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I. INTRODUCTION

~ The objective of this program is to improve the knowledge and state

of the art concerning compound semiaonducting materials with particular
emphasis on chefu'ue§¥ée¢ttou in practical devices. The program consists
of three principal sections: epitaxial crystal growth; device application;
and fundamental materials studies. The epitaxia” crystal growth section
concerns the preparation of material suitable for the device applications.
The major emphasis in device application is on microwave and acoustical
devicesﬂutiiiaiag thin film GaAs. The materials studies concern scientific
aspects of crystal preparation and the properties of crystals of compound
semiconductors. —\Since the focus of the program is directed towards the
ultimate succgs;Eul utilization of these materiuls, the specific systems
selectgg,fﬁffatudy are those showing outstanding promise for device appli-
cations, with the main emphasis on GaAs.

~>During the initial phase of the program, there has been significant
progress on the preparation of thin films of GaAs using liquid phase epitaxial
growih techniques. Initial problers concerning surxface morphology and purity
have been solved and wafers suitable for device fabrication are now being
produced. With the recent availability of these wafers,' studies of device
applications are in their initial phases. In the materials studies, the
initial activity has concerned the construction of relevant apparatus and
the development of specific techniques required to approach each program.
A description of research progress for the first six months of this program

~

is given in the following report.



II., EPITAXIAL CRYSTAL GROWTH

A, PROGRAM OBJECTIVE

The epitaxial crystal growth effort is directed toward developing
and evaluating liquid and vapor phase nethods to prepare high quality
layers of III-V semiconductors. The effort is also coordinated with the
materials studies and device applications efforts to interact on mitual
problems and to provide layers of specific dimensions and properties.
To date, over 50 GaAs layers have been prepared on semi-insulating GaAs sub-
strates by the liquid phase method to study the growth processes and to
provide material for device applications. The initial objective has been
achieved, i.e., to prepare high quality, uniform and reproducible layers of

14cm'3range, room temper-

GaAs with n-type carrier densities in the mid 10
ature mobilities of 7000 cm?/V-sec, and thicknesses in the 10 - 30 um
range. At present, a study on the influence of temperature gradients on
surface morphology is in progress, ucilizing several different liquid phase
processes. In addition, a vapor phase method of growth is to be developed

to prepare layers with thicknesses in the 1 - 10 pm range and wich d+n contacts.

B. PROGRESS

After an extensive survey of the literature and visits to leading
industrial rescarch laboratories involved with III-V semiconductors, the
liquid phase method of growth for GaAs was chosen for the initial phase
of the epitaxial crystal growth effort. This method appeared to yield the
high quality material required for the initial device applicaticas. Two
liquid phase systems were developed that have produced 52 GaAs layers on
scmi-insulating GaAs substrates for growth studies. Ten of these layers
were grown to meet the high quality and uniformity required for device

14cm.arange, mobilities

applications --carrier densities in the mid 10
around 7000 cmZ/V. sec, and thicknesses in the 10 to 30 um range. To
achieve this quality, ultra clean techniques were developed for all stages

of the preparation of the films.



C. GROWTH METHODS

There are essentially two methods used to prepare thin films of epi-
taxial III-V semiconductors: (1) growth from a liquid phase,le»g., GaAs
is recrystallized on a substrate from an As saturated Ga solution; and
(2) growth from a vapor phase,2 e.g., Ga and As compounds are vaporized by one
of several techniques and then allowed to react at a lower temperature on
a GaAs substrate. There are many variations on these methods that were con-
sidered. To meet the immediate high quality thin film requirements for the
device effort, the liquid phase method was chosen for the initial work.

This method yields epitaxial layers with low background impurity levels be-
cause of the very low impurity distribution cOefficients3 and the required
systems are less prone to serious contamination. The vapor phase method does
not have these advantages. It will be developed later to provide thin films
with thicknesses less than 10 pm,

There are three variations on the liquid phase method that are being
evaluated: 1) the horizontal tilt process, fig. II-la; 2) a vertical cell
process, fig, II-1b,; and 3) a steady state process, fig. II-lc. The first
two are operational and the third will be evaluated in the vurtical cell system,

A typical method of operation for the horizontal tilt system is as
follows: a) a polycrystalline source of GaAs is placed at one end of a pyrolytic
carbon boat and a specially prepared single crystal substrate of semi-insulating
GaAs is placed at the other end; b) Ga is placed on the source and the boat
is positioned in a scrupulously cleaned quartz tube at the center of the furnace;
c) the quartz tube is evacuated and back filled with high purity hydrogen;

d) the hydrogen is allowed to flow through the tube as the furrace heats to

a saturation temperature; e) the liquid Ga is saturated with As from the source
and then the furnace is tilted to allow the saturated Ga to roll onto the

GaAs substrate; and f£f) the furnace is then cooled at a programmed rate to allow
the GaAs to come out of solution and deposit on the GaAs substrate.

The operation of the vertical cell system is similar to the horizomtal
operation except that the source and substrate slices are placed normal to
the axis of the cell and a temperature gradient is imposed along this axis,
Initially the furnace is positioned such that the liquid Ga is saturated with



As on the GaAs source and then the furnace is rotated 180° to place the
saturated Ga on the GaAs substrate. The temperature gradient is adjusted so
that the temperature is a maximum between the source and substrate to prevent
premature nucleation along the walls of the cell and on the surface of the
saturated Ga.

The steady state system will utilize the vertical cell system, but
the operation will differ by 1) the temperature gradient will be as 1llua-
trated in fig. II-1lc., 2) the source will be free to move in contact with
the saturated Ga when the furnace is rotated 180°, and 3) the temperature at
the GaAs substrate will remain constant during growth.

The vapor phase system will involve the following open tube process.
A Ga source will be placed at one end of a 10 to 20°C/in temperature gradient
in a furnace at 850° C. and the substrate will be placed at the other end at
750°C. High purity hydrogen will be fed through Ascla‘ at 20°C. to transport
A3013 vapor to the furrace. The significant reections are the following:

(1) 850°C.
4
ASCly (o + 12 Ga

1) - 12 GaCl(v) + ”4(\’),
@ 800°C.
ZGaCI(v) + HZ(V) ’QHCI(V) + ZGa(v)
and @ 750°C. .

IOGa(v) + Aa‘.(v) i 4GCAS(8).

D. GROWTH VARIABLES

The growth variables in the liquid phase method are: 1) saturation
tempcrature -~ this controls the amount of GaAs that will come out of solution
and dcposit on the GaAs substrate, by virtue of the decreasing solubility of
As in Ga with decreasing temperature; 2) cooling rate--this affects the inter-
face stability and growth rate; 3) temperature gradient--same as 2); &) sub-
strate orientation--there are different growth rates in different directions,
fig. 1y-2, which underlie the influence of orientation cn tte surface morphology;
and 5) As partial pressure--this influences nucleation on the substrate and
minimizes evaporation of As from substrate prior to growth. The atmosphere

surrounding the growth system, (nz,oz,e:c.) is primarily responsible for the



formation and transport of impurities to and from the process. In addition to
these growth variables, the surface preparation prior to crystal growth plays

an important role, as discussed below.

E. SUBSTRATE PREPARATION

Considerable effort has been devoted to substrate preparation. The
substrates, received as 20 mil thick slices, are first mechanically lapped
and then either chem~mechanically or chemically polished. The chem-mechanical
technique consists of polishing on a rotating Pellon pad with a 10:1 solution
of deionized water to clorox. This method does not completely eliminate me-
chanical damage to the surface of the substrate. The chemical technique con-
sists of rotating the substrate under a 16:1 solution of H2804:30% solution of
quz. This technique needs further evaluation as it minimizes direct mechan-
ical contact to tha surface., Careful degreasing and cleaning procedures are
also employed to minimize contamination on the surface and on the substrate as
a whole before placing it in the furnace.

F. GROWTH RESULTS

The results obtained from 52 epitaxially grown GaAs thin films are
summarized in Tables I and II. The layers all exhibit distinguishing surface
morphologies that have some correlations with substrate growth defects, damage
during preparation, orientation, cooling rate and mechanical agitation.

Figure II-3 shows the effect of dendritic growth around the edge of the
substrate that arises from the fast growth rates in directions normal to the
sides and edges of the substrate. The dendritic effect was virtually elim-
inated by the following modifications of the procedure: 1) a pyreclytic
carbon mask was placed over the edges of the substrate so that the saturatad
Ga solution would only come in contact with the desired surface; and 2) increas-~
ing the cooling rate so that the rate of growth normal to the surface exceeded
the transverse growth rates. F¥igures II-4a and b show the effect of ucing the
mask and very fast cooling rates, respcectively.

Terracing is the one general surfa‘:e feature that overrides most of the
layers produced. This effect can be controlled to a limited extent by changing

the cooling rate and the surface orientation. Increasing the cooling rate



appears to decrease the size of the ateps, fig. 1I-4, while orientation changes
the general shape of the terraces, fig. II-5a and b, There is also some ev-
idence that surface damage influences the width of the steps but this is not
conclusive., In sowe cases the terracing did not appesr at fast cooling rates

but hillocks of suveral descriptions did appear, figs. II-6a, b and c. The

shape of the hillocks does correlate with the surface orientation--triangular

for the (111)A surface, hexagonal for the (111)B surface and rectangular for the
(100)B surface. When the density of hillocks is large, they coalesce into a
pattern that has the appearance of terracing, fig., II-6a-c. In some cases, however,
large densfties of hillocks also appear to form cellular growth patterns.
Cellular growth arises from constitutional supercooling and a resultant interface
instability.

There is some correlation of surface features with scratches and polish-
ing marks on the surface of the substrate, fig. II-7. Microscopic observations
of the substrates prior to growth, however, do not show the visual defects that
have appeared.after growth. These defects could arise at elevated temperatures
from vaporization or sublimation of As in the vicinity of mechanical damage
below the surface of the substrate. Increasing the partial pressure of As
preceding growth may minimize this problem.

Improper cleaning and severe surface damage do contribute to incomplete
nucleacion and highly disarrayed térracing. Figure 1I-8a shows the effect of
an acetoue stain on the substrate., Figure II-8b shows the effect of atr ab-
rasion with 50 pm particles on the substrate surface.

G. ELF/iRICAL PROPERTIES

Schottky barrier measurements and van der Pauw measurements have been
made on a selected number of films grown. Since semi-insulating substrates
are used, a special cechnique of analysis w: developed tor the Schottky
barrier measurements., The technique employs a djirect extrapolation of the
net capacitance at an infinite bias voltag: to find the shunting capacitance
through the substrate. ‘fhe results from this technique are shown in fig. II-9.
With this technique the Schottky barricer and van der Pauw measurements are in

excellent agreement.l The results are sumnarized in Table I and II.



3n-t:ype carrier concentrations

It is possible to achieve low 1014cmr
with the horizontal tilt process. The Ga h2s to be backdoped with Sn to
obtain n-type material, as the undoped layers are of high resistivity and
appear to be p-type. The Schottky barrier brcukdown voltages are also quite

large, 40¢ Vb ( 80 volts. for Al electrodes.

H., UNIFORMITY

In general the layers are uniform in thickness and carrier concen-
tration both to about 107% and reproducible under given growth conditions.
Approximately 10 of the layers produced are suitable for device applications;
however, the surface terracing must be eliminated to allow high resolution in

photoetching processes, fig., 1I-10.

I. PROGRAM PLANS

The primary goal for the remainder of the year is to improve the
surface quality of the epitaxial layers. This problem will be approached
with continuing emphasis on substrate preparation and growth conditionms.
dandling techniques during lapping, polishing and cleaning of the substrates
will be re-evaluated along with new polishing techniques such as r.f.
sputtering. The study of the effects of growth rates at different substrate
orientations, rates of cooling and temperature gradients will give consid-
erable information on nucleation and stability of the liquid-solid interface.
Careful measurements of the temperature profiles in the growth regions of
each system will also elucidate some of the unknown growth conditions. These
studies will be enhanced with the use of the newly installed scanning electron
microscope to examine the surface features in detail.

Lpitaxial growth by the liquid phase processes discussed above will be
continued. The horizontal tilt proccss will be used to produce lower background
impurity level layers that will have carrier concentrations in the 10]'3<:m-3
range. However, the surface morphology problems are likely to remain for some
substratc orientations. The verticul cell and steady state processes will pro-
vide a means to study the influence of temperature gradients on surface mor-
phology. Temperature gradients should localize and stabilize the growth kinetics
at the solid-liquid interface.



Epitaxial growth by a vapor phase method will be used to grow laygfs thinner
than 10 pm with smoother surface features. Initially, however, the background
impurity levels are likely to be quite high because of the complexity of the

system,
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Figure Captions

Figure II-1. Systems and temperature profiles in use for the liquid phase
methods of growth: a) horizontal tilt system, b) vertical cell systeu, and
c) steady state system. sc and su indicate the source and substrate,
respectively.

Figure II-2. Deposition rate versus crystallographic orientation on a (110)
projection. The upper and lower halves of the polar diagram represent

deposition on the Ga and As surfaces of the substta§e, respectively. The
diagram is symmetric about the [001]), (after Shaw,” ).

Figure II-3. This is an example of dendritic growth, growth No. 32, that
arises from fast growth rates around the edges of the substrate. Note that
the uneven surface features are terraces that have grown inwards from the
dendrites. (111B, 8X)

Figure II-4. These growths show the results obtained by virtually eliminating
dendritic growths around the edge of the substiate. (a) Growth No. 38 was
masked around the edges of the substrate with a carbon frame so that the
growth would be essentially normal to the surface. (111B, 8X) (b) Growth

No. 62 was cooled at a faster rate so that the rate of growth normal to the
surface would exceed transverse growth rates. Note that terracing occurs
uniformly across the surface. (100, 8X)

Figure II-5. Typical micrographs of terracing that show (a) the ragged steps
found on (111) A surfaces, growth No. 66 (50X), and (b) the smooth sharp
edges found on (111)B surfaces, growth No. 38. (50X)

Figure Ii-6. These growths show typical hillock shapes found for particular
substrate orientarions. (a) Triangular hillocks are found on (111) A surfaces,
growth No. 63. (10X) (b) Hexagonal hillocks are found on (111) B surfaces,
growth No. 30. (8X) (c) Rectangular hillocks are found on (100) B surfaces,
growth No. 48. Note that when the hillocks coalesce in large numbers, a
terracing pattern appears to form. (10X)

Figure II-7. This growth shows a corrclation of some surface reatures with
possible defects inadvertently introduced during the preparation of the sub-
strate. Some of the terraces and long lines appear to extend inwards from
scratches observed on the masked portion of the substrate. (111A, 12X)

Figure 1I-8. These growtlis show features obtained when the substrate preparation
was deliberately fouled. (a) The substrate was given a final rinse in acetone
and a stain was left, growth No. 47. Note the propagation of the stain from

the masked portion of the substrate into the growth. (100, 10X) (b) The
substrate was air-abraded with 50 pm particles prior to growth, growth No. 34.
Note the resultant irregular terracing and numerous holes. (111B, 8X)

Figure II-9. Carrier density determination from Schottiy bagrier capacitance
and bias voltage mrasurements. The slope gives o= 2X10" cm ~ for growth No. 38.
The capacitance for an infinite bias voltage has been subtraced” from the
measured capacitance. This corrects for the jig, substrate and edge shunt
capacitances.

Figure II-10., Photodeposited F.E.T. nctworks on growth No. 47. (100, 10X)
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Figure II-1. Systems and temperature profiles in use for the liquid phase
methods of growth: a) horizontal tilt system, b) vertical cell system, and

c) stecady state system. so and su indicate the source and substrate,
respectively,
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Figure II-2. Deposition rate versus crystallographic orientation on a (110)
projection. The upper and lower halves of the polar diagram represent

deposition on the Ga and As surfaces of the substrate, respectively. The
diagram is symmetric about the [001]. (after S’mw.s)



Figure II-3. This is an example of dendritic growth, growth No. 32, that
arises from fast growth rates around the edges of the substrate. Note that

the uneven surface features are terraces that have grown inwards from che
dendrites. (111B, 8X)

Figure II-4 a. Growth No. 38 was masked around the edges of the substrate

with a carbon frame so that the growth would be essentially normal to the
surface. (111B, 8X)



.Figure 1I-4 b. Growth No. 62 was cooled at a faster rate so that the rate
of growth normal to the surface would exceed transverse growth rates. Note
that terracing occurs uniformly across che surface (100, 8X)

Figure II-5. Typical micrographs of terracing that show (a) the ragged steps
found on (111) A surfaces, growth No. 56 (50X)



Figure 1I-5 b. The smooth sharp edges found on (111) B surfaces, growth
No. 38 (5CX)

Figure II~6. These growths show typical hillock shapes found for particular
substrate orientations. (a) Triangular hillocks are found on (111) A suriaces
growth No, 63. (10X)



Figure II-6 b, Hexagonal hillocks are found on (111) B surfaces, growth
No. 30 (8X)

Figure II-6 c. Kectangular hillocks are found on (100) B surfaces, growth
No. 48 Note that when the hillocks coalesce in large numbers, a terracing
pattern appears to form. (10X)



Pigure II-7. This growth shows a correlation of some surface features wich
possible defects inadvertently iatroduced during the preparation of the subd-
strate., Some of the terraces and lonz lines appear to extend inwards from
scratches observed on the masked portion of the substrate. (1114, 12X)

Figure II-8 a. The substrate was given a final rinse in acetone and a stain

was left, growth No. 47. Note the propagation of the stain from the masked
portion of the subsivrate inth the growth. (100, 10X)



}igure II-8 b, The substrate was air-abraded with 50 ,m particles prior to
growth, growth No.34. Note the resultant irregular terracing and numerous
holes (111B, 8X)

Figure 1I-10. Photodeposited F.E.T. networks on growth No. 47 (100, 10X)
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III. APPLICATIONS OF COMPOUND SEMICONDUCTOR MATERIALS

A. Rurpoge of HWork

The aim of this work is to utilize thin film epitaxial GaAs layers in
the design and fabrication of microwave and acoustical devices. The devices
of interest are planar devices with conduction along a thin film of GaAs
deposited on a semi-insulating substrate., For this purpose, it is
necessary to have high quality substrates as well as high quality
semiconducting GaAs and considerable attention must be paid to the
quality of the contacts used,
B. Progress to Date

We are interested in using these epitaxial layers in three kinds of
devices: (1) a unilateral Gunn amplifier, (2) an improved GaAs VET ampli-
fier, and (3) a surface acoustic wave amplifier. All thrce of these de-
vices make use of epitaxial layers in the 10-30 um range, with carrier

16_,015_ -3

densities typically 10 cm - and room temperature mobilitles of 6000-

8000 cmzv-lsec-l. Common to all th~ee of these projects is the problem of
obtaining both good quality ohmic contacts to the material and Schottky=
barrier or insulated-gate contacts for the control of space charge. Hence
our first experiments with the liquid-phase epitaxial material produced here
involved the examination of contacting methods.

a. Contactsy We have previously made contact to .his material by
regrowth using liquid epitaxy. There are c¢ifficulties, however, in obtain-
ing very thin contacts with well-controlled size on planar surface oriented
devices. If the contacts are too thick, any chemical etching which is made
to define the contacts tends to undercut and thus the size of the contact
is not well defined. We have tnerefore concentrated on alloyed contacts.
Most of our work has been devoted to the study of Ge-Au contacts which have
been fairly satisfactory in the past, providing the alloying time is kept
short and the surface of the GaAs is kept extremely clean before contacting.
The process involves the evaporation of a Ge-Au alloy onto the GaAs sucface
with subsequent short alloying times of the order of 30 secs-l1 minute.
Originally, the samples were chemically cleaned, the evaporation of the Ge=-Au
carried out in a vacuum chamber, and the samples then removed and alloying

-10-



undertaken in a hydrogen furnace. This gystem has the disadventage that chem-
ical cleaning tends to be imperfect; oxidation could occur after the time
the sample was removed from the vacuum chamber. Alternatively, if alloying
were carried out within the vacuum chamber, it would te difficult to keep the
alloying time short enough because of the difficulty in cooling the substrate
fast enough. We have therefore recomstructed the vacuum chamber with the
following modifications: (1) provisions to rf sputter-clean the sample in
a pure Argon atmosphere, (2) a provision for rapidly cooling the substzate
holder with cold water piped into it from outside the chamber, and (3) in-
strumentation to obtain good control over the temperature of the substrate
at any time. With the new vacuum system in operation, we were able to
obtain satisfactory contacts,as measured by the shape of the I-V charac-
teristic to material, with a density of 5 x 1014cq"3 grown
by liquid epitaxy. It has been the experiuncc in the past, as it was here,
that Ge-Au contacts esre more difficult to make to material grown by iiquid
epitaxy thia by vapor epitaxy. This is presumably because of theo lower trap
density in material grown by liquid epitaxy. Our recent experience tends
to confirm this, for although the contacts would seem to be useable in devices,
it 1s apparent from the nature of the I-V characteristic that they are not yet
as perfect as we would desire. Efforts are proceeding with changes in alloying
time etc. to improve these contacts. However, for our present device applica-
tions we circumvent this difficulty by using contécts which are thicker or wider
than the active GaAs ‘ayer.

A second problem arose with the material grown by liquid epitaxy
due to terracing of the surface in the growth process. We were concerned
at first that the effect of the terracing would be to give difficulties
with masking and with the quality of the contacts. However, the depth
of terracing (< 1 um) seems to be such as not to give any serious dif-
ficulties in our present configuration.

As it appears now, our future requirements will include thinner
layers of 1-10 pm having improved surface flatness and better quality
contacts. In both these cases the reduction or elimination of the

-11-



terracing features would probably be advantageous.

b. GaAs Unilateral Gunn Amplifier and FET Amplifier: The config-
uration of the GaAs unilateral amplifier is shown in Fig. III-1, The
amplifier is essentially a FET transistor. The gafe gives control of
the dc operation of the device and zcts as a shield for the rf signal,
reducing the direct coupling between input and output. The preparation
of the samples i{s done following an integrated circuit techaique that
we developed in our laboratory for this purposc. The procedure we follow
consists of three basic steps: high vacuum Jeposition of a Ge-Au layer
for making ohmic contacts to the materialy the deposition of an insulating
layer of 5102 by a sputtering process; and the vacuum deposition of an
Al layer to form the gate. At each atep, the pattern of the layer is properly
shaped depositing photoresist on top, exposing it through a mask and etching
away selectively the unwanted materials. Using this FET configu.ation, we have
made up to 50 Gunn amplifiers &t a time, We have been using materlal of the
order of 15 pm thick, with diode lengths varying between 20 ym and 109 pm
and gate lengths 8 um shorter than the diode length between contacts.

The samples were tested by looking at the shape of the I-V characteristic.
Their behaviour was satisfactory, fairly linear at low voltage, then satur-
ating and breaking into oscillations at higher voltage. Initially there

had been some worry because of work with earlier samples that there

would be depletion of the GCaAs near the insulating substrate because of
electrons from the semiconductor going into traps in the insulating mate:-

ial. We had therefore chosen to use material somcwhat thicker physically

than we expected it to be electrically, As it turned out, the quality

cf the liquid epitaxial material used appears to be better than we had

expected so that the electrical and physical thicknesses are comparable

as far as we can tell., Consequently, the diodes did not operate properly

as umplifiers. Inatead most of them oscillated as Gunn oscillators, an
unsatisfactory situation from the point of view of a device application,

It did indi{cate however that the material is of good quality and suitable for
use in planar Gunn devices., No difficulty was experienced with breakdown

in the substrate, & problem which had occurred in earlier experiments. We

are not absolutely certain why these difficulties are no longer present; however,
it may b: becaus¢ a great deal more care has been taken with the preparation

of the substrate and efforts have been made to eliminate damage to the lubstt‘te



surface in the present growth schedule.

It 1is intended to continue with the present application of the mater-
ial to microwave devices, improving the efficiency and increasing the
operating frequency. For this purpose we need material with a density in
the 2 x 1014 -7x 10]'4¢:m-'3 range, and a thickness of the order of 2-5 pm
deposited on a high quality semi-insulating substrate. This material
must be uniform, and have a smooth flat surface. Because the fields in
Gunn devices are fairly high, there should be no difficulties with break-
down in the substrate. At the present time, the material being produced
by liquid epitaxy is of the right density. It appears to be very uniform,
but it is too thick. We can thin it down by at least a few um as we have
found in this Laboratory, by chemical etching. However, it would be
desirable to have material somewhat thinner than the present material
available to us. We intend to develop the contact technology further
so as to make satisfactory contacts in Ge-Au., In a planar device, the
contact size can be made .arger in width than the width of the device
itself so that minor difficulties with the contacts need not be too
serious., In some devices we have made we have already done this, and
found that devices will oscillate one way around where the contactu are
smller, and not the other way around when the contacts are larger.

This is precisely what would be expected in such a configuration.

c. Acoustic Surface Wave Amplifiers and Delay Lines: We are also
interested in the study of acoustic surface wave amplifiers and delay
lines which use GaAs. The particular advantage of GaAs is that it is both
plezo electric and that it possesses a high mobility. The latter feature
makes GaAs very suitable to amplification of acoustic waves by the
drifting carriers, since a strong intcraction is obtained at relatively
low electric fields. Typically these devices make use of a layer of GaAs
approximately 10 uym thick deposited on the semi-insulating substrate. The
14 to 10]'5¢:m.'3 where the lower limit is fixed by
the problem of making ohmic contacts to the material, while the upper

density ranges from 10

limit comes about from damping of the acoustic waves by the electroms.
The requirements of density and thickness are then quite comparable to
those for the Gunn amplifier. The length of the device, however, is



much longer, typically of the order of 1 cm, since it 1is desired to
generate delays which samount to about 3 8 . It is the intention to
extend the delay devices to a meanderline configuration om the layer so
that very long delays can be obtained.

Experiments have already been carried out in this area to demon-
strate the generation of acoustic delays on GaAs buc so far only material
grown by vapor epitaxy has been used. A schematic diagram of the delay device
and the acoustic wave transducer are shown fig. III-2. The device has a
novel type of transducer which relies on the excitation of surface waves
by a FET structure. Delays of 2.5 us have bean successfully produced and
further investigation 18 in progress to improve the transducer conversion
loss. Initial studies have also commenced on the use of the liquid cpitaxy
material for these devices and to date,it has been found that both ohmic
contacts and Schottky-barriers can readily be manufactured on the material.
The material presently produced in our Laboratory has, however, not been
sufficiently long to construct acoustic devices since we are restricted by
available masks in the photo-lithographic process. A later possibility in
which we are very interested is to deposit a piezoelectric material such as
CdS or ZnO on GaAs and use the much higher piezoelectric coupling coefficient
of these materials to obtain larger acoustic gain as well as to make it
possible to make efficient transducers to the acoustic surface wave on GaAs.

“14=
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Figure III-1l. Schematic diagram of a typical FET Gunn a:'nplifier. Essentially
similar cenfigurations are used for both the unilateral amplifier and the
more conventional FET amplifier, '
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Fig. II1I-I-a,

Photographs of FET Gunn amplifiers constructed using

integrated circuit techniques.
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Figure III-2, Schematic diagram of a typical surface acoustic wave amplifier
~utilizing Schottky barrier transducers at each end of the device, the
barrier being formed under the aluminum gate,



Kl OHMIC CONTACTS = EI Al - GATES

Figure III-2. Schematic diagram of a typical surface acoustic wave amplifier
utilizing Schottky barrier transducers at each end of the device, the

barrier Leing formed under the aluminum gate.



IV. RELATIONS BETWEEN DISLOCATIONS AND MECHANICAL PROPERTIES AND THE
PRODUCTION AND CHARACTERIZATION OF DEFECT STRUCTURES IN COMPOUND

SEMICONDUCTORS .
Ww.D. Nix and R, H, Bube*

A program of research is underway to devise techniques for
modifying and characterizing the line defect structures in compound
semiconductors through high temperature mechanical deformation. The
purpose of this work is to develop a basic understanding of the
effects of various types of dislocations and dislocation arrays on
the important electrical and photelectronic properties of compound
semiconductors, At present our research is focused on the effects of
deformation on the electronic structure and properties of GaAs as that
system seems to have the mnst outstanding microwave device »otential.
It is anticipated that the resvlits of this research will provide informa-
tion which will contribute to either the microwave device research or
the crystal growing effort.

Work to date has involved: (1) development of techniques for
sample preparation; (2) the design and construction of a new 4-point bending
device; and (3) the initial characterization of the electronic properties of
undeformed GaAs single crystals. Following are summaries of the progress to

date and the status of the research program.

* In our original proposal it was suggested that this program on effects

of mechanical deformation be carried out by W.D. Nix and that R.H. Bube

be associated with a related study involving electronic property measure-
ments in compound semiconductors. It now seems appropriate to combine these
parts of the program, and we are suggesting that they be combined into a
single program directed jointly by Professors Nix and Bube. With this
change, two students - Bruce Liebert (Nix) and Alice Lin (Bube) - are
engaged in this part of the program. The research encompasses both the
development of defect structures by mechanical deformation techniques

and the appropriate electrical and optoelectronic measurements.



A. SAMPLE PREPARATION AND PRELIMINARY ELECTRONIC PROPERTY MEASUREMENTS

We have obtained two GaAs single crystal ingots with different
purities and electrical properties from Bell and Howell Co. Onme ingot
is an undoped n-type GaAs crystal with a carvier concentration of about
3x 10166:!“"3 while the other is a semi-insulating Cr doped crystal with
a room temperature conductivity of 5 x 10.9(ohm-cm)']'. These ingots have
been cut into samples of dimensions: length 20 mm, width 2 mm and

thickness 2 mm with the orientation shown in Fig. IV-1. This particular

(111) Siip Plane

(111) siip Plane\

-+

Cop1)

Neutral Plane

C110)

(110]

d
(110 Bend Axis

FIGURE 1IV-1l. Sample Orientation for Bending

orientation has been chosen because the relation between excess dislocations
of a given kind and the bending radius of curvature is unambiguous. By sub-
jecting a crystal with this orientation to simple 4-point bending, only four
different slip systems are activated and the Schmid factor is the same for
each of thes: systems., Consequently the concentrations of excess dislocations
on each of the four slip systems can be computed directly from the measured
radius of curvature. This orientation was also chosen because it permits us
to introduce either Ga dislocations or As dislocations, dependent on the
bending sign 1. ‘The geometry and mechanics of bending are discussed in more
detail below,

The surface damage left by the cutting operations is removed bv
mechanically polishing with Linde A abrasive and the crystals are then
etch-polished in a 5:100 (volume) solution of bromine in methanol for

5 minutes.

- 16-



Our plan of attack with respect to each specific bending treat-
ment is the following:

a. Measure the electiical properiiss of the sample before further
treatment. Such measurements in lude the temperature dependence of dark
conductivity and Hall effect, photoconductivity and photosHall effect,
spectral response of photoconduccivity, and chermally stimulated conductivity
to give insight iato the trap distribution.

b. Perform a bending experiment. Four-point bending at an
elevated temperature is planned in order t» achieve a constant radius of
curvature over an appreciable length of the specimen. By maintaining
constant temperature and deformation time, the load will be varied to in-
troduce varying concentrations of line dislocations, with the radius of
bending curvature and polarization of the bending f2ce as the experimental
parameters., During each bending experiment, a control sample will be
subje:ted to the same atmosphere and temperature without bending.

c. Measure the electrical and photoelectronic properties listed
in 1 above for the control sample and for the deformed sample.

At the present time, we are inveclved in the measurements that will
define the properties of the undeformed samples of high-resistivity GaAs:Cr.
The spectral response of photoconductivity at room temperature shows the
expzcted maximum at 0.88 microns, as well as extrinsic photoconductivity
extending out to 1.6 microns, i.e., excitation from levels near the center of the
bandgap. Such a system should be a fairly sensitive detector for the addition
of new imperfectitms through dislocations.

B. Mechanical deformation

As noted earlier, 4 point bending is being used to introduce dislocations
into the GaAs crystals under study. The primary reason for using 4 point
bending is that the mechanical moment in the center portion of the crystal
beam is constant (position independent) and consequently the radius of cur-
vature an’ dislocation density is expected to be constant. As shown in Fig. IV-2,
the bending moment 1is Pb, where P is the half load and b is the distance



between the point of loading and the support.
P P[0 a
: S
]

2! -
I+ e

Figure IV-2, Four Point Bending
If T is the criticel resolved shear stress at which slip in the

close packed directions on the octahedral planes occurs, it follows from
geomectry ard the use of Schmid's law (crystal oriented as in Figure Iv-1,)
that the critical half load for plastic flow is

3
P ~2L /3 (1)
¢ 3 =
2 ,
where a and b are the dimensions defined in Fig. One can estimate the

high temperature shear strength of our n-type crystals from the 1:lt:e::at:ure.2

The prediction is about 7000 psi at 500°C. Using this result in equation (1)

and the geometry of our crystals, we find that half loads of a few pounds

should be sufficient to produce plastic bending in a reasonable period of time.
One further comment about the bending geometry should be made.

Simple bending of crystals, with the orientation of Fig. IV-1, will produce

oily 60° dislocations. The density of dislocations (from all four slip

systems) {s

p= 2
Rb /3 cos «
where o is defined in Fig. (1), R is the bending radius of curvature and

b is the magnitude of the Burger's vector (/9-2., where a is the lattice

parameter, a = 5.65 X). For a radius of cut%ature of 10 cm, the excess

dislocation density is 5 x 106cm-2 and the concentration of dislocation sites
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4 -3

becomes 1.25 x 10*%cm >,
A considerable amount of time has been spent designing, fabricating
and modifying a bending apparatus of the Vogel types, shown in Fig. IV-3,
te be used with the high resistivity GaAs crystals. This design offers the
advantage of heating, bending and cooling the sample in less than 30 secondsa.
Most of the structural materials are phenolic, since it is stable, cheap and
easy to machine., The actual apparatus is enclosed in a pyrex cylinder and
an inert gas will be used to prevent unwanted reactions during high
tamperature bending.
The sample rests on two graphite blocks, covered with a thin sheet
of molybdanum %o provide a good electrical contact. Quartz was selected
for the knife edges aftcr the graphite was found to act as an effective heat
sink, preventing the sample from deforming. Also, quartz is ccnsiderably
harder and should not have to be replaced after each run. The amount
of deflection is mecasured on two dial gauges to calculate the radius of
curvature and to relate this to the density of dislocations. Temperature
is measured with a chromel-alumel thermocouple located in the vicinity
of bending. The adjustable base and knife edges allows samples from

10-50 mm to be accommodated.
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FOUR POINT BENDING APPARATUS

Platform 7.
Plunger 8.
Alignment tube 9.
Dial indicator 10,
Quartz knife edgeas 11,
Top platform 12,

Pyrex cylinder 13,
GaAs eample 14,
Graphite blocks 15.

Molybdenum sheet 16.
Wire lead to varisc 17,
Ad juatabla base

Figure IV-3,

Neoprene gasket
Lid

Support rod
Base
Thermeécouple



V. ANNEALING AND PRECIPITATION STUDIES TN COMPOUND SEMICONDUCTORS

A program of research is underway to study tae influence of
post growth annealing upon the properties of crystals of com=
pound semiconductors. Two key topics are under investigation:
the equilibrium concentration of electrically active defects
in these crystals for different conditions of temperature and
component pressure; an{ the changes that occur in these crystal
during cooling from annealing temperatures. The former topic
involves the measurement of the Hall coefficient and the elec-
trical conductivity of coupound semiconducting crystals as a
function of temperature and component pressure and the system
under present study is the ZnTe:Al system. The latter topic
involves the investigation of precipitatior in compound semi-
conducting crystals, with the GaAs:Zn system under present
study. It is anticipated that this work will provide valuable
insight into the importance of post growth treatment of
compound semiconducting crystals.

A. High Temperature Transport Measurements

The II-VI ccmpound, ZnTe, is typical of the larger band
gap II-VI compounds in its tendency to be one carrier type;

ZnTe is always p type in its pure state and upon doping with donor
impurities can be made n type only in a high resistivity state.
Present theory relates this behavior to self compensation; donor
dopants, such as aluminum or indium, are compensated by native
acceptors, such as zinc vacancies in the case of ZnTe.

To obtain further insight into this problem, the high
temperature defect equilibria of ZnTe:Al is under study by measure-
ment of the Hall coefficient and the electrical conductivity as a
function of tempcrature and component pressure. Several transport
measurements have been made' on:ZnTe:Al above 350°C. The material
was p-type with conductivity values ranging between 10'3and 10.4
(ohm-cm)']' up to 600° C., it which temperature n-type behavior
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appeared, The sample was subsequently cooled to 550°C. with retention
of the n-type behavior,

Fig. V-1 1llustrates the hig- temperature dependence of couductivity on
Zn vapor pressure, in log-log form. Several features of these measurements
are worth noting; 1) The conductivity is low readistivity n-type between 700°C.
and 925°C. and pressures ranging from 10 to 400 Tori; 2) The slopes of the line
segments for the lower temperatures are positive, and as the temperature is
increased there is a decrease of slope at lower pressures, until finally, at
the highest temperatures, A minimum with change in slope sign is observed
3) The sample came to equilibrium very rapidly, within a minute, after a change
in temperature or pressure at all temperatures.

In Fig. V~2 is shown the Hall mobility as a function of the Zn vapor pres-
sure at the various temperatures. In spite of the uncertainty of some of the
data points, a pressure dependence of the mobility is apparent. The analysis
and interpretation of these data is currently in progress.

B. Precipitation in Compound Semiconductors

The subject of precipitation in compound semiconducting crystals is
intimately related to the question of impurity and native defect concentra-
tions in the crystals since precipitation during amnnealing or cooling from
annealing temperatures will change the concentration of these defects.
Instances of precipitation with consequent degradation of electrical prop=-
erties have been reported in a number of semiconductor systems., Among the

III-V compounds, most studies have focused on GaAs because of its practical
applications.

The initial activity has involved the examination of GaAs crystals,
Zn doped from a Ga rich melt under varying growth conditions. Voids were
present in most of the (111) platelets which formed, but to a lesser degree
in those grown by coooing from 800°C. rather than 1000°C. Infrared trans-
mission microscopy showed the crystals to be predominantly tranparent, but
the voids introduced some doubt and made any definitive analysis mpossible.r



Three GaAs crystals were then Zn-doped by vapor diffusion at 850° C.
for three hours in an evacuated ampoule using a pure Zn source. Two of the
crystals had been previously melt-doped and ome vas the pure bulk material.
All three crystals proved to be completely opaque to infrared, which strongly
suggests precipitation or pre-precipitation, but this is not conclusive evidence.
These crystals are currently being examined for defect structures by x-ray
topography, which, because of its nondestructive nature, must be don2 before
the electron microscopy.

While the vapor diffusions and subsequent analyses were being performed,
procedures were developed for analysis by electron microscopy w ing pure GaAs.
‘Since the ultrasonic cutting device generates defects in the material, an
abrasive type tool was made for cutting 1/8 inch diameter discs necessary
for electron microscopy. Several etchants reported in the literature were
tested on GaAs, but only H28043H202(301'SOLN) in a ratio of 16:1 was found
to give the best combination of polish quality, rate, and reproducibility,

A jet polisher, normally used for electropolishing of metal specimens, was
adapted for use on GaAs, and has been used to produce several specimens
for the electron microscope.

Upon completion of the x-ray topographic work, the vapor diffused samples
will be examined in the electron microscope and, if the precipitates have
developed to a large enouph size, they will be identified by selected area
diffraction. In any case, another series of GaAs samples will be Zn-doped
from the vapor for varying lengths of time, different temperatures, and
with different sources of doping material. This time the samples will be
suitable for clectrical mcasurements (such as Hall coefficients, resistivity,
and optical absorption) which will be correlated with features observed in
the x-ray topography and clectron microscopy. Imphasis will be placcd
on cooling rate, with attempts being made to quench-in the high temperature
structure., Initial investigative runs will also be started with Cd and Sn

as dopants.



VI Scientific Aspects of Semiconductor Crystal Preparation

Interfacial Phenomena at the Solid-Liquid Interface in the Ga-As System:
Determination of the Interatomic Potential Functions.

The interatomic potential functions for the Ga-As system have been deter-
mined by two different methods, (i) a simple parametric method and (ii) a more
" rigorous method.,

It is essential to understand the individual contributions due to the cova-
lent, ionic, metallic and dispersive interactions between the atoms in the solid
and the liquid phases. At first, average interatomic potential functions
for the system were constructed by the parametric method. The Morse potential

function form was selected,

b= ¢° {e-Zd(r-ro) - Ze-d(r-ro) }
where

$ = potential energy between two atoms

¢° = d*gsociation energy

@ = glipe parameter

L equilibrium spacing

r = distance beutween two atoms,

The three adjustable parameters, # , @ and r , in the potential function were

0’
determined from the macroscopic properties of Ga-As systems, such as the atomi-
zation energy, compressibility and data on the equilibrium structures. The

parameters that were determined are shown in the following Table.

Type of atomic interaction ¢° o r,

long range Ga-Ga 0.4384 e.v. 1.290 A1 | 2.6512 A°
long range As-As 0.1314 e.v. 0.759 Aop1 2.6347 A°
long range Ga-As 0.2401 e.v. 1.025 A% 1 | 2.6430 A°
short range Ga-As 3.0850 e.v. 1.150 Ao-1 2.4850 A°

«2l=



These parameters could be used fcr a crude approximation of the interfacial
energies of the system in the future.

More refined potential functions for the GaAs crystal have been deter-
mined by the following method. The ionic interaction terms were evaluated by
the formal standard calculations for the coulombic interaction energy using
the proper effective charges of Ga and As atoms in the crystal. The dispersion
terms were calculated by the London dispersion formula using reasonable exper=-
imental data on the polarizabilities and the ionization potentials. The
short-range interaction terms were determined by applying the parametric
method, ( Morse potential) The potential functions that were determined are:

(1) The coulombic interaction term

=+ 3,31776
¢ T 11 (e.V.) >
where r 18 in A and positive for the interaction between atoms of the same
kind and negative for interaction betwcen atoms of different kind.

(11) The dispersive irteraction terms

b= - _%éQQ (e.v.) for the Ga-Ga interaction
$=- i45.6 (e.v.) for the As-As interaction ,
ﬁ = = 31.79

-6 (e.v.) for the Ga-As interaction |,

where r 18 in A .
(111) The covalent attractive interaction term

p == 1.474 exp (~1.902 (r-2.5852)) (e.v.) ,

where r 1s in A.

A similar method could be used for more improved potential functions of
the liquid phase for this system if the necessary data on the physical proper=-
ties of the liquid were available. Since currently available data for the
liquid are limited, some statistical thermodynamic method should be used. This
problem is being solved by employing a quasi-chemical approach.



Proposed Future Work
Using the above developed information about che solid and liquid phases,

the atomic structure and energetics of the solid-1liquid interface will be deter-
miried. The atomic and electronic structure, enthalpy, entropy and free energy
of the interface will be determined for GaAs solid, for a fixed composition of
thz bulk liquid with varying compositions of the liquid at the interface.

By minimizing the system free energy, the equilibrium surface adsorption and
surface energy will also be calculated. This will be repeated for various

compositions of the bulk liquid.
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Figure V-1. The dependenced the equilibrium conductivity on Zn
vapor pressure at fixed temperatures for A{ doped ZnTe.
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