been used
as the basis for Schottky-barrier FET structures fabricated in the composites. The
drain-to-source current-voltage behavior of one of thesc FET's in Si/AL9Og is shown
in Figure 19. The principal feature of the data shown is thc domination by {eakage
currents in the low current-voltage region. Further attempts to improve the FET
characteristics are in progress.

Preliminary studies of the properties of photovoltaic cells fabricated in Si/A9203
samples, designed to exploit some of the unique features of these composites, have
been undertaken. Both a p-n function cell and a Schottky-barrier cell have been designed,
although only the latter has been fabricated to date. A p-type Si/AP,203 film 1pm thick
was used for deposition of A? contacts, after the usual buffer etching and predeposition
cleaning of the Si surface. The A electrodes were sintered at 500C in a Ny atmosphere,
and Cr-doped Au was deposited to form the Schottky-barrier electrodes on the composite
sample. This and similar devices are now under test for photovoltaic response;
results will be described in a later report. '
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SECTION III
WORK PLANNED FOR NEXT SIX MONTHS

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

1. SUBTASK 1. THEORY OF EPITAXY AND HETEROEPITAXIAL INTERFACES

The theoretical activities will be of two types and will include (1) additional
studies of the piezoresistance effect and mobility anisotropy for certain orientations of
Si/A2203 films and (2) completion of the computer simulation of Si growth on A2203 by
pairwise-potential modeling.

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

The interatomie potential modeling of the Si/Af,Oq system will also be resumed,
initially for the case of Si on basal-plane Afly0g3. The atomic configuration of a small
cluster of Si atoms will be determined under the constraint of minimum energy. The
end result sought is determination of the relative orientation between film and substrate
in the Si/A£203 system. It is also intended that a second substrate orientation (perhaps
(0112)A 903, which produces the (100) Si orientation) will be examined theoretically if
time permits, with surface reconstruction and computer-simulated Si growth again
attempted.

2. SUBTASK 2. DEPOSITION STUDIES AND FILM PREPARATION

The work of this subtask will explore further the conditions required to obtain
optimized single-crystal Si growth on AfO3 and MgA£s04 of various crystallographic
orientations in order to identify the preferred substrate for Si device applications.
Particular attention will be paid to the use of He-Hy carrier-gas mixtures in the growth
process for Si and the effect of such mixtures on minimizing the autodoping phenomenon.
The nature of the autodoping mechanism will be explored further, using bulk Si wafers
and AfyO3 and MgAl204 substrates as sources of dopant in various gaseous atmospheres.
The effects of gas flow rates and patterns, reactor and pedestal geometries, and
temperature on film properties will also be examined. P-type doping techniques for
8i films on insulators will be developed so as to permit the growth and study of multilayer
structures and the accompanying film interfaces and permit the fabrication and evaluation
of such devices as bipolar transistors. Achievement of higher mobilities in hetero-
epitaxial Si films has renewed the possibility that bipolar transistors may now be
feasible in the Si/insulator system.
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Experiments will also be performed to determine the propertics of GaAs films grown
on GaAs substrates and on Al203 and MgAf90,4 substrates which already contain high
resistivity layers. Additional cxperiments with nucleation and early stage film growth
behavior in the Si/insulator and GaAs/insulator systems will also be carried out in
terms of the dependence of film clectrieal propertics and structural characteristics on
the method of preparation of the substrate. Multilayer films of GaAs of alternating
conductivity typc will be prepared on both Afp03 and MgA£504 both for study of the
interface problem and for fabrication of expcrimental deviee structures.

3. SUBTASK 3. ANALYSIS AND PURIFICATION OF CVD REACTANTS
The studics of the chemistry and reaction kinetics involved in the formation of Si

films by Sill4 pyrolysis and of GaAs films by the trimethylgallium (TMG)-arsinc (Aslig)
recaction will be continued. Three main investigations will be undertaken.

The first is based on the data obtained to date for the TMG-Asllg reaction. These
data suggest that the reaction of TMG with Aslig below 275C gencrates (CH3)2G:1ASH2
and (CHgGaAsllp)x as intermediates in the formation of GaAs. Expcriments to isolate
these compounds and examine their thermal decompositions will be continued. It is
also planned that the reaction of (CHg)3Ga with Asli3 above 320C, where (CHg)gGa
decomposcs, will he investigated further.

The second series of cxperiments is the study of the pyrolysis of SiH4 over AfyOq
prior to the dcposition of one monolayer of Si, to clarify more exaetly the role played
by AfyOg surfaces. The catalytie effect aftcr the Af903 is preheated will be examined,
and the observations will be carried out over a range of temperatures to establish the
nature of the reaction in the Si deposition temperature region.

The third investiation will be an examination of the suggestion that the rate of
SiH4 pyrolysis should increase at temperatures above ~700C in the presence of H,.
Experimental data in the standard CVD reactors at NR indicate an increase in the
"efficiency'" of the pyrolysis reaction as Hg is added to a Ie carrier gas and also an
increase, for a given carrier gas, with temperature. The extent to which the pyrolysis
reaetion can be enhanced by temperature increase and by Hg partial pressure increase
in the range up to ~1000C will be examined carefully in these studies.

in addition to the chemical kinetics studies, the analysis of CVD reactants,
primarily by mass spectrometric techniques, will be eontinued, as will collaborative
efforts with various vendors to obtain reactants of improved purity. At the present
time there is no plan to initiate the synthesis of any of the reactants at NR laboratories.
However, long-planned experiments to determine impurity content (and identification)
of a series of Si and GaAs heteroepitaxial films as a function of distance from the film-
substrate interface will probably be carried out during this period utilizing new Auger
electron spectroscopy apparatus; these data can provide an indirect measure of the
purity of the reactants used. Growth conditions and the electrical properties of films
will eontinue to be correlated with the results of reactant impurity analyses to attempt
to identify the primarv sources of the properties observed in these films.
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4. SUBTASK 4. PREPARATION AND CHARACTERIZATION OI' SUBSTRATES

A major part of the effort of this subtask consists of routincly preparing and
characterizing substrates of AlpOg and MgA£50,4 for use in growing Si and GaAs films
for other parts of the program. In addition to this activity, however, the development
of improved substrate surface preparation methods will continue to be a significant part
of the subtask effort. Mechanical and chemical-mechanical polishing methods, gas-
phase etching-polishing procedures, ion-heam sputtering methods, liquid-phase etching
methods, and annecaling cycles at various elevated temperatures, as well as various
combinations of these procedurcs, will be further cvaluated for the purposc of finding
the best available procedure for producing surfaces for hetcroepitaxy.

The preparation of ultra-thin (~200sz) substrates of Af0g for the in situ CVD
experiments in the electron microscopc (Subtask 5) will continue. The thinning tech-
nique now cmployed — mechanical polishing to 0.001 — 0.002 in. and subsequent ion-
beam sputtering to ~200A — will still be used., The alternativc approach of chemically
etching from ~0.004 in. thickness down to~0.001 in. followed by ion-heam sputtering
to ~200A will be further investigated as a possible means of obtaining thesc substrates.
Considerable effort will be placed on developing a technique for producing larger and
more uniform thinned rcgions.

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

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

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

In situ CVD experiments will be performed on (0112)-oriented Af 904 substrates,
with later exy experiments on (0001) and/or (1014) orientations. The nucleatlon, growth,
and coalescence process will be studied primarily as a function of temperature to
determine the mechanism whereby structural defects (e.g., stacking faults and grain

! boundaries) are incorporated into the growing film. The effect of substrate surface
defects, such as etch pits and scratches, on the film nucleation rate and the orientation
of nuclei pinned at such defects will be examined and compared with nucleation
phenomena on defect-free regions of the surface. All variables will be examined with
particular emphasis on the differences, if any, between the nucleation and growth
mechanisms observed in a CVD system and those known to exist for PVD systems.

Both bright-field and dark-field transmission electron microscopy as well as electron
diffraction analysis will be used in these investigations.
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The effeets of Siil,,/ll -atio and the total gas pressurc will be examined

experimentally later in the program. Further improvements in the motion picture
recording system will also be made, if needed.

6. SUBTASK 6. EVALUATION OF FILM PROPERTIES

The routine evaluation of the struetural and clectrical propertics of Si and GaAs
heteroepitaxial films will be continued by means of various methods of X-ray and
electron diffraction analysis, metallographic analysis, and measurement of both
fundamental and device-related electrieal properties. Experiments using backscattering
analysis of charged particle beams will be resumed for establishing the depth and |
density of defects in the films, with the results to he correlated with characteristics of
the substrates used to grow the films. Efforts to sclect the preferred substrate material

in the Si/insulator system will continuc, based on comparative measurements of film
characteristics on Af304 and MgA£,0,4 substrates.

It is anticipatcd that new analytieal cquipment soon to be available will permit
suceessive Auger clectron analysis and removal of thin laycrs of the semiconductor
film by ion-beam sputtering to be repeated scquentially, thus making possible the
investigation of the variation of film properties as a function of depth into the film. In
addition, surficc cxamination of both films and substrates will be carricd out by
techniques of scanning clectron microscopy.

continued with emphasis on determining the reasons for the anomalously large effccts
obscrved in Si films on or near the (111) orientation. Similar studies will be under-
taken on the Si/MgA£,0, system. Studies of the variation of electrical properties with
temperature for Si/A 33 and Si/MgA£204 films will be continued, with emphasis
placed on isolation of ?hose effects associated with thermallv-induced stress. The
(221)Si/(1122)A2203 system will be used primarily for this work, since recent study
has shown that there are current directions in these films for which the stress effects
produce either (1) mobility degradation, (2) mobility cnhancement, or (3) no effect on
mobility. Selection of the appropriate current dircction thus will permit study of a
variety of electrical properties. These measurements will be supplemented by studies
of anisotropic effects in the field-effect mobility in MOS devices, of particular
importance for potential device applications.

The measurements of high-field transport properties of Si and GaAs as a function
of tempcrature, film resistivity, film thickness, and crystallographic orientation will
be concludcd. The studies of internal photoemission in Af,03 at various temperatures
will be continued to help to characterize Alg03 substrate surface conditions; the effects
of various annealing treatments on the photoemission characteristics will be explorced.
Measurements will be made of the current-voltage characteristics and of the quantum

efficiency of the process in an attempt to model the charge transport mechanisms in

Studies of the anisotropy in electrical properties in the Si/Af203 system will be 1
4
|
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7. SUBTASK 7. DESIGN AND FABRICATION OF DEVICES

There will be an emphasis in the final six months of the program on the design and /
fabrication of experimental devices in both Si and GaAs films on Aly03 and MgA#,0, 1
substrates. Some multilayer device structures will be grown directly (Subtask 2) by
means of appropriate doping changes, but most devices will be fabricated by conventional i

post-growth processing. 63
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Mecasurement of the properties of MOS devices will be used as a means for
evaluating the eharacteristics of the SI/Aly04 and Si/MgAfloO4 systems. Comparison
of devices formed in Si on various orientations of AlpO3 and MgA£ 0,4 will be continued
so that the goal of selecting a preferred substrate for the growth of Si on insulators can
be realized. Attention will be given to the cffects of stress on device performance,
so that optimized deviee operation can be achieved,

Existing surface charge transport teehniques developed with bulk Si will be
adapted to the Si/Aly04q and Si/l\‘lgA0204 systems to produee ehargc-coupled devices;
obhservation of device operation will provide informationon the density of trap states
at the Si-oxide interface, thc rate of generation of minority earriers in the film, and
the cffeets of various processing steps on these characteristics. The fabrieation and
evaluation of both junction-type and Schottky-barrier photovoltaic cclls wiil be eontinued,
with cell performance characterized by eurrent-voltage and quantum effieieney
mecasurements under various econditions. The measurement of carricr lifetimes will
be continucd on both Si and GaAs heteroepitaxial films on .'\0203 and MgAf,0, substrates
by the MOS pulsed C-V technique. These mcasurcments will be made as a function of
film thickness, oricntation and resistivity throughout a range of sample temperatures.
Modifieations now bein;i made in the measuring cquipment will permit mcasurecment of
lifetimes as low as 10-12 sec. Analysis of the defcet and impurity levels in Si and GaAs
hetcrocpitaxial films using pulsed Schottky-barricr diode mecasurements will also be
undertaken,

In addition to fabricating, testing, and cvaluatirg Sehottky-barrier diodes and
FET's in both Si and GaAs films on A,03 and MgA2204 substrates, some bipolar
dcvices will be made in which carrier %ifetime will be improved by HC{ gettering during

the oxidation proecss. Attempts will also be madc to fabricate, test and evaluate a

solid state photomultiplier using heteroepitaxial films. Other optieal deviee applications
involving the unique optical transparency of the insulator substrate will also be examined
if time permits.




SECTION IV

PROGRAM SUMMARY TO DATE

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

The specifie technical objectives of the three-ycar program arc the following:

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

2. Prcparation of improved, high-quality, device-grade heterocpitaxial films
of Si and GaAs on insulating substrates by ehemical vapor deposition (CVD)
- methods.

2. Development of methods of eharaeterizing heteroepitaxial films as to their
suitability for subsequent dcviee fabrieation.

4. Design and fabrieation of selected thin-film deviecs which take advantage
of the unique properties of sueh films.

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

The determination of the fundamental mcchanisms, properties, and proeesses to
be investigated is based on extensive baekground knowledge of epitaxy and thin-film
deviee difficulties encountered for many years in many laboratorics. The problems
under study arc not restrieted to those identified a priori; experimental and thcorctical
attention is shifted as needed as the program progresses.

The program involves both theoretieal and experimental investigation of the
nueleation and growth mechanisms of heteroepitaxial films in semiconductor-insulator
systems. The theoretical studies consist of two types of aetivity: (1) direet interaction
with the experimental program involving data analyses, suggestion of definitive experi-
ments, and postulation of specifie models to explain experimental observations, and
(2) development of original contributions to the theory of hetcroepitaxial growth, with
the goal of generating signifieant advances in fundamental cpitaxy theory.

The experimental investigations are also of two types: (1) fundamcntal explorations
to dclineate mechanisms and general empirical prineiples of the heteroepitaxial growth
proeess, and (2) practical studies that aceompany the fundamental investigations so that
any new developments ean be immediately applied to the improvement of semieonduetor
films and thin-film devices on insulating substrates.
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The work has emphasized the CVD method of growing semiconduetor thin films
because of its importance in the semiconductor industry. Specifically, the program
emphasis s on films of Si and GaAs and substrates of sapphire (A£203) and splnel
(MgAYZO ). The Initial emphasis has been on the Sl-on-z\9n303 system, with Inereasing
attention being given to the Si-on-MgA €904 and GaAs-on-Al204q systems. Si and GaAs
have been chosen because of the preeminence of the former in the semiconductor
industry and the bigh-frequency and high-temperature attributes of the latter.

The program is carried on primarily at the faeilities of the North American
Roekwell (NR) Eleetronics Group in Anaheim. Parts of three of the subtasks have
been performed by personnel of the Unlversity of California at Los Angeles (UCLA),
in the Department of Electrical Scienees and Engineering, and by personnel of the
California State University, San Diego (CSUSD), by means of subeontracts from NR.

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

1. SUBTASK 1. THEORY OF EPITAXY AND HETEROEPITAXIAL INTERFACES

During the first year a formal theoretical method of replaeing 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 cxtent, was applied to a
simplified model to determine preferred orientation relationships from caiculated
film-substrate interaction energies. The method was not pursued further, however,
because it was not sufficiently adaptable to real systems. Several other possible
approaches to the theorctical modeling of heteroepitaxial systems were critieally
reviewed, ineluding the Frank-Van der Merwe model, a Green's function/Wannier-
funection approaeh, a contrived potential-energy model, and the two-body interactomie
potential method. It was coneluded that the existing theories are inadequate for
application to real systems such as those of interest in this program.

The feasibility of a molecular orbital development of the hete roepitaxial inter-
face was then investigated. However, it was determined infeasible to apply this
technique in a manner directly relevant to heteroepitaxy, so the cffort was terminated.
The interatomic potential approach to heterocpitaxy was then reinstigated, with the
goal being the computer simulation of growth of Si on Af203. Mechanieal stability
eonditions for an Af90q lattice modeled with two-body potentials were investigated
and determined to the depth required for the application. Computer programming of
the A2203 lattice energy and clastic constants was begun for use in determining
appropriate empirical poientials required for modeling the Al90g lattice, a major
requirement for modeling Si growth on A9203. In addition, the application of the
electron-on-network theory to the problem of determining surface eonfigurations and
interfacial binding encrgies in heteroepitaxial systems where the surface strueture is
allowed to relax was investigated, and for a time it appeared promising for the real
systems of interest.

In the second half of the seeond year the theoretical studies were devoted to
three main areas: (1) modeling of the Si/A /904 system by meaas of interactomic
potentials and computer simulation; (2) use of the electron-on-network technique to
caleulate work funetions and surface double-layer potentials of monovalent metals
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(although this method has not been pursued further for application to heteroepitaxial
systems beeausc of severe limitations encountered in the preliminary studiesy and
(3) calculations relating the mobility of Si fllms on Af203 to stress effeets arising at
the heteroepitaxial interface and caused by differential thermal eontraetion of film
and substrate. The modeling of the Af203 lattice was earried out in terms of Morse
potentials; only anion-anion and cation-anion potentlals were employed. These were

.chosen to eonform to speeific constraints related to the physieal lattice. Investigation

of surface reconstruetion in basal-plane AfoOg3 was also initiated, using these
potentials, since this phenomenon plays a major role in predieting Si film orientations
on Alp03. Relaxation of the four atomie planes nearest the surfaee was treated for
the case of a surface composed of oxygen atoms with the eonstraints of translational
symmetry in the surface and three-fold rotational symmetry normal to the surface.
Programming of the ease of an Af atom surfaece was also begun, with the same
symmetry constraints being imposed. (This aspeet of the theoretical studies has not
been further pursued in the past six months, however.)

The theoretically elaculated changes in mibllity and resistivity in the plane of
the film in the Si/Al9O3 system caused by thermally Indueed stresses and the
piezoreslstanee effeet were found in exeellent agreement with experimental results.
Theoretical formulas were developed for both Si and Ge and for AlpO3 and MgAlp04
substrates and for a variety of crystallographie orientations. Detailed ealeulations
were eombined with experimental observations (Subtask 6) for the (001)S1/(0112) Al203
and (221) Si/(1122) Aly0q systems, and Investigation of the (111) Si/Aly05 system
began. These theoretieal and experimental results have emerged as the most
significant eontribution of this contraet program to dale; the results are of major
importance to the entire technology of heteroepitaxial semiconduetor films and
devices.

Theoretieal studies in the past six months have conecentrated exelusively on the
mobility anisotropy in Si/A 903 and Si/MgA/f204 hetero-systems. During this period
the investigation of (221) Si/Af90g was completed and the results published, and the
(001) Si investigation was also completed and has been aecepted for publieation in
May of 1973. Considerable additional effort was devoted to the case of (111)Si growth
on two different AfoOq substrate orientations. Anisotropies ealeulated on the basis
of thermal expansion stress were found to be too small to explain the experimental
(111) Si results. Definitive resolution of this disparity has not yet been achieved. The
possibility that residual growth stresses are responsible has been explored and
represents a plausible but as yet unproven explanation. If found to be correet, this
interpretation would add to the basic understanding of heteroepitaxial Si films,
Extensive mobility anisotropy ealeulations have also been made for the general (XX1)Si
orientation for four modes of Si/Af903 epitaxy and one mode of Si/MgAL9Oy epitaxy.
These ealeulations encompass all the modes of major interest and inelude (001), (111),
(221), and (110) Si orientations. A ecomprehensive deseription of the theoretical models
developed, the mathematical formalism employed, and the numerieal results obtained
is in preparation for publieation.

2. SUETASK 2. DEPOSITION STUDIES AND FILM PREPARATION

During the first year of the program the emphasis on this subtask was placed on
determining the effeet of experimental growth parameters on the quality of Si epitaxial
films grown by the CVD method of pyrolysis of SiH4 on substrates of various orientations
of A120g and MgAf904. It was established for the growth system used that autodoping
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occurs in Si on Afp0g at temperatures greater than about 1050 C, so a conecerted study
was made which considered the effeets of such factors as growth temperature, growth
rate, and nuelecation phenomena at or below this temperature. It was determined that
the eleetrical propertics of undoped n-type heteroepitaxial Si films grown on various
orientations of Af205 (and also MgAf904) by the CVD method of pyrolysis of Sily are
dominated by surfacc-state conduetion for earrier concentrations of ~1016 ¢m=3 or
below. Essentially equivalent (100)- and (111)-oriented Si films were grown on (0112)
and (1vl4) Af90g substratcs at deposition temperatures below the autodoping range
(~1050 C). A¢903 orientations near the (1120) plane, not previously used in hetero-
epitaxy studics, were utilized as substrates for (111) Si heteroepitaxy; this resulted
in cleetron mobilitics of 600 to 700 cin2/V-sec for earricr eoncentrations of 1015 -
1017 em=3, cxcceding mobilities obtained on cither (0112) or (1014) A£203 substrates.

Thesc studics revealed the strong interrclationships that exist among the various
parameters involved in optimizing Si growth on insulators. Evaluation of the cleetrical
propertics of Si films on those Af30g orientations that produece the best Si overgrowths
has demonstrated that growth conditions (1) must be optimized for the particular
substrate oricntation choscn; (2) differ for those Af2045 oricntations which lead to the
saime Si orientation; (3) arc dependent upon reactur geometry and gascous atmosphere;
and (4) must be optimized for'the particular film thickness desired. Studics of Si
growth by SiHy pyrolysis at reduced pressures (1 to 10 torr) indieated that single-
crystal growth can be obtained over a fairly wide temperature range, when conditions
are optimi:cd, on both Af203 and MgA £5,04 substratcs; these results provided ncces-
sary confirmation of the feasibility of Si film growth in the pressure range to be used
in the in situ CVD experiments in the electron mieroscope (Subtask 5). Investigation
of the growth of Si films on A?903 and MgA£504 using He as the growth atmospherc
and the carrier gas showed that epitaxial growth could be achieved, although the
conditions for best growth were not established at that time.

The cffort on this subtask in the final half of the second year was concentrated
on continuing attempts to optimize the Si deposition process for growth on ~(1120) and
(0112) Af904 surfaces. In thc coursc of this work the cffects of post-nucleation
annealing during the deposition process on ultimate film propertics were examined,
but no significant improvement in overall quality of Si films resulting from thcse
procedures was dcmonstrated. The effects on film growth of gas-phase etching of
A 1203 surfaces prior to deposition were evaluated further; there is some indi-
cation that surface damagc may not bc the primary factor in determining the quality
of Si over-growths, but this question must be examined in more detail. The effcct of
cooled reactor chamber walls on the Si growth process was investigated further, but
no significant advantage of cooled walls in the vertical reactor systems used in this
work has been observed.

Considerable additional study was made of the growth and properties of Si films
on Czochralski-grown stoichiometric spinel (MgA#904). This work indicated that Si
films with electrical properties at least as good as those grown on Af504 can be
obtained when He-Hg gas mixtures are used for the growth environment. It was also
determined that autodoping is operative in the Si/MgAl’204 systcm (in He-Hg atmos-
pheres) at approximately the same temperatures as for Si/Af903.

During the past six months the work of this subtask was concentrated on studies
relating to the growth of Si on MgAf904 and to the support of other phases of the pro-
gram by preparation of Si/Af903 and GaAs/A£903 films. These were prepared for
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further studies in anisotropy, lifctimec mcasurcments, fabrication of Schottky-barricr
FET structures, high-ficld transport mcasurcments, and for the cvaluation of ncw
tanks and sources of SiHy and Aslig. The Si/MgA£204 studies again indicatcd that
good quality films could be grown on MgA 204 but that the Si growth conditions and
film mobility arc affeeted by the tank of SiHg in usc.

3. SUBTASK 3. ANALYSIS AND PURIFICATION OF CVD REACTANTS

During the first year, tcchniques of gas chromatography were devceloped for
analysis of the reactants used for scmiconductor heteroepitaxy by CVD. A gcncral-
purposc gas-handling systcm was constructed for the highly volatilc and rcactive gases
studicd, with siliconc oil and polymer columns used for the chromatography. Sevcral
extrancous impurity peaks werc observed in the chromatograms of SiH4 samples;
diboranc (BgHg) was tentatively identified as a significant impurity (~10 ppm), although
not confirmed by mass spectrometcr tcchniques. Small quantitics of purified SiH4, free
of diboranc, were prepared by successive injections in the chromatograph; quantitics
were too small, however, for usc in laboratory CVD experiments.

Beginning in the second ycar of the program samples of SiH4 and of trimethylgal-
lium (TMG) uscd for Si and GaAs CVD.cxpcriments were analyzed for impurity contcnt
by sensitive mass spectromectric tcchniques. Disilane and trimethylsilane, together
with scveral other impurities of less concern, were found in the SiHy samples. The
analyscs of TMG lcft some uncertainties rcgarding the correct impurity levels, although
these were largely resolved by later analyses carried out in the final half of the second
yecar.

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

An important study of the chemistry and reaction kinetics of CVD processes used
for growing Si and GaAs films in heteroepitaxial systems was initiated late in the second
year at the California State University, San Diego (CSUSD). The first expcriments under-
taken were directed toward determining the role of the Af203 surface in catalyzing the
pyrolysis of SiH4; experiments with the trimethylgallium (TMG)-arsine (AsHg) reaction
used for GaAs growth wcre also begun.

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

The studies of the basic chemistry of formation of Si and of GaAc by CVD reactions
have continued, using both flow and static pyrolysis systems. Initial experiments under-
taken to determine the role of the Al9Og surface in the pyrolytic decomposition of SiHg
demonstrated that any catalysis by Af203 surfaces (or by SiOg or pyrex surfaces)
rapidly disappears with the formation of a monolayer of Si on the surface. Subsequent
experiments with improved (static pyrolysis) apparatus clearly demonstrated that
A£,03 does act as a catalyst in the decomposition of SiH4 at moderate temperatures
(~500 C) but leaves determination of the catalyst role at Si deposition temperatures yet
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to be dctermined. Studies of the deposits of GaAs from trimethylgallium (TMG) and
AsHg were also begun, with the decomposition modes of hoth TMG and AsHg being
examined. Pyrolysis of TMG, AsHg, and equimolar TMG-AsHg mixtures were carried
out. TMG apparently does not decompose below 320 C; AsHg slowly decomposes at

150 C. The first apparent product of the TMG-AsH3 reaction — (CHg GaAs H)x — is
apparcntly stable below 360 C. Further experiments on thc stability of this compound
at other temperatures arc in progress, and additional studies of the decomposition of
AsHg have also becn initiated,

4, SUBTASK 4., PREPARATION AND CHARACTERIZATION OF SUBSTRATES

In the first year of the program it was demonstrated that Af9O4 surfaces prepared
by mechanical polishing techniques and used routincly for semiconductor heteroepitaxy
typically have severe surface and subsurface damage, with many scratches often several
microns decp yct often rendcred invisible to closc inspection because of amorphous or
finc-grained debris embedded in the scratches in the final polishing stages. Some
improvemcnt in mechanical polishing procedures was achieved in terms of the density
and depth of such damage. Gas-phase etching/polishing procedures using SFg and
various fluorinated halocarbons in the 1350 to 1500 C temperature range produced
esscntially scratech-free surfaces on (0112) and near-(1120) Af904 substrates. Extensive
gas-phase etch-rate data were obtained as a funetion of erystallographic oricntation in
this tempcrature range,

_ During the first part of the second year a much improved technique for polishing
(1014) A7504 was developed, and very good surfaces in this orientation can now be cb-
tained. Gas-phase ctching/polishing techniques were further developed for (1) thinning
Al903 substrates to thicknesses the order of 1 mil; (2) evaluating the effects of pro-
longed etching on (0112), (0001), and ~(1120) Al904; and (3) assessing the subsurface
damage caused by various mechanical polishing procedures.

More recent work on this subtask has included verification of the polishing pro-
cedure for (1014) Af903 as a reproducible proeess. Evaluation of polishing mecthods
for MgA£90, surfaces has indicated tnat surface fill-in occurs for this material just
as for Af903. Preliminary gas-phase etching experiments with MgA£90, surfaces
were also earried out.

Ion-beam sputtering techniques have been under development for proparing ultra-
thin (~200A) Al,04 wafers for use as substrates in the in situ CVD experiments with Si
(Subtask 5). Some wafers successfully thinned to ~0.002 in. by meehanieal polishing
techniques have heen subsequently thinned by ion etching to the point of perforation in
somc areas, whieh results in adjoining regions of thicknesses suitable for transmission
electron microscopy as applied in the in situ experiments. Typical thinning rates are
0.2 to 2,0 pm/hr. Three different Af303 orientations have been successfully thinned
by this method — (0001), (1014), and (0112). Considerablc study of properties of the
resulting thinned substrates has been carried out.

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

During this reporting period additional Af904 substrates were prepared for
epitaxial growth experiments by mechanical polishing techniques previously developed
on this program. Additional effort was expended on attempts to prepare suitably thinned
Alzus_'\yafers for subsequent final thinning by the ion-beam sputtering technique; con-
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siderable further improvemecat in the ion-thinning process for preparing substrates

for the in situ CVD expcriments in the electron microscope (Subtask 5) was achieved;

and etch-rate expcriments to determinc the dcpth of damage in A {504 substrate wafers

at various stages of the prc-deposition preparation process were begun. A 29035 wafers

0.001-0, 002 in. thick were produccd by mecchanical polishing, by chcmical etching, |

and by a commercial vendor using an undisclosed mcchanical polishing method, but

the yield was very low in all three cases. Efforts to thin the Af20g chemically were

marginally suceessful, but this work will continuc. The thin wafers were further

thinned by the ion-bcam sputtering techniquc to ~5004 for usc as CVD substrates, ‘
although the thickness uniformity was not further improved beyond that reported |
previously. |

5. SUBTASK 5. STUDIES OF IN SITU FILM GROWTH IN THE ELECTRON MICROSCOPE|
1

In the first year of the programmadny of the modifications required in the electron
microscope for in situ observation of the nucleation and early-stage growth of CVD
semiconductor films on insulating sul strates were completed. Provision for motion-
picture recording of film growth was assembled and tested, and the heated specimen
stage was installed and.tested. The first in situ PVD experiments were also carried
out near the end of the first year. = P F

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

Calculations and design for the CVD microchamber were also completed, and the

fabrication of the microchamber and the differential pumping apertures was begun. At l'

the end of the second year a modified design of the CVD microchamber and associated

hardware was developed and fabrication nearly completed. Numerous additional in situ |

PVD experiments were carried out, with both Af and Au deposited onto amorphous |

carbon substrates to delineate further the required techniques and experimental ‘
problems to be encountered in the CVD experiments. '

{

|
During the past six months, the fabrication of the CVD microchamber and its |

mounting flange has been completed. A gas handling manifold has been installed on the

electron microscope and counected to the CVD flange. Focus tests of the microchamber

and the gas-handling manifold were completed satisfactorily. Gas flow experiments

were performed to determine the flow rate of gas through the microchamber as a function 1

of pressure and to determine the maximum pressure attainable in the microchamber "

‘before the performance of the microscope becomes impeded by the pressure rise.

Constructional details of the microchamber were described in a technical paper given 1

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

6. SUBTASK 6. EVALUATION OF FILM PROPERTIES

During the first year, the routine evaluation of film properties was carried out
by established methods of X-ray and electron diffraction analysis, metallographic
analysis, and electrical measurements of transport properties. In addition, a new
technique for evaluating the characteristics of the interfacial region of heteroepitaxial
films was devcloped, involving measurement of the photoelectron emission from
monochromatically-illuminated films in the MIS configuration on insulating (viz.,
Af90,) substrates. Relatively large photocurrents due to electron transport through
thick (~10 mils) single-crystal Af50, substrates were measured as a function of photon
energy. Photoelectric threshold energies, escape length (mean free path) of excited
electrons, and band bending in the semiconductor film adjoining the interface were
determined in the Si/Aﬂ203 and GaAs/Af,03 systems. Determination of the energy
spectrum of back-scattered proton or alpzha-particle beams injccted in channeling
directions in heteroepitaxial semiconductor films was also investigated as a means of
measuring the density and the location of structural defects in the films. Experiments
indicated that Si/insulator films have less imperfect interfacial regions than do GaAs/
insulator films. The best structures of those examined were found in (100) Si films on
(0112) Ar90g substrates and in (111)Si films grown on near-(1120) Af90q substrates.

In the first part of the second year the study of the effects of changes in deposition
parameters on Si/Af903 film properties continued. Those studies provided considerable
insight into the factors which most strongly influence film quality, so that identification
of some of the conditions for optimized film growth on various Af504 orientations could
be made. The importance of reactor geometry was recognized and demonstrated; the
extent of Af autodoping from the substrate was established and appropriate annealing
procedures for minimizing the effects were determined. The use of previously unused
Afi9Og substrate orientations (e.g., near the (1120) plane) for Si growth led to epitaxial
films as good as or better than those previously reported.

The measurements of photoemission of electrons from heteroepitaxial semi-
conductor films and of the transport of electrons in A190q were carried further. Work
functions of additional metals were determined, and the mechanism of electron transport
through the insulator was studied further. Measurements of high-field transport
properties of Si and {;aAs heteroepitaxial films were also initiated.

The evaluation work in the final months of the second year included (1) study
of the variation of the electrical properties of Si/A1203 with temperature, in which
some effects attributed to high defect densities or inhomogeneous strains were
observed; (2) the first stages of an extensive experimental study of the anisotropy of
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the electrical properties in Si/AfpOg; (3) evaluation of the electrical properties of Si
films on MgAlsO4, with evidence that n-type films with mobilities higher than

those obtaincd in the Si/AfsOg system can be obtained; (4) additional measure-

ments of the clectrical propertics of Si/Af90g to establish parametric relationships
among tempcrature, growth rate, and substrate orientation; (5) further study of the
photoclectric cffects observed in the Si/A#903 system, including verification that the
observed phenomena do result from photoinjection of electrons from metal films into
AfgOqand dctermination of the work functions of additional metals and the heights

of the metal-Afy0, interfacc barriers; and (6) additional measurements of the
high-field transport properties of heteroepitaxial films.

The anisotropy studies wcre concentrated in the (221)Si/(11§2)A0203 and the
(100)Si/(0112)Af904 systems. These two Si planes are basically different in that
the anisotropy in the (221) plane can be expected for any 5i heteroepitaxial system,
while that in the (100) Si plane results from the anisotropic thermal contraction of
Af903 and would not be prcsent, e.g., in the Si/MgAf904 system. The mobility
anisotropy factor A, defined as the ratio of the difference between the maximum and
minimum valucs of carrier mobility in the plane of the film to the average value of the
mobility in that plane, was found to be about 40 percent for the (221) plane and
about 9 percent for the (100) plane. Results of calculations (Subtask 1) based on the
the piczoresistance effect in Si resulting from the difference in the thermal expansion
coefficients for Si and Af9O4 agreed well with the experimental data. The calculations
and the experimental results also indicate that (221) Si probably exhibits higher electron
mobilities than other more commonly used orientations.

In the past six months further experimental studies of anisotropy in the electrical
properties of (111)Si/A1203 have been in progress, using both (1014)- and ~(1120)-
oriented AfyOg substrates. The observed anisotropies have not agreed with the
predictions of the piezorcsistance model for this Si orientation, for reasons which
have not yet been cstablished (Subtask 1); anisotropies as high as 30to 40 percent have
been observed, with an average of about 16 percent, while the stress model predicts
values the order of 6 percent. These discrepancies are still under investigation,
because these anisotropy effects — largely explained by the stress model — are
highly significant to the entire technology of heteroepitaxial semiconductor devices.
Preliminary measurements of the variation in anisotropy in (221)Si/(1122)A1203
films as a function of film thickness indicates there is a trend for the anisotropy
effects to be iarger for thinner films; further study is required to establish this,
however.

During this same period the electrical evaluation of (111)Si films on MgA£o04
has continued, with some evidence that the mobility decreases much more rapidly
with film thickness (for thicknesses less than ~0.5um) than it does in the Si/A£203
system. This indicates a need for a comparative study of the early stages of film
growth in the two systems to assist in identifying the preferred substrate matcrial for
Si heteroepitaxial devices. The experimentally observed inhomogeneity in the donor
concentration in a CVD Si/A£9O4 film from point to point over the film area has been
investigated; there is evidence that a concentration gradient exists from the center of
the susceptor radially outward, so that films will reflect this variation depending upon
the placement of the substrate on the susceptor during the CVD growth. Gas flow
characteristics or a non-uniform temperature of the rf-heated pedestal (susceptor)
may account for the effect; investigations are continuing, '
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In other cvaluation work, additional measurements have bcen made of thc high-
field transport charactcristics of Si and GaAs films on A{90gq; although contaet problems
have continued to be troublesomc, high-field data have becen obtained (including some
at 77K) with good consistency among the samples measured. The continuing study of
photoelcctrie properties of Al,Og-bused systcms has concentrated on attempting to
determine the nature of the dependcncc of the photoinjected current upon the condition
and method of preparation of the Af9O4 surface.

7. SUBTASK 7. DESIGN AND FABRICATION OF DEVICES

Ir. the first year of the contract apparatus for determining minority carrier
lifctime by pulsed C-V measurement in MOS structures was designed and constructed
and tests were begun. A special MOS structure was designed for measurement of
channel conductance, high- and low-field transport propertics, and various interface
charaeteristics of heteroepitaxial films. Initial attempts to fabricate Schottky-barrier
diodes in Si/Aonq films as a mcans of evaluating their ciectrical properties were
not successful,

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

During the sccond six months of the second year the device-oriented effort
centered about the dctermination of carrier lifetimes using the MOS pulsed C-V
technique and attempts to fabricate a Sehottky-barrier FET in GaA s/Aonf;. Numcrous
proccssing difficulties were encountered in both of these investigations. An analysis
was made to evaluate the effect of the impurity redistribution in the Si in the region
near the oxide interface (resulting from the oxidation proeess uscd for making the MOS
structures) on the interprectation of lifctime data obtained by this technique.

Lifetime measurements in both Si ind GaAs films as a funetion of film thickness,
carrier concentration, and crystallographic orientation have now bcen obtained on
numerous samples, with thicknesses rangirg from ~1 to ~10um and resistivities from
~0.01 to ~1 ohm-cm. Analysis of the data for Si films has indicated lifetime values
ranging from 9 x 10-12 to ~5 x 10-10 gec. Attempts are being made to find corrclations
between carrier lifetime and film resistivity and thickness, but no such corrclations
have yct been detected. Similar measurements on GaAs films on Af 204 are now
being earried out.

Recent device cfforts have produced Schottky-barrier diodes (in n-type
Si/Al90g samples) having gocd reverse but unsatisfactory forward characteristics;
further improvements are being sought. The Schottky-barrier FET structures are
otill not satisfactory, with further work still in progress. Preliminary work on fabri-
ca.ing and evaluating Schottky-barrier photovoltic cells has begun, and work is about
to begin on fabrication and test of charge-coupled devices in Si/A£203 composites.
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APPENDIX A¥

ANISOTROPY IHN THE ELECTRICAL PROPERTIES OF {OOI]Si/{Ole}A1203*

A. J. Huches and A, C. Thorsen
North American Rockwell Corporation

3370 Miraloma Avenue
Anaheim, California 92803

ABSTRACT

A detailed investigation of the Hall mobility has been carried
out on a series of ~2um thick n-type {001}Si/{01T2}A2203 films. A
specially designed Hall bridge pattern has been used to obtain independent
measurements of mobilit: as a function of current direction in the plane
of the film. The data show an anisotropy in the mobility of approximately
9%, with a maximum in mobility occurring alona the <100> Si direction that

is parallel to the <2110> Mg 03 direction in the plane of the substrate,

2
This behavior is found to be a consequence, through the piezoresistance
effect, of the anisotropic thermal contraction of A2203 on coolino from the
deposition temperature, which leads to an anisotropic thermally induced

stress in the Si,

* Supported in part by ARPA under Order 1585, monitored by USAMICOM,

Redstone Arsenal, AL, under contract DAAHO1-70-C-1311
¥ See Reference 6, p. 75/76.
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INTRODUCTION

The Hall mobility in epitaxial semiconductor films is usually
considered to be a good criterion of film quality and has been used
extensively in the optimization of the film growth process. It is
therefore important that the pfoperfies of the film be homogeneous and
uni form over the plane of the film if a realistic electrical parameter
is to be deduced from a particular measurement. In most cases, it is
tacitly assumed that the mobility is isotropic in the plane of the film
and does not depend upen the direction in which the measurement is made.
We present results in this paper of a detailed investigation of the
electrical properties of n-type {001}Si/{0172}A1203 an?]ihow that for
this system an assumption of isotropy is not justified, The mobility
is found to vary with current direction in the plane of the film and has

a maximum value along the particular <100>Si direction that is parallel

to the <2TTO>A2203 direction in the plane of the substrate,

The experimental anisotropy in mobility repcrted in this paper will

be rxplained theoretically in terms of the piezoresistance effect and
anisotropic substrate-induced thermal stresses. While we believe this

to be the principal mechanism behind the observed mobility aniso-
tropy, phenomena associated with surface electric fields and surface
quantization can often play a role in current conduction in some other
measurement or device situations.

Surface quantization and surface transport in semiconductor inversion

and accumulation layers are reviewed briefly by Stern(z) and a number of
recent references are listed. Sato et al (3) have investigated the mobility
anisotropy of carriers in p-type and in n-type inversion layers on oxidized

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

different surface plane orientations. For some orientations, sizable aniso-
tropies were reported. However, for the (001)Si orientation, the field-effect
mobility is isotropic because of symmetry considerations.

The work of Sato et al relates specifically to bulk Si anc therefore did
not consider any effects of substrate induced stresses on the mobility. If
there were a surface perturbation in the electrical conductivity of hetero-
epitaxial (001)Si/A2203 films, induced by surface charge and/or oxide layer
impurities and taking the form of an accumulation or inversion layer, the
resulting surface component of mobility would also be isotropic, except for
the fact that there is an anisotropy in the film stresses. The mobility of
a surface layer would therefore exhibit a small anisotropic effect which
would be similar in relative magnitude to that found in bulk Si under similarly
stressed conditions. It is unlikely therefore, that a small component of
surface conductivity could contribute substantially to the total mobility
anisotropy that would be measured in (001)51’/A2203 films.

The mobility anisotropy to be discussed in the presegt paper is
believed not to be associated with either surface quantization or self-
accumulation or inversion effects. There is no applied electric field
normal to the surface and the oxide film formed during the after-growth
annealing sequence is removed prior to the measurement of film properties.
In addition, the high donor concentrations in the films tend to mask
contributions to the electrical conduction from surface effects. To
numerically assess the magnitude of any possible surface effects present
under these conditions, however, would require the measurement of
electrical properties in a MOS device configuration, and this has not
been done in this work.

Collectively, the above arguments form the basis for our assumption
that the mobility anisotropy reported here is a bulk effect and is
primarily to substrate-induced thermal stresses acting through the piezo-
resistance effect. The agreement between theory and experiment lends
confidence to this interpretation.
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THEORY

In order to explain the experimental observations discussed below, ve
have examined theoretically the effect of stress in the Si film on the electron
transport properties of the film, As is well knovn, transport properties such
as resistivity and mobility can te related to applied stresses throuch the
piezoresistance effect. MNumerous studies of the piezoresistance effect in
bulk Si have been reported in the literature over a nurber of years,
Much less attention has been paid to stress and its effect on the transport
properties of epitaxial films.

(a)

Stress in Si filrs on sapphire (An°03) has been exa?i?ed by Dumin
o 5

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

(6)

Dumin . Schlotterer presents formulae for the fractional change in
resistivity (Ao/po) in terms of piezoresistance coefficients n;., m 5, myy

- in the Si film due to differential thermal

and an assumed isotropic stress o;

contraction between film and substrate. Since he was dealing with spinel
substrates, it was assumed that the thermal stress and the induced changes
in resistivity were isotropic in the plane of the film, In this section of
the present paper, we treat the anisotropy in stress and piezoresistivity

and present formulae which are applicable to the anisotropic case.

Before presenting the theoretical results obtained, we will briefly
sketch the method. A more detailed theoretical discussion will be given
elsewhere . The theoretical determination of the effect of thermally
induced stresses on film resistivity and mobility can be divided into three
parts: (1) calculation of the piezoresistance effect in terms of

stresses; (2) calculation of these stresses in terms of the various
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coefficients of thermal expansion; and (3) succeésive transforrations of
film and substrate coordinate systems to achieve the proper relative
crystallographic orientation and to include anisotropy in the plane of the
Si film,
(8)

The resistivity and stress are related through the equation
Ei = 0ij Jj + "ijliJ Tk]' where E is the electric field, J the current
density, p the zero-stress resistivity tensor, T the stress tensor and n
the piezoresistance tensor. For cubic crystals such as Si, Pi; is both
diagonal and isotropic and equal to p 6'j' vhere P, is the zero-stress
resistivity. This tensor equation is commonly contracted to a single-subscript
notation for o and T and to a double-subscript notation for ﬂ(B). In this
notation, T can be written as a 6-component column vector and = as a 6 x 6
matrix. Referred to the Si crystal axes, =n has only three independent
coefficients Tyye My, and m g hovever, all 36 n'COefficients may te non-
zero when referred to a cartesian coordinate system having an arbitrary
orientation with respect to the Si crystal axes.

We first consider the so-called longitudinal piezoresistance effect for
the case in which there is only one component of current (J ), and the field
(E ) is in the direction of the current flow. Then (E]/J ) =0 (]+"lk k)'

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

Qef1n1ng (E]/J]) as p1, the longitudinal piezoresistance is then agiven by

Ap1=p1_po = El -1 =1m,,T
) ) AN - kK )
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The longitudinal piezoresistance effect can thus be calculated if the =
coefficients and the Si film stresses Tk are knovn, For a cartesian coordinate
system with axes along the Si crystal axes, the "k are particularly simple
and the sum involves only up T] + LIPS (T2 + T3). For an arbitrary orientation
of axes, which is of primary interest to us here, "rotated" n coefficients
are given by Pfann and Thurston . These transformed = coefficients are
given in terms of the direction cosines of the arbitrary coordinate system
with respect to the Si crystal axes. The determination of = coefficients
appropriate to an arbitrary coordinate system is straightforward but is
laborious.
We next consider the determination of stresses in the Si film for the
case of (001)Si o~ (0172)A2203. A state of compressive stress arises in
the Si film due to the relative thermal contraction of the Si and the A1203
substrate. In order to calculate this stress, we consider the case of a thin
£ilm on a relatively (say 100-150 times) thicker substrate so that tending of
the composite can be neglected, and assume that the strain induced in the Si
is proportional to the difference in thermal contraction between the two
materials. In addition, the thermal contraction is assumed to take place
over a temperature range from room temperature to the growth temperatureal».
The cartesian coordinate system employed is defined as follows. The
2z axis is normal to the surface of the Si film and thus is 1(001) Si and
also 1 (0112) A1203. The x and y axes are in the plane of the film with
x || [100] Si and || [2770] AL,0,. The y axis is || [010] Si
and || [QITTJAz293.
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The six stresses T]. T2, T, T ,T

3' 4i
respectively) completely define the stress in the Si
i

5° T6 (=Txx' Tyy' Tzz' yz°® sz’ Txy’

film, The stresses
3 T4, and T5 are zero at the free surface of the Si film and if ve further

assume that the film is thin enough that all stresses are uniform

in the 2
direction, then T3 = T4 =T

g dreé zero everywhere in the film, T6 is in
-zero but for the relative orientation of film and substrate
under consideration

general non

is identically zero, Thus only T] and T

2 are non-zero,
Denoting the elastic constants of Si by ¢

i and the stiffness coefficients

by Sij' we find the following implicit relations for the stresses T, and T2=
2 2
T, +7T C.o+¢C _C._ -2
2. m Ty G- Ay, [1.287 (o = a)) +0.713 (q_ - az)] AT
2 2T, s
(2)
= [1:287 (o - o) + 0713 (a5 - o)) | ar,
S(S. .+ S T
1 12 ’
and
T =T c -
Lo 2=z 17120y (3)
—r B 2
5
= -0.713 n (o) - a,) aT
215, ’{121{5” + ST
Here ag

is the (isotropic) Si thermal expansion coefficient and @y and ay are

thermal expansion coefficients for the A2203 substrate, perpendicular to

the c-axis of A2203 and parallel to the c-axis of A2203, respectively,

AT is the temperature difference between arowth and room temperatures and

in Egs. (2) and (3) is understood to be a positive number,

In the limit

I T T o e R T N N O o e ottty
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oy ="a2, T](g?d T, are equal,_and Eq. (2) reduces to that aiven by
Schlotterer . The thermal stresses in the Si film due to the substrate
and required for calculation of the piezoresistance effect have now teen
obtained,

We next return to the leongitudinal piezoresistance effect and to Eg. (1).
The stresses calculated above relate to the coordinate system and parallel
Si/AzZO3 relations given. Using the results of Ref,9 the "k coefficients
in Eq. (1) are then transformed to the same coordinate systems used for
the stress. The piezoresistance (Ap']/po) thus obtained represents the
change in resistivity due to stress for a current J] and field E] in the x
direction || [100]Si. Ve are, however, interested in the piezoresistance
as a function of angle in the plane of the film, A second transformation on
both the n's and the stresses is then performed which represents a rotation
about the z axis. The angle 0 of this rotation is measured from the x axis

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

corresponding to current flow at an angle © from the (1001 direction then

becomes
bp E + T =T
_1- L 1l = 1 2 (11” + "12) + ! 2 {nn .- X ) cos 20,
o 1% : = )

where T] and T, are given inEqs, (2) and (3). To avoid ambiguity in
orientation, we repeat that the angle © is measured from that <100> Si direction
in the plane of the film that is parailel to the <2770>AL203 direction in

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

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

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

expansicn coefficients of the A£203 substrate. Using ag = 3.9 x 10'6/°C(5),
ay = 8.31 x 10°%/°C, @, = 9.03 x 1076/o¢1), a7 = 1100°C, and

the known elastic constants of Si(:Z) , Egs. (2) and (3) yield

stresses of

T, +T
12 = -0.9206 x 10'0 dynes/cm? and
(5)
T, -T
1 5 2 - +0.2852 x 109 dynes/cmz.
Substituting values of piezoresistance coefficients for n-type Si
from Smith(]3’]4), Eq. (4) becones
Ap]
e - 0.44192 - 0.04449 cos 20, (6)
(]

Since the mobility u can be related to the resistivity P by
p= RH/p]. where RH = the Hall constant, the theoretical anisotropy in

mobility can be written

: _ 1 - ~1
(u/uo) Y7 (Apl/po) = [1.44192 - 0.04449 cos 28] ', (7)

where ¥y is the zero-stress mobility.
From Eq. (7), we note that the mobility will be a maximum along the

[100)Si direction and will be a minimum 90° away along the [010] Si
direction.
Tie amount of anisotropy can be described conveniently by a parameter

. A which we define as A = (“max - “min)/“A‘ where u, = (“max + “min)/z is an
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(15)

approximate average mobility in the plane . The predicted mobility

anisotropy is found to be A = 6,2% and the average mobility is found to
be Mg ~ 0.694u0. Thus we find a 6.2% anisotropy in mobility superimposed
on a substantial 30% overall theoretical reduction in mobility for n-type
Si,

The theory also predicts a transverse piezoresistance effect correspord-
ing to an electric field (E2) in the plane of the film and orthogonal to the
current (J]) direction. This transverse piezoresistance effect is also

found to deper’ ipon orientation and is giver by

172 o :
(Ex/dyp,) = - — (myq - "12) sin 20 = +0,04449 sin 20. (8)

and is zero along the [100]Si direction and is of maximum magnitude along
the [010]si direction. The sign convention employed here is that E2 is
positive if 3] X EZ is out of the plane of the film and is thus in the plus-z

direction,

-The transverse piezoresistance (E3/J]po) associated with a field E3

normal to the Si film has aiso been examined and for (001)Si on (0172)A2203
is found to be identically zero.

Although the results described above were obtained explicitly for
n-type Si, the formalism is also valid for p-type Si providing that
appropriate values for the m coefficients are used. The quanti ty
("]]'"]2)' which is important for the anisotropic effect, is found to be
approximately a factor of twenty less for p-type Si. As a result, little

anisotropy would be expected in the Si orientation under discussion,

- although other orientations can in general show pronounced effects.
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EXPERIMENTAL

The filis used for this study were grown by chemical vapor deposition
techniques in two different reactor systems. One of these is a vertical

(16)

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

films were formed from the thermal decomposition of silane (SiH4), with H2
used as a carrier gas. Intentional doping to concentrations of 1-ux10]6cm'3
was achieved with the use of arsine (AsH3). Growth temperatures ranged from
955C in the horizontal system to 1075C in the vertical system, and film
thicknesses varied from 1.5 to 1.8um.

After growth the samples were annealed at 1100C in 02 for 30 minutes
followed by a N2 anneal for 2 hours at 1100C in order to stabilize film

properties and electrically neutralize any A% impurities in the fi]m(]7).

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

Measurements of resistivity and Hall effect were made on each film using
a specially designed Hall bridge pattern etched in the epitexial layers, This
pattern, shown in Fig, 1, consists of two wheel-shaped bridges, The five arms
of a single bridge are separated by 72 degrees from each other, and the arms
of one bridge are rotated by 18 degrees with respect to those of the other:
bridge. This allows an independent measurement of electrical properties
(Ha11 coefficient and resistivity) every 18 degrees in the plane of the fiim,
Electrical data were taken on eight samples of (001} Si/(0172) A1203.
For every sample, the orientation of each leg of the Hall pattern was determined
with respect to one of the Si directions of the form <100> in the plane of the
film, This was accomplished by obtaining a Laue back-reflection A=ray pattern
for each substrate and from this locacing a <2770> A1,03 direction in the
Plane of the substrate that is parallel to a <100> Si direction in the film
plane. The mobility in each leg can then be plotted versus the angle o between
the current direction and that particular <100> 3i axis. Typical room tempera-
ture mobility data from two samples are shown plotted in Fig, 2. The mobility
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can be seen to vary with angle and appears to approach a maximum at O = 0 degrées
and a minimum at © ~ 90°. This is consistent with the behavior predicted by
Eq.(7) and suggests that the theoretical form of the mobility could be used to
fit the experimental results.

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

(u/ug) = [a - b cos 20]”! (9)
where a and b are constants. Eq.(9) cannot be employed directly in analyzing
the experimental results in that the zero-stress mobility Mg is not known and
would be expected to be a function of growth conditions and to vary slightly from
sample to sample or run to run. Accordingly, we have fitted the experimental
results by the method of least squares to a theoretical curve of the form

u=1[a" - b" cos 2017, (10)

The numerical curves thdus determined are shown by the two solid curves
in Fig. 2 for two samples. The anisotropy parameter A is independent of Ug
and is equal to 2b/a = 2b'/a’'.

The electrical data taken on the eight samples of {001}51/{0112}A2203 were
all fitted by least squares and analyzed in terms of Eq.(10). The maximum
mobility (“max
parameter A were calculated. These four quantities are tabulated in Table I

), minimum mobiiity (“min)’ average mobility (uA) and anisotropy

for the samples measured. It can be seen that the anisotropy A varies from
approximately 7.6% to 11.7% with an average value of 9.5%.

The scatter in the mobility data, as evidenced by the results shown in
Figure 2, is probably due primarily to inhomogeneities in film properties
over the surface of the film For example, carrier concentrations measured
on the separate areas of the Hall pattern on a given film are found to vary
an average of +7%. Even though these differences are taken into account in
calculating the mobility in each arm of the bridge, slight errors may be
introduced since the spatial extent over which the resistivity is measured is
much larger than that over which the Hall constant (carrier concentration) is
measured. (See configuration of bridge in Figure 1.)

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

88




Measurements were taken at 77K on two selected samples and these results
are also tabulated in Table I. Representative data for one sample are shown
in Fig, 3 . The parameters deduced from the curve-fittina procedure for this
data are also shown in Table I. The anisotropy A is found to increase in goina

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

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

information on the variation of the Si piezoresistance coefficients L and LIP

with temperature, Data for My @s 2 function of temperature is available

(18)

in the literature and indicates n,. increases by a factor close to

il
three in going from room temperature to 77K. Data cn mp as 2 function of
temperature does not appear to be available; however, it is not unreasonable
to assume that the temperature dependence cf both coefficients is the same,
If this is the case, then the experimental increase in anisotropy at low

temperature is consistent with theory,

The last column in Table I lists values of Moo the zeio-stress mobility,

As mentioned earlier, u, cannot directly be determined from experimental data
but must be obtained from a combination of ihoory and experiment, The re-
lationship between zero-stress mobility u  and the average mobility up may be

written as (15)

az_bz
a

uo e uA =UA de (]])

We then assume that Eq. (7) holds and that a = 1,44192, The values of u,
thus determined are given in the last column of Table I and range from a high
¢€ 717 to a Tow of 584 with an average of 636,
The rather low value of u  compared with bulk mobilities in Si (>1000 cm?/V-sec

at these carrier concentrations) should be noted and stronaly suggests that a

considerable mobility reduction results in these films from caus:c other than
thermal stress.
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We next consider the transverse piezoresistance effect described in Eq., (8).

We have attempted to measure the transverse piezoresistance voltage appearing
across appropriate terminals of the Hal) bridge, However, the small size of
the voltage makes this determination extremely difficult, The voltage is
measured across the same terminals as the Hall voltage, with no magnetic field,
As a consequence, any misalignment in the terminals would result in an "offset"
voltage which would tend to mask the transverse voltage and introduce errors,
In addition, inhomogeneities in bridge arm thickness and width also introduce
some ambigquity.

Notwithstanding the above difficulties, some experimental transverse-
effect data have been obtained, In obtaining these data, the sense of the
transverse voltage must be properly accounted for since Eq. (8) predicts a
negative oltage over some range of angles. The sign convention employed is
that the transverse field is taken positive if the current direction crossed
into the transve.:se field yields a vector out of the plane of the film,

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

A least-squares fit of this dats to a sin 20 term as suggested by Eq. (8) is
shown by the solid curve in Fig. 4. The resulting coefficient of the sin 28
tem is approximately equal to 0.08, which is larger than predicted from
Eq. (8); however, the fit of the experimental points is not good. The value
of p, used in Eq., (8) is the value of o, determined from the longitudinal
mobility measurements described above,

The transverse voltage also becomes substantially larger at 77K, and low
temperature data are also plotted in fig. 4. The magnitude of the increase is
a factor of between 2 and 3, similar {o the increase found for the longitudinal
effect. Note that the least-squares fit to a theoretical sin 20 term is much

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

Detailed studies of the electrical properties of {001} $i/(0172} Azzo3 have
shown the existence of a significant anisotropy in mobility, This anisotropy '
can be accounted for through the piezoresistance effect in terms of a simple
model of thermally induced stress taking into account the difference in thermal
expansion coefficients of Ak203 parallel and perpendicular to the c-axis. Both
Tongitudinal and transverse piezoresistance effects were considered and theoreti-

cal formulae developed which account for the anisotropic effects.

The theory for the longitudinal piezoresistance effect predicts an
anisotropy in mobility of about 6.2% and for the transverse piezoresistance
effect predicts a sin 20 anisotropy coefficient of about 0.044 for the normalized
transverse electric field. The value of each of these quantities is strongly
dependent uponothe dzta used for the thermal expansion ¢ f Az203. Recent
measurements(lv)at this laboratory using a diff-rential technique have given
a difference in thermal expansion coefficients (u] - uz) of (~1.08 + 0,12) x 10'6/°C
for the At,04 substrate, UiZB this value for (u] - ay) leads to a predicted
mobility anisotropy of 9.3% and a transverse electric field anisotropy
factor of 0.067 which are in good agreement with the experimental 1esults,

A few concluding points suggested by our investigation of the electrical

properties of {001} Si/(0172} ALZO3 should be mentioned, The first is simply

that the anisotropy in mobility reported here must be taken irio account in {
the evaiuation and/or optimization of film growth processes, Frevious prac-

tice has apparently been to ignore the orjentation of current flow in the plane

of the film, and thus mobility data for various (001} Si films could possess

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

task of definitively evaluai'ng changes in film growth processes somewha:
difficult,
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Secondly, for some Si film applications in which the mobility is

important it would be desirable to orient the current flow (alcng the
<100> Si direction || <ZTT0>A2203 direction) to obtain the maximum mobility,

The third and final point concerns the interpretation of the origin of
the mechanisms determining mobility in these heteroepitaxial films. The
excellent agreement between theory and experiment for the mobility anisotropy
suggests that the anisotropy can be substantially accounted for in terms of
thermal stresses induced by the AJLZO3 substrate.

in principle, residual growth stresses in the Si due to lattice mismatch
and effects of dislocation distributions in the films could also lead to
anisotropies in carrier mobility. Our results, however, indicate that the
anisotropy can be adequately explained without recourse to these effects.

Or. the other hand, the rather low average value (=636 cmZ/V—sec) deduced
for the zero-stress mobility Mo from analysis of the theoretical and experi-
mental data indicates that thermally induced stress is not the dominant
mechanism in lowering the overall average film mobility from bulk Si values.
Thus, defect structures, such as dislocations, would appear to play an
important role in determining heteroepitaxial Si film mobilities.

At any rate, these studies of mobility aniscircpy have yielded more
detailed information than has previously been available from studies of
mobility. This also suggests that additional detailed investigations, which
rxamine the variation of anisotropy with film thickness, growth conditions
and temperature, may well prove valuable in better understanding and improving
S1/AL,04 Films. '
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FIGUKE CAPTIONS

FIGURE 1,

FIGURE 2.

FIGURE 3.

FIGURE 4,

Specially designed Hall-bridge pattern permitting an independent
measurement of electrical properties every 18 degrees in the plane
of the film.

Typical room temperature mobility data for two (0G1) $i/(0112)
A9.203 samples. The solid curves are least-squares theoretical
fits to the experimental points, The maximum mobility is at

o = 0° and is along the [100] Si direction and the minimum is

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

Low temperature (77K) mobility data for one (001)Si/(01T2)A£203
sample and corresponding least-squares theoretical curve,

Plots of the normalized transverse field (EZ/J]po) for one sample
at 77K and at 300K. The transverse field E, is at right anales

to the current flow J] and both are in the plane of the film. The
least-squares theoretical fits to the data are shown as the solid

curves,
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TABLE 1 Anisotropy Data for (001 }Si/{Ol.l'Z}A2203

Room Temperature Data

‘Sjn_pli b b :'_A_ -A_Ef)_ RMS Error (%) ‘_'_o .
102 446 408 427 8.9 1.6 615
18-1 432 397 415 8.6 1.4 598
15 472 425 449 10.5 2.5 648

3412-3 513 472 493 8.2 1.9 71

3411-1 516 48 497 7.6 2.1 n7
18-2 422 387 405 8.6 2.5 584
31 451 401 426 11.6 2.2 614
13 443 394 49 1.7 2.9 604
(average) (462) (420) (441) ( 9.5) (636)

Liquid N, Temperature (77K) Data
18-1 1014 797 906 24 5.7 1305
31 1063 832 948 24 7.0 1367
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APPENDIX B §

Qeprinted from:
‘30th Ann. Proc. Electron Micre copy Soc. Amer.”

Los Angeles, Calif,, 1972, C. J. Arcencaux (ed)).
PRELIMINARY EM6 MODIFICATIUNS FOR IN SITU CHEMICAL VAPOR DEPOSITION®

J. L. Kenty

North Ame:ican kockwell Corporatjon, Llectronics Group, Anaheim, CA 92803

An ALl EMG6 clectron microscope is being modified for in situ chemical
vapor deposition. The objective is to observe the nucleation and growth
kinetics and structure of silicon deposited by Sill4 gas pyrolysis on
substrates of sapphire (single crystal a-A2203).

An Edwards DCB2 thermoelectrically cooled baffle has been installed using
a simple adapter which permitted attachment without drii ing or cutting
of the EM6 frame or vacuum system. Prior to installation the measured
contamination rate was 240A/min; afterward the contamination rate was
less than lOOR/min.

An auxiliary pumping system is mounted to the left rear of the column

and attached by a special stainless steel flexible bellows to the pumping
port at the rear of the specimen chamber. The auxiliary system has an
ultimate presure <1 x 10°% torr, bgt the measured pressure in the specimen
chamber was no better than ! x 107" torr, due primarily to the high out-
gassing rate of the beam deflector coil immedi~tely above the specimen
chamber. Future modifications planned include coupletion of the differ-
ential pumping system by addition of an impedance tube between the
specimen chamber and beam deflector stage and a permanent aperture between
the specimen chamber and objective lens.

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

A CVD microchamber, Figure 1, has been constructed which sits in the
objective lens at the normal 4 mm focal length position. A new center
post, brazed into the extensively modified base of a standard AEI speci-
men holder, acts as one electrode. The center post contains a 100um dia.
hole which serves as a gas limiting aperture. An outer cyiindrical
electrode is fastened by screws tc & fired lava insulator, which is
similarly fastened to the base. A gas-tight seal is obtained by lapping
the insulator, base, and outcr electrode base flat. Once assembled, the
outer electrode need not be disassembled to load the specimen. A
removable disc containing a 100pm dia. aperture is held tightly in place
by a threaded cap. The specimen is held between two resistively heated
200-mesh stainless <teel grids attached to the electrodes by two #80 NM
screws. The holder is inverted for loadiny permitting the specimen and
removable aperture to be aligned with the fixed aperture. Gas is admitted
to the microchamber through a flexible nickel bellows, flows through the
annular space between the electrodes, and exhausts through the apertures.
The space between apertures is 2 mm, which at,a SiH, pressure of 2.9 torr
correspinds to a mass thickngss of 0.55 ug/em®, giving a 10% intensity
loss astuming 0 = 2.5 x 10" 1°em2,

*This research sponsored by ARPA under Order 1585, monitored by USAMICOM,
Redstone Arsenal, AL, under Contract DAAHO1-70-C-1311.

t See Reference 8, p. 75/76.

101




Reprinted frem:
“30th Ann. Proc. Electron Microscopy Soc. Amer.”
Los Angeles, Calif,, 1972. C. ]J. Arceneaux (ed.).

Figure 1. In Situ Chemical Vapor Deposition Microchamber. A, center
eTectrode and gas limiting aperture; B, lava insulator;
C, outer electrode; D, heating grids; E, sample; F, remvable
aperture; G, aperture cap.
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