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SUMMARY

The purpose of this program is to develop new and improved
methods for the growth and characterization of gallium arsenide (GaAs)
and mixed III-V semiconductor crystals. This is being accomplished by
laboratory experiments and related theoretical research. The program
is a continnation of one initiated in July 1970 under ARPA Order Number
1628, Grant Number DAHC 15-70-G14, and continued under DAYC 15-71-Gé6.

Nine low dislocation content GaAs crystals with a variety of dopings
were pulled by our new liquid-seal Czochralski technique. Different
crucibles were tried in a vain attempt to improve mobilities. Carbon
contamination was successfully eliminated, without effect, Ten floating
zone passes were successfully made on GaAs with our new liquid-
encapsulation technique. We are developing methods for zoning ingots
larger than the present 1 cm., The parameters influencing growth of GaAs
by the travelling heater method were determined. Optimal conditions for
a 1 cm diameter crystal and 1 cm long heater were found to be: 1 cm long
seed, 0.55 to 0.7 cm initial Ga zone, heater temperature of 980°C and a
lowering rate of about 1. 5 mm/day. The axial dislocation density
increased upon seeding and then decrased rapidly upon growth, unless
the ampoule was quenched. The radial dislocation density was relatively

constant., Large grained ingots of Gaxln As were also

Sb and Ga Al
-X X

1 1-x

prepared by THM,
Organic analog experiments were performed on gradient-freeze

growth, previously shown by us to be useful for GaAs. Cooling the

iv
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bottom of the tube made the freezing interface more convex and aided
grain selection, as predicteu by theory. Analog experiments on zone
melting revealed information on convection currents, interface shapes
and breakdown, and heat transfer coefficients. A theory for nucleation
of gas bubbles during crystallization was developed and fourd to corres-
pond with experience.

The zirconia electrochernical method for measuring and
controlling oxygen in liquid epitaxial growth is being successfully
developed.

Cathodoluminescence was used o observe dislocations generated
by bending GaAs. Electrical properties were found to be anisotropic,
The nature of Si in GaAs was elucidated by local mode measurements of

0Si doped crystals, Cathodoluminescence of Cr-doped GaAs increased
rapidly as the wavelength of impinging light decreased below 1,6 u.
Light had no effect with high-resistivity undoped GaAs. The high-
impedance Hall system was completed and measurements are being
taken. The activation energy found thereby for a high-resistivity
(nominally) undoped GaAs sample was 0,708 eV, corresponding to Cr
doping. The Schottky-barrier capacitance, voltage, frequency apparatus
is functioning. Frequency dispersion was observed on a nickel on n-type
GaAs diode.

Ten scientific papers resulted from this program during the last
six months.

The following equipmen! was purchased under this grant:




residual gas analyzer, cold trap, multipoint recorder, amplifier, pre-
amplifier, desk calculator, flow control system, motor potentiometer,

two temperature controllers and a programmer,

. Ne e )
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i. BULK CRYSTAL GROWTH

A. Liquid-Seal Czochralski Technique

P. Leung
In the last report [1] it was suggested that the presence of

carbon may be responsible for the low mobilities and high resistivities

of the undoped (GaAs crystals grown by this technique. We planned to
explore other possible GaAs crucible materials since the carbon crucibles
were a source of carbon in the crystals as well as a possible source of
other impurities, Therefore, during the past six months, a major effort
was devoted to studying the feasibility of various materials to be used as
crucibles. This technique has alsc been used to grow GaAs doped with

0Si for infrared local mode absorption studies (see Sec. IV. B ), All the

crystals grown in this period are listed in Table I.

1. Silica Crucible with Silicon Susceptor

Silicon was considered as a good possibility as a susceptor
material since it has a higher melting point than gallium arsenide, and
is easily heated by RF induction. A susceptor was machined from a
polycrystalline silicon ingot. It was then oxidized at about 1100°C over
24 hours. Originally, it was planned to carbonize the surface and use it
ac a crucible. However, since carbon was found in material grown in a
vitreous carbon crucible, a fused silica crucible was used instead, with
the silicon as the susceptor. During the test run, there was no difficulty

in coupling to the silicon susceptor. However, it was not possible to
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provide enough heat to form and melt the gallium arsenide without
melting the Si. Perhaps the difference hetween the melting points of
GaAs (1240°C) and Si (1420°C) is not large enough because of the

tetaperature drop through the crucible.

2, Silica Crucible with Vitreous Carbon Susceptor

With a fused silica crucible and a vitreous carbon susceptor, we
expected less carbon in the material since the GaAs melt would not be in’
direct contact with the vitreous carbon. During the run the diameter
control was not good. Nevertheless, a crystal was grown, Local mode
measurements made on this material showed that the amount of carbon
was much less compared to an undoped crystal grown in a vitreous carbon
crucible. Local mode absorption data also showed that this material

contained ~8 X 10]'7/cm3 Si, probably from the silica crucible.

3. Alumina Crucible with Direct Coupling to the Melt

Previous attempts with alumina crucibles were not successful
because the crucibles fractured due to thermal stresses, allowing gallium
to leak out. This problem was avoided by placing the A1203 crucible
on top of another upside-down A1203 crucible. With radio frequency
induction heating, the power had to be coupled directly to the GaAs melt,
and the diameter control was considerably more difficult. Since there
was no carbon in the material (as shown by local mode measurements), the

electrical data would be expected to be much improved. However, the

measured electricai resistivity of 0,024 Q-cm, carrier concentration of

-4-
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.2 % 1016/cm3, and the mobility of 2850 cmZ/volt sec were close to
the values for some of the undoped materi tls grown with the vitreous
carbon crucible. This led us to suspect that the present B203 seal
material (99. $5%) may not be pure enough. Impurities may have been
introduced into the melt through vapor transport from the BZO3 seal,
Our next attempt will be to use a higher-purity grade B203 (99.999% or
99. 9999%) to determine if the purity of the crystals can be improved.

We are now awaiting the results of mass spectrographic analysis
performed by Battelle Memorial Institute on crystals grown in carbon,
SiOz with carbon susceptor, and Al O, to further study the impurities

273

present in the crystals.

B. Liquid-Encapsulated Floating Zone Melting

Eric Johnson

The development of a technique for liquid encapsulated floating
zone melting of GaAs has continued [2]. Problems involving the induc-
tion heating apparatus and a procedure for drying boron oxide have been
solved. Likewise, procedures for the introduction of the GaAs feed rod
into molten encapsulant, maintenance of a stable floating zone while
containing volatile As, and the removal of the GaAs ingot from the
encapsulant upon completion of zoning, have all been shown to be
feasible. The best effort previously reported (ingot FZ - 7) achieved
three floating zone passes on an 8 mm diameter GaAs feed rod. However,

that ingot was not recovered intact from the encapsulant. Further
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Figure 1: FZ-8 after 6 floating zone passes.
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Figure 2: FZ-8 sandblasted to show grain structure.

-b-




information on the evolution of apparatus and procedure may be found in
the previous report [1].

The major obstacle to the successful operation of encapsulated
floating zone melting was to bring together consecutively the various
successful individual procedures to produce an intact float-zoned ingot.
We desired to make a significant number of floating zone passes in order
to demonstrate that no practical limit exists to the number of passes
which can be made. This goal has been successfully reached with the
experiments producing ingots FZ-8 and FZ-9. Ingot FZ-8 is shown in
Fig. 1. This ingot received six floating zone passes and has a maximum
diameter of 8 mm. The grain structure of the ingot following sand-
blasting and of a long-axis cross secticn are shown in Figs. 2 and 3,
respeciively., Ingot FFZ-9 is shown in Fig. 4. This ingot received ten
passes and has a maximum diameter of 10 min. This ingot possessed a
smaller grain structure than ingot FZ-8, as may be seen by comparing the
sandblasted ingot and the cross section, Figs. 5 and 6, respectively, with
Figs. 2 ¢nd 3. With the completion of these experiments, encapsulated
floating zone melting can be considered successful for GaAs rod diameters
up to one centimeter, at least from a mechanical standpoint.

A preliminary study of the effect of encapsulated float zoning on
GaAs purity was described in the previous report [1] for ingot FZ-7. At
that time, the presence of carbon as the dominant impurity was suspected.
Some further measurements are described here, which make the previous

interpretation suspect. Analysis by optical abscrption spcctroscopy shows
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TABLE II

Summary of Elemental Impurity Analysis

Element Factoral Increase Final Concentration
X 1015cm"3
B 1000 44
Zn 0 150
In 10 11
Ni 10 9
Cr 10 4
Co, Ti 10 2
K, Ca 7 4
Cl, Ta 2-3 12
Al 2-3 4
Be, Mn, Fe, Mg, P 2-3 2

~10-




that carbon and boron impurity concentraticns are below the detectability
threshold for both the zoned ingot and a sample from the original Bridgman
ingot from which the feed rod was taken. Although these thresholds are
quite high for this method of analysis, the results a2re nat insignificant,
since carbon concentrations large enough to be observed have appeared in
""as grown'' ingots, as reported in Sec. 1.A. Mass spectrometer analysis
of impurity concentrations revealed that zinc was the dominant impurity
in these samples, being present at a concentration of 1.5 x 1017cm_3.
This value is in good agreement with the hole concentration found from
Hall measurements, 1.1 to 2 X 1017cm-3. The mass spectrometer data
gives no decrease in zinc concentration for the float zoned sample,
whereas the Hall data does show a consistent trend of a decrease of
~1/2 in the carrier concentration., A factor of two difference for these
independent measurements may be considered good agreement, Thus,
the major impurity appears to be zinc with carbon playing only a minor
rele,

Further results of rnass spectrometer analysis are shown in
Table II. Samples from ingot FZ-7 and the Bridgman ingot from which
the feed rod was taken are compared. The 'final concentration' is that
concentration obtained for the zoned material. Elements which were
present in the same concentration in both samples (Zn excepted) are not
listed. It is eignificant that for all cases where a difference existed the

impurity concentration was higher after zoning than before. The results

suggest that impurities from the boron oxide encapsulant or the fused

-11-
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TABLE Iil

Hall Data for Ingots FZ-8 and FZ-9

Sample Carrier Concentration Mobilit
cm-3 emZvyolt™ sec"1
18
Feed for FZ-8 1.4 x19 2000
17
Fz-8 1.6 x10 3250
15
Feed for FZ-9 6 x10 4400
FZ-9 3 %1003




silica tube were entering the GaAs.
Hall measurement data for ingots FZ-8 (six passes) and FZ-9 (ten
passes) are shown in Table III. Hall mobilities listed are lower limits due
) to the difficulties in accurately measuring resistivity in polycrystalline
) GaAs. In some cases no resistivity measurements were possible, These
E data show a decrease of a factor of ten in carrier concentration for the case

of feed material of high initial carrier concentrations (~1018cm_3). When

F the starting material was high purity undoped GaAs (~5Xx 101 5cm-3), the

results were less conclusive., The slight decrease in carrier concentration
may represent actual purificat -~ the movement of compensating
impurities. It was not possible to measure Hall mobility in this case.

The results do indicate that the problem of contamination from boron oxide
may not be as serious as the first mass spectrometer data suggest. More
t complete interpretation of the Hall data for these two ingots awaits com-

} parison with results of the mass spectrometer analysis underway at the
Battelle Columbus Laboratories. The diameter control shown for ingots
FZ-8 and FZ-9 was quite good, considering that manual control of the

radio frequency generator was used. Both ingots showed some mass

transport in the direction of zone motion. A tendency for the number of
grains to increase with the number of zone passes was also ncted.
Considerable effort has been placed on the preparation of GaAs
feed material using horizontal Bridgman growth techniques during this
report period. Bridgman grown material need only be homogeneous and

free of voids for use in some floating zone experiments, whereas in

-13-
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nther cases, low impurity concentrations are also necessary.
Prereacted ''scrap' GaAs was melted down to ingot form in the former
case, while Ga and As of semiconductor quality were reacted in the
latter. A half-dozen Bridgman ingots have been grown for use as
floating zone feed rods, At present we are developing techniques for
horizontal Bridgman growth of much larger diameter GaAs ingots
(2.5cm O.D., 400 gm) for encapsuiated float zone use.

The success of the experiments which produced ingots FZ-8 and
FZ-9 shows that the mechanics of encapsulated float zone melting can be
considered successfully proven. Of importance in upcoming work will be
to establish the maximum diameter GaAs feed rod which can be success-
fully zoned using a boron oxide encapsulant., Appratus has been
constructed for the preparation and use of GaAs feed rods of 1.25, 1. 50,
1.75, and 2. 00 cm diameter. A system to provide stability to the induction
heater's power output is essential to successful zoning of large diameter
ingots. In the past, manual control of the power output was adequate.
However, as the maximum possible GaAs feed rod diameter 15 approached,
power stability will become increasingly important. Optimum stabiliza-
tion would be achieved through use of a tuned radio frequency generator.
However, difficulties have been experienced during previous atteinpts to
tune the unit now availabie. A second poss:bility is to achieve power
stability through a feedback loop in the generator control circuitry.

A second area in which work is in progress is the determination

of the effect of encapsulant (boron oxide) purity on the ultimate purity of

-4 -
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GaAs subjected to repeated floating zone passes. Experiments using a

boron oxide of significantly higher purity (. 999% and . 9959%) than that now

widely used for crystal encapsulation (. 995%, BDH Optran Grade) are
planned. Necessary chemicals, GaAs feed rods, and silica have been

prepared and the experiments are ready to begin.

C. Travelling Heater Method

Vincent Yip

1. Influence of Growth Parameters on THM Growth of GaAs

Our THM growth technique was described previously [1]. A
systematic study of the influence of the difference growth parameters on
GaAs growth was conducted as summarized in Table IV, The most
important parameter which determines the crystallinity and perfection
of the THM grown crystal seems to be the length of the Ga zone relative
to the heater length, The heater length used throughout was 1 cm with
a 1 cm diameter ampoule. The equilibrium length and position of the
Ga zone at 9800C heater temperature were determined for 0.3, 0. 55,
0.7, 1.0 and 1.55 cm initial Ga zone lengths, as shown in Figure 7.

It was found that the bottom GaAs-Ga interface waz convex when the zone

was smaller than the effective heater length (which is greater than the

1.0 cm physical length) and concave when larger (azs in the 1. 55 cm zone).

When the starting zone was much smaller than the heater, as in the case
of the 0.3 cm zone, a GaAs bridge formed between the seed and feed in

the colder center portion of the zone, thus rendering it unusable for THM

-15-
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growth, Identical ampoules were prepared with different starting Ga
zone lengths and growth was performed at 980°C with a 1.5 mm/day
lowering rate, Figure 8 shows sections of the resultant crystals. The
strong differences are evident. The crystals giuwn with convex solid-
liquid interfaces (as in the cases of 0.55and 0.70 cm zones) appeared to
have fewer grains and the ground boundaries tended to grow out. The
near-flat interface of the 1.0 cm zone was responsible for the length-wise
propagation of grains in THM-62, In THM-41, in which the zone was
larger than the heater and the growth interface concave, many grains
nucleated at the wall and grew inwards. Traces of trapped Ga were also
found in the center of the crystal. It seemed that to obtain good single
crystal growth, the ratio of the length of the GA zone to the heater length
should be greater than 0.5 but less than 1.0,

An important phenomenon in THM growth was also detected and
studied. It was found that as growth took place, the positions of the
interfaces shifted relative to the heater because of the gradual change in
heat transfer conditions, This shift was especially significant at the
beginning and the end of the growth runs, producing an accelerated
grewth which should be taken into consideration in THM growth.

Figures 9 and 10 show this effect for 0.55 cm and 1.55 cm zones,

The influence of temperature and lowering rate were also investi-
gated. As will be discussed in the next section, the actual growth
temperature inside the Ga zone was about 60° to 80°C lower than the

measured maximum heater temperature. It was found that it was

-19-




T

Figure 8:

Travelling heater GaAs grown at ~1.5 mm/day with
different initial Ga zone lengths.

THM-61 - 0.55 cm
THM-40 - 0.70 cm
THM-62 - 1.0 cm

THM-41 - 1.55 cm
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impossible to grow good crystals at a heater temperaiure of 800°C. At
850°C growth at 0. 5 mm/day produced fair quality crystals, while speeds
greater than 2. 0 mm/day pr - uced crystals with inclusions. A conven-
ient and sufficiently high heater temperature was 980°C. Figure 11
shows the crystals grown at this temperature with a 0.55 cm Ga initial
zone and four different growth rates. At a heater temperature of 1100°C,
it was possible to grow inclusion free, good quality crystals at growth
rates of 20 mm/day. It appears thatat a heater temperature of 980°C
the critical lowering rate for inclusion-free single crystal growth was
about 2.22 mm/dey. The precise rate could not be determined because
the crystallinity also depends on other factors which are not always
controllable,

These studies on the effects of the different parameters produced
a comprehensive understanding of the THM growth process and enabled
the determination of these optimal conditions for growth of GaAs by
l cm diameter THM: optimal conditions for seed of 1 cm length, feed
longer than 2 cm, initial Ga zone 0.55 cm to 0.7 cm, heater temperature

of 980°C and a lowering rate of about 1.5 mm/day.

2. Temperature Profile Measurement inside GaAs Crystal during

THM Growth
After overcoining a number of technical difficulties, the tempera-
ture profile inside a GaAs crystal was measured during a THM growth
run over 13 1/2 days at a lowering rate of 1.5 mm/day. Apparently
no appropriate insulation or coating could prevent attack of a

-23.-
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Figure ll: Sectioned THM GaAs grown with a heater temperature of
980°C at. four different lowering rates,
THM-61 - 1,5 mm/day
THM-89 - 2.22 mm/day
THM-39 - 4.44 mm/day
THM-44 - 6.66 mm/day
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thermocouple by arsenic and molten gallium at the operating temperature.
This temperaturs measurement was accomplished by using a 3 mil

Pt - Pt 10% Rh thermocouple, the leads to which were inserted in a
two-holed 1/32 in, dia. alumina tube. This in turn was inserted into a
long, thin-walled (. 012" thick) quartz well which was welded and sealed
to the quartz ampoule. This fit into a 0.14 cin dia. 2.6 cm deep hole
drilled in the center of a GaAs feed rod of diameter 1,02 cm. Details

of the experimental setup are shown in Figure 12,

The thermocouple output was continuously recorded on a chart
recorder using a second Pt- Pt 10% Rh thermocouple immersed in an
ice-bath as a reference iniction. The result is plotted in Figure 13,
together with the heater temperature profile measured with a thermo-
couple placed outside an identical ampoule. The measured 'crystal
temperature' cannot be considered and analyzed quantitatively.
because the measurement conditions were not ideal for great accuracy.
Several features can be explained by taking into account errors intro-
duced by the quartz wall separation and other factors. One important
observation is that the temperature within the gallium zone was constant
at 931°C, giving a difference of 82°C from the measured maximum
heater temperature of 1013°C outside the ampoule. Another important
piece of information obtained was the temperature gradient at the bottom
GaAs-Ga growth interface, which was estimated to be around S-IOOC/mm.
When the temperature measurement was terminated at point ¥, about

6 mm below the bottom interface, the heater power was turned off and

-25-
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0.003" m )
Pt-10% Rh wire 0.003

Pt wire
" \ | " .
0.012 wailed—/ /32" Alumina
quartz well

double -bore
evacuated _/
quartz ampoule

protection tube

GaAs feed

0.14 cmn dia.
hole

Pt -Pt 10% Rh

Ga zone T.C. junction

GaAs crystal

r l l l l |
o) ! 2 3 4 Scm

Figure 12: Assembled ampoule for measurement of temperature profile

during THM growth.
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CRYSTAL TEMPERATURE

-8k _
F
-10 | | | J | | 1 | |
840 880 920 960 1000
TEMPERATURE IN °C
Figure 13: Measured temperature profiles inside and outside THM

growth ampoule.
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the temperature was recorded with the ampoule stationary. The
temperature dropped rapidly from 798°C to 335°C in the first 30
minutes and afterwards decreased at a constant rate of about 1°C per

minute.

3. Seeding and Impurity Doping in THM Growth of GaAs

After the different aspects of THM growth of GaAs were investi-
gated and understocd, six single crystals were successfully grown under
the chosen optimal conditions of 980°C heater temperature, 0.55 cm Ga
zone length and ~1.0 - 1.5 mm/day lowering rate. See Figures 14 and
15 for example. The seeding directions used were <111 > Ga,
<111 > As and <110 >. The crystals were not intentionally doped
(#72 sad #83) or were doped with Te (#71), Zn (#81), and Cr (#84 and #86).
In all cases except one, seeding and growth were very satisfactory. In
THM-72 (Figure 16), three tiny strip-like < 111 > twins, spaced 120°
apart, nucleated near the circumference and grew into the center of the
crystal at an angle of 70. 5° to the (110) seeding face. From the mass
spectrometric data of THM-71, grown with 1 mig of Te in 2. 578 g of Ga,

the Te concentration in the solid GaAs was calculated to be 0, 784 ¥ 10]'6

atoms/c.c., giving a ‘Te segregation constant of about 1.0 ¥ 10-3 for
growth from a Ga solution at the estimated growth temperature of about
9IOOC. Such estimated K values would be lower than the true values,
since some dopant inevitably evaporated from the zone and condensed

at the colder part of the sealed quartz ampoule away frorn the hot Ga

zone. Samples of these crystals grown under controlled seeding and

-28-




Figure 14: THM-71l. Te doped and grown in < 111 > As,
THM-86. Cr doped and grown in < 110> .
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Figure 15 THM-71. Te doped and grown in ~ 111> As,
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Figure

Twin formation and propagation in THM.-7¢ GaAs grown
in the <110> direction.
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(111) Ga etch pits on THM-72 as a function of distance
from the seed X,
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doping condition:s were submitted for electrical measurements such as
Hall, C-V and C-W measurements, The Cr-doped samples THM-84 and

86 were submitted for infrared absorption studies,

4, Dislocation Propagation during THM Growth of GaAs

In earlier studies of the effect of zone length on the growing
interface shape, it was shown conclusively that a zone smaller than the
heater {such as the 0. 55 cm Ga zone used in all the later controlled
seeded growths) would produce a slightly convex solid-liquid growth
interface, which should have tended to 'grow out' and eliminate disloca-
tions as growth proceeded. Etch pits on (111) Ga were developed and
counted on cross sections of the crystals THM-71 and THM-72, seeded
in the « 111> As direction. The results are shown in Figures 16, 17
and 18, For THM-72, the etch pit density increased from 0. 5 X 104 per
cm2 to 1.0 x 10‘5 per cm2 at the seeding interface and then decreased
approximately exponentially by two orders of magnitude to 0.3 X 103 per
cmz after only 2 cm of growti. This dislocation elimination was probably
enhanced by the convex growth interface., The run THM-71 was terminated
by rapidly pulling the ampoule from the furnace, thus quenching to room
temperature rather than leaving the ampoule in the furnace and turning
the heater off to allow relatively slow cooling, as in run THM-72., The
study on the resultant dislocations in the crystal showed that there was the
same sudden increase in dislocations at the seeding interface and the expo-

nential decrease afterwards, as shown in Figure 18, However, the etch pit
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density increassd by one order of magnitude from 7.5 mm to 16.5 mm.
This was probably caused by thermal strain on the part of the crystal
near the heater, which underwent a large temperature drop during the
quenching process.

Crystals THM-84 and -86, seeded in the < 110 > direction and
doped with Cr, were sliced longitudinally on the (111) plane and disloca-
tion etch pit counts made along the length of the crystals. As shown in
Figure 19, the etch pit density did not change appreciably at seeding and
remained approximately at a constant value of around 2 - 3.5 x 104 per
cmz. These results suggest that the axial thermal stresses were

significantly greater than radial thermal stresses.

5. Segregation in THM Growth

The configuration of THM is similar to that of zone melting,
except that a solvent zone replaces the molten zone. There should be a
purification eiffect in THM growth and the factor should be greater than
for melt growth since the growth temperature is considerably lower
(the segregation constant of most impurities is much smaller in growth
from Ga solution than growth from GaAs melt). Mass spectrometric
analyses of feed GaAs and THM crystals grown from them bore out this
fact, as shown in Table V. Crystal THM-72 was grown from seed and
feed rods ground frorc Czechralski ingot CZ-41 using a zone of 2.8 g Ga
of six 9's purity. There appeared to be a reduction in the amount of B, K

Cr and Fe., The purification in crystal THM-76, which was the result
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TABLE V

Mass Spectrometric Analyses of Feed Rods and THM

Element Feed
(ppmw) (CZ-41)
Be < 0.004
B 0.005
F < 0.1
Mg 0.03
Si <1

K < 0.2
Cr 0.1
Mn < 0,02
Fe 0.4
Co < 0.01
Ni < 0,04
Cu < 0,03
Zn 0.1
Sn <0.1
Te < 0.05
Pb < 0,06

GaAs Grown from Them

Crystal

(THM-72)

< 0.004
0.003
<0.1
0.03
<1
0.1
< 0.02
< 0,02
0.07
« 0,01
< 0,04
< 0,03
0.1
<0.1
< 0.05
< 0.06

-37-

Feed Crystal
(GF-30) (THM -73)
0.04 < 0,002
0.05 < 0.003
<0.3 <0,1
<0.1 <0.03
9.7 0.6
0.06 0.03
< 0,03 <0.01
< 0.02 <0.01
0.2 1
0.03 < 0.01
0.1 < 0.02
0.6 < 0.02
0.2 < 0.02
0.1 < 0.05
< 0.06 < 0,06
0.6 < 0.06
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Figure 20:

THM Gagln)_4Sb crystals and slow-cooled casting.
THM-87 - Gag, 71ng, 3Sb
THM-77 - Ga(). slng, SSb
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of three separate Ga zone passes performed on a vertical gradient freeze
grown crystal GF-30, was very large. Almost all impurities decreased
in concentration, some by a factor as large as 20 (as in Be). Most
significantly, the most common and important impurites in GaAs, such
as B, Mg, Si, Cr, Mn, Cu, Zn and Te all showed decreases. THM-73
had one of the lowest impurity concentrations in GaAs grown in this

laboratory.

6. Growth Ga In, Sband Ga Al, As
x x x

1- l-x

A few experiments on growth of mixed III-V crystals were also
performed, as summarized in Table VI, Feed rods of Gao. SInO. 5Sb and
Gao. 7In0. 3Sb were prepared by casting in fused silica tubes. Preliminary
exploratory experimentis revealed that at heater temperature of 4200(3, it
was not possible to grow the crystal by the THM whether a pure Ga, pure
In or a mixed Ga, In zone were used. The melting points of GaSb and
InSb are 702°C and 525°C, respectively. Raising the heater temperature

to 600°C seemed to allow growth at 1-2 mm/day. THM-77 was grown

at this temperature from a Ga_, .l

0.5 no. 5Sb feed and a 1.4 Ga: In zone.

THM-87 was grown from a Ga, I

0.7 nO.3Sb feed and a 4.0 Ga: In zone,

Both crystals were self-seeded. Length-wise sections of the two are

shown in Figure 20, together with a crystal of Ga, I

0. 7%, 3Sb grown by

slow cooling from the melt.
It is apparent that the THM grown crystals contained much

larger grains with no apparent segregation or inclusions. Samples of

-41]-
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the two crystals were sent for spectrochemical analysis in order to obtain
the solute concentration profiles along the growth direction. Stress due
to compositional variations have prcduced the cracks which appeared in
the radial direction in all three crystals shown.

Attempts to grow GaxAl xAs in the usual silica ampoule proved

1-
unsuccessful, possibly because AlAs formed and segregated, exhausting
the Al in the Ga solution and forming an insulating layer on the feed
material, The problem was solved by performing the growth inside a BN
crucible sealed inside an evacuate:. silica ampoule. The feed material
was GaAs with Al wire placed along the length of the feed rod, giving

a feed material composition of approximating Ga As. The

0. 97A10. 03
heater temperature was 1110°C, the lowering rate was 4,0 mm/day and
the crystal THM-88 was seeded in the < 111 > direction. The growth was
successfully completed, About 80% of the first 4 mm of growth was single
crystalline., New grains nucleated near the BN crucible wall and propa-

gated inwards, No solvent inclusion, AlAs or oxide segregation was

observed.
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1I. STUDIES OF CRYSTAL GROWTH PHENOMENA

A. Organic Analog of Gradient Freeze Growth

Chong E. Chang

1. Experiments

In order to observe the freezing interface, pure naphthalene was
used. Nichrome wire was wound on silica tube, increasing the number
of windings from bottom to top. A fairly linear temperature profile in
the heater vias obtained. A pyrex tube of 10. 6 mm I.D, was used as the
container, and a thermal shield (pyrex tube) was placed between the
growth tube and the heater. A schematic diagram of thc .paratus is
shown in Figure 21,

The Biot number (H) estimated for this arrangement is about 0. 1.
The heater temperature was lowered by continuously decreasing the power
input. The cooling rate (6) of the heater and that of the tube inside the

heater were almost identical and constant throughout the freezing process.

2. Interface Shape - Without Cooled End

The temperature profile in the naphthalene rod for the present
experimental conditions was estimated for H = 0.1, temperature gradient
G = -Z.ZOC/cm, length of tube L = 12 cm, and radius of tube R = 0. 53 cm,
and is presented in Figure 22. The predicted temperature profile for
naphthalene showed a more curved S-shape than for GaAs (as shown in
previous progress report [1]). Suspended carbon particles failed to

detect the presence of natural convection in the liquid. A fine
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Figure 21: Schematic diagram of gradient freeze apparatus for
observation of interiace shape,
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tnermocouple (0.003 inch dia.) placed at the center of tube did not detect
temperature fluctuations characteristic of vigorous free convection.

The freezing interface was observed through a microscope. A
curious freezing phenomena was noted at the ends of tube. Instead of
initiating at the tip of the tube, the liquid appeared to freeze instantane-
ously up to 1.5~ 2.0 cm from the base of the bottom end of the tube. As
the interface approached the top of the tube, the liquid began to freeze on
the wall at the top of the tube before the interface reached there. This
instantaneous freezing at the ends of tube is though to be due to a super-
cooling of the liquid at the ends of tube because of the S-shaped tempera-
ture profile of the system (B = GDCPR/Gk =~ 0. 1) as illustrated in Figure
22. The measured solid-liquid interface shape versus axial position is
shown for B = 0 (i.e., 8 =0), and G = -3. 0°C/cm in Figure 23 (A). The
convex interface shape in the bottom tip was caused by the effect of the
tapered bottom end since a tapered end is cocled more effectively than a
flat end. The experimental interface shape shown in Figure 23 (A) agrees
with the theoretical results in Figure 22 which predict a concave shape
for the first 50% of the tube and a convex interface for the remainder.
The fraction freezing with a concave shape is expected to increase as
freezing rate increases, as exemplified in Figure 22, Under the experi-
mental conditions shown in Figure 23 (B) (B = 0.097, G = 3. OOC/cm,
H=0.1, L =12 cm, R =0,53 cm), theory predicts a concave interface

for the first 87% of the tube, the fact of which indicates that the heat of

fusion (which was not taken into account in the theory) caused the interface
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Figure 22:

TEMPERATURE

Temperature profiles and length solidifying concave

predicted by one-dimensional heat transfer analysis for

gradient freeze crystal growth,

Dimensionless heat transfer coefficient, Biot Number,
H=0,1

Temperature gradient, G = -2,2°C/cm

Tube length, L =12 cm

Tube radius, R = 0.53 cm

furnace temperature

----- temperature in ampoule
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Figure 23:

'—" S,

(A) : (B)

Solid-liquid interface shape versus axial position for
gradient-freeze growth of naphthalene with G = -3.0°C/em,
L =12cmand R =0.53 cm.

(A) Zero freezing rate, 8 =0, B =0,
(B) Finite freezing rate, 6 = -8,8x10-40C/sec, B = 0.097.
Interface shapes shown at 30 min. intervals.
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= -6.8 °C/cm
L=4.25cm
R=0.53 cm

Solid-liquid interface shape vs. axial position for
gradient-freeze growth of naphthalene.
Curves in (C) and (D) indicate interface positions at
one-hour intervals,
(A) Zero freezing rate without cooling bottom

(B) Zero freezing rate with cooled bottom

(C) Rapid freezing with cooled bottom
(D) Slow freezing with cooled bottom.
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shape to be more concave.

3. Interface Shape - With Cooled End

The bottom end of the tube was cooled by air through a tube
joined below with the tube containing naphthalene as shown in Figure 21.
The flow rate of cooling air was maintained constant, For a zero cooling
rate (i.e., B = 0), the interface shape versus tube locations were as
shown in Figure 24 (A) when the bottom end was not cooled, and in
Figure 24 {B) when the bottom end was cooled. From these figures we
see that when the cooling rate was very slow (i.e., 6 = 0), cooling the
bottom end forced the entire tube to freeze with a convex interface (only
the upper half of the tube would have frozen with a convex interface shape
if the bottom end had not been cooled). Figures 24 (C) and 24 (D) show
the freezing interface shape when the bottom was cooled. Note thata
slow cooling rate (6 = -0,72 x 10-3 0C/sec, Figure 24 (D)) forced a larger
fraction of the tube to freeze with a convex interface shape and to freeze
with a less concave interface shape on the top than a fast cooling rate
(6 = -3.12 x 10-3 oC/sec, Figure 24 (C)). Increasing the length of the
tube did not force a larger fraction to freeze with a convex interface, as
shown in Figure 25,

The temperature gradient in the bottom end became steeper when
it was cooled., This resulted in a slower freezing rate at the bottom end,
as shown in Figures 24 (C) and (D), and 25, The freezing rate at the top

was significantly faster than the rate at the bottom.

-49-




‘wd ¢6°0 =¥
‘fad 01 =T ‘1170 = 8 ‘WD/Dp0°€~ = D “295/D066000°0 = §
*auateyiydeu " yImoasd 9zasxj-jusipeid 103y uoijisod

1BIX® °sA sjeAIajul anoy-auo je adeys sdeyrajut pmbij-pijog :gz sandig

~< AR T e N H 4 4
~ H 1]
~ ~~ N \ ! '
N\, ~ \ \ H ' H
N\ ~ \ H ' H !
+ 1 1) M H 1
“ \- ~_ n— " 1 m
J > / 1 H '
’, -t 7’ ’ 1 H

. . Vi ’ ' [}
)
L P - g [} . \
- e i d 1 _a y

-50-

ad




B. Organic Analog Experiments on Zone Melting

Chong E. Chang

In order to obtain further information about the influence of zone
parameters on the travelling heater method and on liquid encapsulated
floating zone melting, temperature measurements and microscopic
observations of the interface were made for zone melting of pure naph-
thalene in the same manner as for the travelling heater growth of naph-
thalene from naphthalene-benzoic acid solution reported previously [1].
The interfacial temperature gradients in the solid versus travel rate were
evaluated from the measured temperature profiles and are summarized
in Figure 26 as a function of tube diameter. It is seen that the tempera-
ture gradients generally increased as the diameter of the tube decreased
and as the interface position moved closer to the cold bath, The temp-
erature fluctuations in the zone decreased as the length of the zone
decreased, since disturbances in well-defined convection currents
occurred ix:x the portion of the zone which protruded into the cooler.
However, the macroscopic interface shape was significantly distorted
when the length of zone became short, as shown in Figures 27 and 28.
This was because of a tendency for the interface shape to follow the
stream line of the convection currents in the short zone, which normally
lay completely within the heater. The heat transfer coefficients at the
interface were calculated from the measured temperature gradients by
the interfacial heat balance. The dependence of heat transfer coefficients

at the bottom interface on the travel rate generally decreased as the
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diameter of the tube decreased and as the temperature gradient increased.

A talk was given on localized interface breakdown [4].

C. Other Crystallization Studies

W. R. Wilcox, V. H. S. Kuo and K. H. Chen

A final report [5] and two papers [6,7] were written on the
factors influencing incorporation of foreign particles during solidification.
Further experiments to elucidate the forces involved in particle pushing
are being designed. Papers were also published on movement of liquid
inclusions by centrifugation [8] and on boiling and convection during
movement of inclusions by temperature gradients [9].

Nucleation of bubbles during crystallization has been analyzed
theoretically [10]. Comparison with experience shows that bubtle
nucleation during solidification is probably homogeneous, while that
during solution growth is probably heterogeneous on the crystal surface,
The tendency to form bubbles increases as the gas pressure over the
melt increases, as freezing rate increases, as stirring decreases, as
the height of the melt over the interface increases, and is influenced by

the temperature of the melt surface.
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111, OXYGEN MEASUREMENT AND CONTROL IN LIQUID
EPITAXIAL GROWTH OF III-V SEMICONDUCTORS

J. M. Whelan

The program to estimate the concentration of oxygen in GaAs and
to grow an epitaxial thin film of GaAs at low temperatures [1] has been
continued. Experiments were conducted to determine the concentration
of oxygen as a function of its fugacity in Ga solutions at 670° and 500°C.
This dependency is necessary to estimate the concentration of oxygen in
GaAs. To measure the changes in oxygen fugacities with the amounts of
oxygen added or removed from Ga solutions, the experiment was done
as follows, Oxygen was pumped out of Ga by passing a known amount of
charge through the zirconia, transporting oxygen as ions, Ata particular
e.m.f. value after adding a known amount of oxygen into the solution, the
e.m.f. of the cell was measured as a function of time. This served to
measure the fugacity of the oxygen at the zirconia-Ga interface as a
function of time. These data were then extrapolated to a non-transient
change in the oxygen fugacity upon the addition of a measured amount of
oxygen, as shown in Figure 29,

Hydrogen which was saturated with water vapor at 0°C was used
to fix the oxygen fugacity at the reference electrode. Hydrogen not
saturated with water vapor caused a drifting e.m.f. To improve the
degree of saturation, the water bubbler was replaced by a new one. In
the new bubbler, hydrogen was passed through a long spiral tubing chilled

with liquid water at 0°C before it bubbled through a fritted disc into the water.
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Glass beads were also placed on the outlet side of the bubbler to collect any
entrained water droplets. With the new l;ubbler the e.m.f. measure-
ments were uniform and steady to 0.1 mV, corresponding to water vapor
pressure in the reference electrode being constant to within 0. 13 percent.

The fugacities of atomic oxygen in Ga solutions at 670°C could be
reduced readily by 3 orders of rnagnitude below that achieved by flushing
with Pd diffused hydrogen alone. It was observed that the leakage rate of
oxygen from the reference side of the electrode to the Ga sol;u;ion was the
rate limiting mechanism for oxygen leaking into Ga. After pumping, the
observed leakage rates were reasonable in terms of the electronic trans-
ference numbers published by Etsell and Flengas [11]. To reduce these
leakage rates, the temperature of the Ga was lowered to 500°C. At 500°C
mole fractions of oxygen equal to 5 X 10_8 could be measured by measuring
the cell e.m.f, Preliminary data indicated that Henry's law is obeyed
for this concentration range. The Henry's law constant is unfortunately
still subject tc some unc:ertainty because of a delated realization that the
charge measurements contained an uncertainty.

Because of the easy ability to reduce the fugacities of atomic
oxygen in Ga solution at 670° and 500°C about 3 and 5 orders of magnitude,
respectively, below those achieved by Pd diffused hydrogen, it is apparent
that this pumping means will be useful for growing GaAs films at these
reduced temperatures, (This presumes that the difficulty at these low

temperatures are associated with an oxide on the GaAs substrate.)
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IV. CHARACTERIZATION

A. Dislocation Studies and Electrical Properties

Agerico L. Esquivel, Sanghamitra Sen and W. N. Lin

This section deals with the continued effort of characterizing
dislocations in GaAs grown by the liquid seal Czochralski method in our
Crystat Growth Laboratory. In our previous report [1] we applied the
method of In{ra-red Cathodoluminescence (IR-CL) to the surfaces of
plastically deformed GaAs. In this report, the first section will deal
with the characterization of deformed GaAs crystals with varying disloca-
tion densities using the technique of JR-CL. The method will be extended
to include not only IR-CL microscopy but also a study of IR-CL spectra
as infiuenced by dislocations in GaAs. In the second section, the aniso-
tropy of electrical properties in GaAs containing edge dislocations
aligned parallel or perpendicular to the applied electric field will be

described.

l. Cathodoluminescence Study of Deformed Regions in n-Type GaAs fz2j

GaAs crystals were deformed so that an excess of either ¥-{Ga-)
or 8 (As-) dislocations of progressively increasing densities were intro-
duced by four-point bending, as described previously [1]. The samples
listed in Table VII were examined in ar eleciron microprobe operated zt
40 KV and with sample currents ranging from 0,46 to 0. 70 microamperes.
Most of the micrographs were taken at 200X and the surfaces examined

represent square areas from 350 to 400p along each edge.
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Figure 30 shows secondary electron emission (SEE) micrographs
(column 1), IR-CL micrographs (column 2} and IR-CL intensity, IC, versus
distance, d, (column 3) from the edge of the undoped horizontal Bridgman
(HB-105) crystals. The micrographs were taken from the (112) surface at
the center of the sample as indicated by the black rectangle in the schem-
atic diagram in Figure 30. In our previous report [1] it was shown that
surface markings as well as growth striations became visible in the IR-CL
micrographs. In the present set of pictures (Figure 30) a subsurface flaw
not apparent in the SEE micrograph became visible when examined in
the IR-CL mode as indicated by the arrows (Figure 30a, column 2) and by
the decrease in IR-CL intensity in column 3.

The set of pictures in Figure 30 (a,b,c,d) describes the central
portions of the bent horizontal Bridgman samples, while those in Figure
31 (a,b,c,d), the corresponding areas in the Te-doped Czochralski
sample (CZ-16). The micrographs were taken in the order of increasing
calculated dislocation density (indicated in column 2) and as a function of
the type of excess dislocation (¢ or B) present. No significant features
associated with the density or type of dislocation could be discerned from
the micrographs. However, from the IR-CL micrographs dislocation
densities were estimated by taking average counts of the number of black
dots visible in column 2 and the number of minima recorded by the line
scans in column 3,

The results of the dislocation density measurements based on the

IR-CL micrographs are shown inn Figure 32. The deviation of some of the
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Figure 30: Caption on following page.
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Figure 30:

Figure 31:

Secondary electron emission (SEE) micrographs (column 1),
infra-red cathodoluminescence {(IR-CL) micrographs
(column 2) and IR-CL intensity, I, line scans versus
distance, d, in microns (column 3) for the undoped, bent
GaAs sampies (HB-105), Areas examined were taken from
the (112) surface at the center of the bend. Figures a, b,
c, and d represent increasing dislocation densities (noted

in column 2) and different types of excess dislocation (@ and
B). A subsurface flaw is indicated by arrows in (a) - column
2. Sample numbers: (a) F13-C-Bl, (b) F11-C-B2,

(c) F12-C-B3, (d) F10-C-B4.

(On Preceding Page)

SEE micrographs (column 1), IR-CL micrographs

(column 2) and IR-CL intensity line scans for the doped

(Te: 1017cm'3), bent GaAs samples (CZ-16). Figures

a, b, ¢, and d represent increasing dislocation densities
(noted in column 2) and different types of excess disloca-
tion (¢ and B). Sample numbers: (a) 10-F-Bl, (b) 10-E-B2,
{c) 10-C-B3, (d) 10-D-B4.

(On Following Page)
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Caption on preceding page.
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Figure 32: Determination of dislocation densities on the {112) face of

bent GaAs samples (CZ-16 and HB-105) using the non-
destructive infra-red cathodoluminescence (IR-CL) method.
Deviation from the theoretical values can be improved by
increasing the resolution of datails in the IR-CL micro-
graphs,
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points from the calculated values was due mainly to the lack of resolution
in the micrographs. However, from IR-CL micrographs obtained earlier
[1] and from Figure 30b-2, the black dots believed to be associated with
the end points of dislocations could be resolved to a diameter of 3 u. An
attempt will be made to improve this resolution by determining an
optimum level for the bias control. For the present, the three points
close to the theoretical values in Figure 32 indicate the potential applica-
tion of the IR-CL method for measuring dislocation densities in a non-
destructive way, namely, without chemically etching the sample surface.

To obtain semiquantitative data related to the type and density of
dislocations, the intensity, peak position and half-width of the infra-red
(IR) peak at an emission energy of E = 1,41 ev ()‘p= 8800 X) were recorded
from the control and bent samples and from various positions within each
bent or unbent sample. The observed IR spectra are shown in Figures
33-36. The spectra were taken from the areas indicated by black
rectangles in the schematic diagrams of the samples. Also indicated in
the figures are the type and density of dislocations in each sample. The
curves indicate changes in IR peak intensity associated with heating or
increase in dislocation density., No changes were observed in the peak
position or half-width which could be related to the type or density of
dislocations {Table VII-a,b).

For both the undoped and doped GaAs samples (Figures 33 and 34)
an increase in IR intensity was noted after heating. This increase appeared

genuine since the peak intensities recorded represented the average of
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Figure 33:

Figure 34:

Relative infra-red cathodoluminescence (IR-CL) intensities
taken from the center and tips of the as-grown (A),

Heated (H) and bent GaAs samples (HB-105), Dislocation
densities (p) and type of dislocation (o or B) are indicated.
IR peak position is at Ap= 8800A, at an accelerating voltage
in the microprobe of 40 KV, and sample current of 0. 69 uA.
Areas examined are indicated by black rectangles in the
schematic diagrams of the samples.

(On Preceding Page)

Relative IR-CL intensities for the as-grown (A), heated (H),
and bent (CZ-16) GaAs samples with different types

(¢ and B) and densities (p) of dislocations. Same scheme

is followed as in Figure 33.

(On Following Page)
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twelve to nineteen measurements along the length of each sample.
Furthermore, the peak intensity of the heated sample approximated the
intensities observed from the tips of the bent doped and undoped samples
(Figures 33 and 34). Thus, short term heating at 700°C for 15 minutes
produce an annealing effect on the dislocations in the as-grown sample
as well as a probable redistribution of impurities. Both these processes
appear to enhance radiative recombination at the observed wavelength in
the heated sample and in the relatively undeformed tips of the bent
samples.

Although no systematic decrease in IR inteasity was obsecrved with
increasing calculated dislocation density in the bent samples, it was
observed that the IR intensity from the central portion of the bent sample
was consistently lower than the intensity from the relatively undeformed
tip of the same sample. This observation was found true both for
Bridgman and for Czochralski samples (Figure 33 and 34). To eliminate
the possibility of excessive inhomogeneity within the same sample, the
regions between the center and the tip as well as between the tensile and
compressive surfaces of the bent samples were examined for changes in
the IR intensity. The results shown in Figures 35 and 36 indicate a
systematic decrease in IR intensity with increasing dislocation density.
That the dislocation density increased upon approaching the bend center
has been observed in previous IR-CL micrographs [1].

Although the process of recombination of excess carriers at

dislocations is not fully understood, it is known that dislocations in
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Relative IR-CL intensity as a function of position in a bent
(HB-105) GaAs sample with a dislocation density,

p =1.7x10'cm-2, Areas examined are indicated by
black rectangles.
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Relative IR-CL intensity as a function of positior 1n a bent
(CZ-16) GaAs sample with a dislocation density,
p=1.5x19"cm=%, Black rectangles indicate areas
examined,
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germanium introduce deep acceptor levels which act as traps for

minority carriers [13-16]. Dislocations in GaAs, however, would be
expected to behave in the same way. Thus, in portions oi the bent sample
where the dislocation density is high, there is a corresponding high
density of traps so that a decrease in radiative recombinaltion takes

place. There is also the possibility that dislocations act as recombina-
tion centers which emit IR radiation at a wavelength which falls beyond
the range (0. 6 to 1.1 u) of our S-1 IR detector so that the observed low

IR intensity represents merely a portion of the complete I} spectrum,
Further study with a detection system capable of recording IR radiation

at wavelengihs greater than 1.1 u should resolve this question.

2. Electrical Anisotropy from « - and 8-Dislocations in Plastically

Deformed GaAs [17]

Previously, we reported (1] that after plastic defermation of
GaAs, a decrease was noted in the mobility and conductivity of the
samples. Because of the impurities present and the significant effects
of short term heating on the control (unbent) samples, it was not possi-
ble *to szparate impurity effects from purely dislocation effects.,

Based on the assumption that heating and bending would cause a
migration cf impurities towards dislocations in the bent samples, it
was planned to measure the mobility and conductivity in a direction
parallel and pernendicsiar to the F 112] bend axis, thus detecting the
directionality, if any, of the electrical properti. s of dislocations with

impurities.




-

Figure 37 shows how two adjacent slices of Te-doped (1017cm-3)

Czochralski GaAs (CZ-16) were oriented to introduce single slip after
four-point bending and to produce an excess of o-or B8-dislocations. The
figure also shows how each sample was cut to obtain sections parallel
and perpendicvlar to the bend axis. In addition, a sample labeled "H.1"
(heated, perpendicular) was cut with the intention of providing a control
sample from the same slice. It turned out, however, that the deforma-
tion extended to these samples such that their Hall curves approximated
those for the -] and B- ] . Hence, the data from these samples were
not included in the figures. The control samples, A (as-grown) and

H (hcated) were taken from a slice close to the a-slice and their curves
were taken from the previous report 1],

Resistivity and Hall voltages were measured in a 5 kG magnetic
field {aligned normal to the bend axis and the electric field) as a function
of temmnerature (83o to 3000K) in a Hall apparatus made available through
the courtesy of Dr. H, H. Wieder of the U,S. Naval Electronics
Laboratories Center, San Diego.

The Hall parameters for the six samples as a function of reciprocal
temperature are shown in Figures 38-40, Figure 38 shows that after
heating no changes took place in the carrier conceatration of the control
samples, thus indicating an absence of contamination during the heating
process. All the ben. samples exhitited decreases in carrier concentra-
ticn relative to the heated, unbent sample H, with the B-samples showing

a larger decrease than the o -samples. A comparison of the z-] with




Figure 37:

(b)

Schematic diagram of the orientation of Te-doped GaAs
(CZ-16) samples relative to the [112] tend axis to introduce:
(a) an excess of ¢-type dislocations and 4 aa excess of

B-dislocations. The samples ware theon o2 1o outain zhees

porpendicalar (o - 4, 8 - L) or parailel o - 7, 5« 7 1o 23 -
bend axis. The samples lubeled 2-H 2 and 2.552 G T T
heated-perpendicular slives.
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o - " shows that these two exhibited decreases in carrier concentration
of 5 and 16 per cent, respectively, while the 8 -] showed a decrease of
28 per cent compared to the 20 per cent decrease of B -|| (Table VIII).
While the differences between the carrier concentrations in the parallel
and perpendicular samples for the same type of dislocation are not
significant, the decrease in carrier concentration relative to the heated
control strongly suggests the introduction of acceptor sites in the bent
a- and B -samples.

Figure 39 shows the changes in mobility after bending, particularly
in the 8 -|| sample. The effect of heating (relative to the as-grown
condition) has been to decrease the mobility in sample H. Relative to
the heated control, the effect of bending has been to decrease the
mobility of the -] and B- J by 18 and 8 per cent, respectively--a
decrease reflected in the corresponding drop of 19 and 34 per cent in
conductivity (Figure 40). This decrease in mobility and conductivity in
the perpendicular direction (which was reported previously [1]) has
been directly related to the scattering, either specular (18] or diffuse
[19] or both at the dislocations acting as space charge tubes.

What is remarkably significant is the dramatic increase (relative
to the heated control sample) in mobility (118%) and conductivity {73%) in
the 8-|| samples. A brief review cf work by other investigators (Table
IX) on the anisotropy of electrical properties in semiconductors shows
that the mobulity in the ||-direction is either equal to {20] or slightly

less than the mobility of the cuatrol sample 21}, Read [28] assumed

1
4
[7 &3
L}




TABLE VIII

Per Cent Change (Relative to the Heated Sample) in the
Hall Parameters of the Bent Te-doped (1017cm-3)
GaAs Sample (CZ-16)

Per Cent Changes in:

Disloc'n
Sample Type & Carrier

No. No. Direction Conc'n Mobility Conductivity
_f—m———;
1 11-E1l a-L ‘ -5 -18 -19

2 11-E1 a- || -16 +29 +11

3 12-E2 B-L -28 -8 -34

4 12-E2 B- | -20 +118 +73
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in his theory that only the perpendicular component of the momentum
vector of the electrons will be scattered by the charged cylinder and that
the parallel component should remain unaffected. Nowhere has it been
predicted that the parallel component will be enhanced.

One principal difference between the earlier work on deformed
Ge [20] and InSb [21] and the present study is the higher impurity
concentration present in bulk grown GaAs. Hence, to explain the
increase in the parallel mobility, one must include the role of impuritics
in the heating and bending process. Because of the fact that after heating
no change was observed, while after bending there was a decrease in
carrier concentration in both the parallel and perpendicular directions,
it is highly probable that the combined process of heating and bending
produced a migration of impurities to the dislocations and/or a sweeping
away of the impurities by the dislocations. Thus, areas between
neighboring dislocations would be cleared of impurities, while regions
near or at the dislocations would have a high concentration of impurities.
As a result, there would be in the sample an inhomogeneous distribution
of impurities which could produce the high apparent mobilities predicted
and observed by Wolfe et al, [22] in inhomogeneous semiconductors.

On the basis of dislocation densities of the order of lO7cm-2 and
assuming a uniform distribution of dislocations at the center of the bend
(as indicated by the uniform array of black dots in the IR-CL micro-
graphs), there would be a separation distance of 3 u between dislocation

centers. Using Read's "28. estimate of 1 . as the typical diameter of




the space charge cylinders, the actual space between the outer surfuces
of the cylinders would then be 2 u. If this 2 region were swept clean
of impurities, it would not be unreasonable to expect a corresponding

increase in mobility and conductivity in the parallel direction as indeed

has been observed for both the ¢-|| and 8-|| GaAs samples.

B, Si Local Modes in GaAs

Pat Leung
Local mode absorption is a very useful tool for studying the
nature of defects in semiconductors., From the experimentally observed
band frequency, strength, carrier concentration dependence, symmetry
considerations, etc., the defect species for a2 particular local mode can
be identified. Si-doped GaAs is a particularly interesting case since Si
is an amphoteric impurity in GaAs, i.e., it can go substitutionally on the

Ga site to form a donor (Si a) or on the As site to form an acceptor

G

(Si

As)' In addition, there is the possibility of formation of Si-Si pairs

and other complexes. Previous experimental studies on Si-doped GaAs
[ 23,247 have revealed many local mode absorption bands and have

attributed them to Si a? Si

G g’ Si, - SlAS, Si_ - LlGa, etc. This work

Ga Ga

attempts to verify some of these band assignments, particularly those

A

due to the SiGa~ SiAs pairs, by introducing a different silicon isotope
( 0Si) as a dopant, singly and in combination with natural silicon (288i).

The main problem involved in performing this study was the

3
preparation of the material with controlled 0Si doping. To achieve this,
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the crystal had to be grown in a system relatively free of Si contamination
from the system. The liquid-seal Czochralski technique offered this
advantage. In addition, it was necessary to prevent the dopant from being
oxidized before the material was reacted. Several trial runs were made,
with no signs of oxides being formed, and the resultant crystals had the
expected doping concentration. A total of four ingots with 30Si doping
were grown with this liquid-seal Czochralski technique: (1) [ 305'1 I~

2 X 1018/cm3 at front end, (2) [3OSi] ~2X 1019/cm3, (3) and (4) f3OSi] +
[ 28Si To2X 1019/<:m3 and approx. equal concentrations,

Local mode measurements were performed on these samples
after they had been diffused with 6I_i to compensate the free carriers,
The absorption spectrum of sample 1 indicates some 2881 contamination--
bands due to 28Si were noted, This was probably due to the use of a seed
previously used for growth with 288'1 doping. Absorption of sample 2
shows no noticeable bands due to 2851. In this case, the bands previously
observed in zssi-doped GaAs at 367, 374, 379, 384, 393, 399, 405, 464,
em™ ! due to Si," Siggr Sig,™ Lig,r Sig,~ Lig,s Sig,r Sig, - Siy,

S1AS. SlGa- LlGa, SlGa-— SIAS, etc,, shifted to 356, 365, 369, 373, 383,

-1
388, 394, 449 cm ,respectively. The shifts were close to the isotopic
shift in the simple harmonic oscillator approximation. Sample 3 repre-
sented the first attempt to grow a crystal with approx. equal concentrations
28 30,.. . .

of [77S1] and (7 'Si]. This was done by adding a small GaAs charge anc
.8

Si to the remainder of the previous ingot. Absorption measurements

' R 28 . 30
indicated that S: . mas lom acd that . Si1.- ° 7 5i. = 2 : 1. Probably
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the difficulty was inf&étérmining how much of the previous ingot was
already used. Another ingot was then pulled with a small amount of
3OSi,fadde&./ The results of sample 4 indicated [3081]: [2851 T 121,

The absorption spectrum for thé sample with mixed Si-isotopes
doping showed the presence of all the bands in the 288i-doped and 3081-
doped samplés. Because of the many overlapping bands at the same or
nearly the same frequencies, it was impossible to pick out the mixed-
isotope bands at.the lower frequencies (350 to 420‘cm'1). Therefore; the
band at 464 cm"1 was chosen for the analysis since it presented an
unambiguous picture.

Figure 4] shows the composite plot of the liquid nitrogen tempera-
ture absorption coefficient vs, frequency for samplel (CZ-99, szi-doped,
6I.i diffused), sample II (CZ-55, 3OSi + 28Si-doped, 6I_i-diffused) and
sample 111 (C2-51, >’Si-doped, °Li-diffused). The bands at 470, 480,
487 cm™ ! are due to °Li vibrations of the Sig, " 6I.iGa pairs, and they
were present in all three samples. The band at 464 <:m-l for sample 1
was shifted to 449 cm-l. This shift of 15 cm-l was as expected from
the isotopic change. For sample III, the bands at 464 cm'1 and 449 cm-l
were both present. In addition, there was an intermediate band at 456

-1
cm

Previous studies [ 23,24] showed that the bands at 367, 393,
464 crn"1 are from the same defect. The interpretation wag that they are

due to Si., - Si, pairs. Pfeuty and Elliott [25] calculated the frequen-

cies of the modes for this defect at 327, 369, 390, 419 cm-l. The
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lowest frequency band has not been observed since it is néar the fésl;‘rahl.
The experimentally observed frequencies of the two fiiddle bands.at

367 and 393 cm Lare very cloée to those prédicted. The 464 cin t is
substantially larger than the calculated w = 419 cm-l, but this is the
out-of-phase axial mode and its frequency should be extremely. sensitive
to the SiGa-SiAs force constant which was not included in the caléulatiggz.
Moreover, the overall splitting of these bands irdicates a very strong
coupling interaction, probably due to-hearest neighbors, as compared to
the much smaller splitting of the 374, 379, 405 cm'1 bands for the

substitutional neighbor pairs Si LiGa" Although the interpretation is

Ga’
satisfactory, there remains the possibility that the bands at 367, 393,
464 cm“1 may be due to other complexes.

The presence of the intermediate band for sample III with the
mixed 28Si + 30Si doping clearly establishes the fact that there was more
than one silicon in the defect, since only the shifted band at 449 cm-1
would be expected if the defect involved only one silicon. The presence
of one intermediate band with the frequency in the middle between the two
pure isctope bands is only compatible with the model of two atoms in the
defect with equivalent sites [26]. A three atom model with equivalent
sites gives at least two intermediate bands., In this particular case, the

two sites in the defect may be slightly inequivalent, There may have been

two bands too close in frequency to be resolved, giving rise to the larger

half-width of the intermediate band compared to the two pure isotope bands,

A theoretical calculation is being carried out to predict the frequencies of
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30.. 28, . .28, 30... .
SxGa~ SIAS and SxG,a- SxAé and thﬁe. equivalency of the two sites.
2 .
Theé experimental results for the BSi-dopéd and the correspond-

ing 30Si-dopéd and 30Si + 28Si doped samples clearly show the 464 cm":l
band and therefore also thé 367 cm-! and 393 crn"1 bands are dueé to the

nearest neighbor Si | - Si.As pairs.

Ga

C. Infrared Modulation of Cathodoluminéscence

Wen N. Lin and David B, Wittry

The effect of light on the cathodoluminescence of Czochralski
grown, Cr-doped semi-insulating GaAs single crystal was studied as a
function of wavelength [27]. The experiments were performed at 300°K
and ll4°K. Steady light from a 150 watt quartzline lamp (color temper-
ature 3200°K) passed through a Hilgen and Watts D292 plane grating
monochromator and was focused on the sample at the same position as
the electron beam. Using a 0.38 uA, 20 KV electron beam, the light
induced a change in cathodoluminescence as a function of wavelength as
shown in Fig. 42, With wavelength A lo.ager than about 1. 6u, (0.77 eV),
only a small increase in cathodoluminescence was observed. As A
became shorter than 1.6, the cathodoluminescence increased rapidly
with decreasing \. No change of cathodoluminescence was observed in
undoped high resistivity GaAs, Cr is known to introduce an acceptor
level in GaAs at about 0,8 eV below the conduction band. The observed
change of cathodolumir{escence in Cr-doped GaAs may be attributed to

the excitation of electrons from Cr level to the conduction band since

.89-
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CATHODOLUMINESCENCE CHANGE (%)

20 KV

BEAM CURRENT=0-38uA
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Figure 42:

WAVELENGTHS (pM)

Cathodoluminescence change as a function of wavelength,
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ionized Cr atoms are efficient hole traps.

Figure 43 shows the light-induced chahge of sample current 7
as a function of wavelength using a 10 KV, 0,44 A electron beam at
114°K. With wavelength A longer than 1.6, only a small increase in
sample current was observed, As A became shorter than 1.6, the
sample current increased rapidly with decreasing A. The observed
change in sample current may also be attributed to the txcitation of
electrons from the Cr level to the conduction band, resulting in an
increasing of conductivity of the semi-insulating GaAs: Cr and changes
in the surface charging state in such a way as to increase the efficiency
of collecting secondary electrons from the surface,

From that shown above, it is seen that by choosing a proper heam
voltage and current, the light-induced change of cathodoluminescence and
sample current can be used to detect deep impurity levels in semiconduc-
tors.

D. Cathodoluminescence of GaAs, GaP, and GaAsl._xPx

Hans C. Marciniak and David B. Wittry
In this work cathodoluminescence spectra are being studied at
various temperatures and electron beam current densities for GaAs,

GaP, and GaAs xpx alloys near the direct-indirect crossover point in

1
order to provide better understanding of the recombination processes,

Preliminary results were shown in the previous report [1] and wexe

presented at the 7th National Conference on Electron Probe '
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Figure 43: Sample current change as a function of wavelength,
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Microanalysis [28].

Recently, samplés of GaAs-GaP alloys were obtained from Bell
and Howell, Pasadena, California. More information is available on the
dopant species and concentration for these samples than for thosé
previously studied: Results from measurements on these specimens

should be eagier to interpret in térms of theoretical models than results

obtained on specimens studied préviously. This work is now in progress,

E. High Impedance Hall System

Sharad Joshi and Clarence R. Crowell

A knowledge of the Hall coefficient and its temperature dependence
provides an essential tool for the characterization of semiconductor
materials, since the carrier activation energy and mobility may thus
be determined. It is essential for this purpose to know the temperature
of the Hall sample accurately. During this period we completed an
integration of our high impedance Hall system with a Janis variable-
temperature cryostat. In this system, temperature is specified in
terms of the resistance of a platinum resistance sensor, which is also
incorporated in the circuitry at the temperature controller. We have
investigated errors due to sample placement relative to the sensor and
the dependence on the flow rate of the exchange gas waich provides cooling
and also influences the heater power required.

The platinum resistance thermometer in the Hall cryostat was

calibrated against another calibrated platinum sensor, using an extended

-93.
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Figure 44:

Hall-effect carrier concentration vs. reéciprocal tempeéra-
ture for high resistivity GaAs, grown by the horizontal
Bridgman method without inténtional doping. Energy level
from slope corresponds to Cr.
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Callénder-van Dusen équation [29]. The two temperature sensors were

i then used to.obtain a table of potentiometer setting on the temperature
controller vs, températire at the sample position with no flow of the

exchange gas.

The potentiometer circuit of the temperature controller was

modified to extend the high accuracy range below = 300°K to include . ;
the temperature range up to 400°K. o
g The difference in temperature between th.e sample position and
the sensor position for a finite flow of exchange gas and medium power

dissipation (1,25 watts at liquid nitrogen temperature) was less than

r _ 0. 02°K. Thus, with the present arrangement the absolute temperature

e o e b LA ey e et A e S N A e |

can be set and controlled within an accuracy of about 0.,05°K. The

temperature controller gives a clean indication of temperature differences

of 0.01°K.

e s e

The system is now being routinely used to characterize GaAs
material being grown here., The samples are prepared in a square
Van der Pauw configuration. The ohmic contacts are made by evaporating
AuGe onto the corners of the square and alloying them at 450°C for 39
seconds in a forming-gas ambient, Temperature vs., Hall effect
: measurements were performed on a number of samples. Figure 44 ;
shows one such sample (WA -1000-AIII) of our typical high resisitivity i
# GaAs material. The room temperature resisitivity, Hall mobility and
carrier conceniration of this sample were found to be 1.29x 1080 cm,

1238 cmZ/V sec and 3,91 x 107cm-3, respectively. The activation energy
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obtainéd from this plot was 0,708 eV, assuming that the material was
compensated by deep impurities [30). Typical low resi"sﬁvity saiﬁp,}es
{CZ-36 Te dopéd. Cz-53 undo?ed) were prepared from GaAs material

‘ grown by our Czochralski liquid-seal technique, Thé temperature
dependence of the Hall effect on thes'; samples in the temperature range
of 300°K to 77, 3OK did not show an appreciable change in the carrier
concentration. To detect the shallow impurities, thé températuré range
of the experiment would have to be extended below 77, 3°K. The room
temperature resistivities and electron concentrations measured for
CZ-36 were 0,0324 Qcm and 1,08 x 1017crAn~3 respectively, The same

16 -3

parameters measured for CZ-53 were 0,0434 1 cm and 8,85x10 "cm ~,

respectively.

F. Schottky Barrier Capacitive Characterization of Impurities

Cheng H. Huang, C., L. Anderson and Clarence R, Crowell
The behavior and concentration of charged impurity states is a

critical factor in the operation of charge control semiconductor devices.
To this end we have sought to improve the tools for measuring and
analyzing the effects of such levels in Schottky barriers. The Schottky
barrier has been chosen as a fairly standard configuration because it can
be formed with a minimum perturbation of the semiconductor material.
A simple, easily applied, theory of the capacitance effects of such
impurities has been developed. (This aspect of the work has been

funded by the Army Research Office, Durham.) The resulting guidelines
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i; are summarized in the previous réport [1]. We have also continued
i work on meéasiring équipment for acquiring capacitance-voltage and
)

capacitance-frequency rélationships for Schottky barriers.

1. Measurement Facilities

) - Our electrically balanced measurement systen' for C-V, C-w,

-

G-V, and G-w measurements has undergone considerable testing and

{ . _ calibration dnring the past six m:onths, The basic circuit guidelines are

F as outlined in the previous report [(1]. We have, however, added a d.c,

e ———— v

overload indicator circuit for the preamplifi¢s because the Bridged-~T
circuit can be saturated by diréct current from the device under test
without the PAR phase sensitive detector giving a clear indication of the
d,c. overload, We also anticipate replacing the PAR 124 with a PAR 129 {
b which has better frequency sweep capabilities and better phase ortho-
gonality, We have also made many minor improvements which add to !

the ease of use and calibration accuracy of the system. In particular,

a phase calibration technique which permits phase orthogonality to +0. 1°
at a single frequency was developed. A paper describing this system

was presented at the International Electron Devices Meeting, December,

o B st

1972,

2. Measurements

To determine the instrument's capacity for measurement of

capacitance on low Q diodes we made measurements of 1/C2 vs. Vona
hafnium on p-type Si Schottky diode at 10 Hz (cf. Fig. 45). The diode had a
{ Q on the order of unity over much of this range, but as the bias approached :

zero the diode capacitance rose rapidly. Note that the proper phase

-97-




- -y - T@ v~

Ocﬂ H« Oa- 00
. - - — — — _ ~
i . -
¢
u ]
i »
.n..-.o_l 2
xoon g
s /4/ O-O- e |
. - 2 ;
- .° ‘b -
jy - o.'lullno.- L J hobhu..m.f lﬁ. pot
o
or—— [}
: "
~ n.o:.:d i
e"? \o_o.utn.o =N 2% O1 Rouembaiy
ozis §OP ||W 03 |
uod|iiS edhy d-4H
i —
l -




T R ¢ a3 e, et o

adjustment of the system is responsive solely to the capacitive portion

of the diode admittancé for Q valués as low as 0,01, Phase errors of
,;tld, however, produce ""anomalous" plots of l/CZ vs voltage. Consider-
ing the fact that the apparent doping concentration is inversely propo,rtiona;l
to the slope of this plot, it is clear that the phase adjustments are critical
for measurements on low Q diodes, i.e,, for 2il diodes near zero bias or
in the forward bias region.

We also took l/C2 vs. V measurements on a high Q nickel on n-
type GaAs diode. This was epitaxial GaAs provided by the Royal Radar
Establishment, Great Malvern, U.K, Figure 46 shows the results at
various frequencies. The total doping concentration was computed from

the results to be 4 X lolscm-s

at 120 kHz, 4x 101%m™? at 10 kHz, and
4,6 x 1015cm'3 at 100 Hz. We see that the apparent total doping concen-
tration was higher at lower frequency, as expected if deep level impurities
were present, We did not see a kink which would be characteristic of a
deep level impucrity in I/CZ- V curves as we went down to 0,35 volt
forward bias where the diode conductance started to interfere with the
capacitance measurement [32]. Thus, the deep level probably lies

within 0,5 eV below the conduction band edge unless it had a characteristic
response time well below 0,01 second. In this case the level might lie as
low as 0,85 eV below the conduction band edge. Still deeper levels would
not be detected by this method [33].

To further define the deep level impurity we took C-log w data on

a nickel on n-type GaAs diode (Fig. 47}. Tne capacitance indeed showed
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dispersion in the frequency range from 20 Hz to 200 kHz. Point-by-

point measurements were done in the frequency range from 150 Hz to
2 kHz. We found that the agreement was very good, indiéating that the
phase adjustment was good down to 150 Hz, Thére appears to be appre-
} ciable variation in the corresponding G-w relationship which has not yet
’E‘ been completely established.

We have not yet attempted to interpret these data in terms of our
theoretical model but anticipate making additional capacitance vs,
temperature and impurity profile measurements to assist in our

diagnostic approach,

G. Tunnel and Thermal Effects in Photoemission in Schottky Barriers

The work described in the previous progress report [1] has been

—

submitted to Solid-State Electronics [34]. An earlier manuscript which
describes an operational equivalent to the Fowler photothreshold plot

‘ (without tunneling correction) has been published [35].
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