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Bulk Single Crystal Growth of Silicon-Germanium
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Si-Ge single crystals up to 68 mm diameter and up to 17 at.% germanium were

grown using a modified Czochralski technique. Pre-grown

diameter single

erystal silicon sesds with various crystallographic orientations were used as
templates for solidification to reduce cap crystallization time and to ensure
single crystallinity at desired crystal diameters. A discussion is presented of the
influences of seed preparation, crystal growing parameters and post-growth
processing on the Si-Ge bulk single crystals produced using this new technique.
The modified Czochralski technique deseribed in this paper is ultimately
intended for the manufacture of 100-200 mm diameter Si-Ge substrates,

Key words: Czochralski growth, Si-Ge, solid solution alloy, semiconductors,

substrate

INTRODUCTION

Recently, there has been & substantial increase in
the number of publications concerning Si-Ge single
crystal growth. Although most have dealt with the
preparation of thin films on silicon substrates, there
has also been progress reported on the growth of vari-
ous compositions of this alloy in bulk form using the
Czochralski (CZ)* and other related methods. 1 Si.
Ge alloys are of interest because they have higher
mobility than silicon and can be produced with
bandgaps between those of silicon and germanium.
Uses for single crystals include substrates for epitaxy,
‘photodetectors, solar cells, high-performance discrete
dovices, and other electronic and photonic devices.
‘The immediate goal of this work was to abtain at least
250 mm diameter Si-Ge single crystal with relatively
‘high germanium content using a standard CZ tech-
‘nique, and, if possible, without making furnace de-
sign modifications, The long range goal of this re-
searchis to create the technology needed for mamufac-
‘turing 100-200 mm diameter Si-Ge substrates.

The equilibrium phase diagram of Fig. 1 for the Si-
Ge binary system is of the isomorphous type. It shows
that complete solubility exists between the two cle-
ments in both the liquid and solid states. From a
liquid consisting of 40 at.% germanium, the first solid
to form upon cooling to 1300°C will contain about
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17 4% germanium. With continued cooling under
equilibrium conditions, the germanium concentra-
tion in the liquid will increase as defined by the
liquidus, and the germanium concentration in the
salidifying alloy will move along the solidus also
towards higher germanium values. However, in the
case of CZ growth, the first solid to form will have a
slightly lower germanium content than indicated by
the solidus * In addition, as temperature is reduced,
the amount of germanium in the solid will not in
crease as fast as indicated by the slope of the solidus.
Uniformity of composition with crystal length can be
improved by adding silicon to the liquid as growth
occurs.* It also can be improved by increasing the
volume of liquid from which a particular volume of
solid s grown. Alternatively, the germanium compo-
sition gradient can be increased either by adding
germanium to the liquid during growth'” or by reduc-
ing the starting volume of liquid.

Since the Si-Ge system exhibits & large liquidus-
solidus gap, low pulling rates, usnally well below
2 mm per hour, are needed to prevent the onset of
dendritic growth. Standard pulling rates to grow
elemental silicon from its melt are on the order of
2-10 em per hour. Thus, when using a conventional
CZ method for growing & Si-Ge single cryatal, it can
take forty times longer than it does for silicon to grow
a cap to the same diameter. Initial attempts were
made to grow a Si-Ge single crystal using the stan-
dard CZ technique of necking followed by cap growth
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and then body growth, Although it was possible to
crystallize slowly enough to avoid dendritic growth,
the nucleation of randomly-oriented crystals at the
circumference of a growing cap made it difficult. to
increase the size of an alloy single crystal much
beyond the 6 mm diameter of the seed. To prevent
such nucleation, it appeared that it might be neces-
sary to use special cap growth techniques, such as
slowly growing a cap with a cone shape;* to make
furnace design modifications, such as to deflect the
flow of helium away from both the liquid and the
erystal; or to use an encapsulant. 12 However, it was
observed that the crystals that were nucleated during
cap growth did not extend very far into the seeded Si-
Ge single erystal, and that they did not propagate
much towards the center as a boule grew longer.
Therefore, the following approach was taken in an
effortto produce large diameter Si-Ge single crystal.
1t was conjectured that, if growth of an alloy single
erystal could be seeded at a sufficiently large diam-
eter, and, if that diameter could be maintained by
proper adjustment of growth parameters, a single
crystal of significant length would result regardless of
the existence of a ring of small crystals at the periph-
ery. The time normally required to crystallize a cap
could, instead, be applied to growing & longer boule,
and the small crystals could be ground away to obtair
Si-Ge having only the seeded orientation. Presented
here are results of experiments that were conducted
to evaluate this approach, The large diameter zero-
dislocation silicon seeds required for this evaluation
‘were obtained from previously-grown CZ crystals.

EXPERIMENTAL PROCEDURE

ACZ furnace with RF heating was used to groy the
Si-Ge single crystals, A silica crucible 18 cm in diam-
eter was filled with cither silicon and germanium
pieces or previously solidified Si-Ge alloy to provide a
total charge of 1500 gm. Helium was introduced into
the furnace chamber and maintained at a pressure of
one atmosphere. After heating for about one hour to
form a Si-Ge liquid solution and removing surface
contamination, the temperature was stabilized above
the liquidus for the corresponding charge composi-
tion, An excess seed diameter of about 15 mm was
needed to allow for a slight diameter reduction at the
start of growth as well as for the ring of crystallites
expected to form at the periphery.

The silicon seed was rotated clockwise at. constant.
rate between 5 rpm and 30 rpm; the crucible was
rotated at a constant rate either clockwise or counter-
clockwise between 4 rpm and 20 rpm. Reforring to
Fig, 1, the temperature of the alloy liquid was first
stabilized above that of the liquidus for its composi-
tion. Next, the seed was lowered to a position just
above the surface of the liquid for preheating. Then,
the seed was immersed to a position where its maxi.
mum digmeter was at the same level as the liquid
surface. As a result, some dissolution of the silicon
seed occurred. When the amount of silicon in the
liquid increased enough to reach the liquidus, small
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Fig. 1. The complete solubilty tat exists betwean silicon and germa-
nium is shown by the equibrium phase iagram

thermal fluctuations at the solid-liquid interface pro-
duced crystallization of Si-Ge.

After & meniscus formed, the temperature was
adjusted and pulling began at no more than 2 mm per
hour. The crucible was not lifted and, as pulling
continued, the growing alloy body diameter became
slightly smaller than the maximum seed diameter.
Thereafter, the body diameter could be controlled by
slowly lowering the temperature. After growth, a
boule was raised slightly above the liquid surface and
furnace cooled. There were times when multiple boules
were grown in a single batch crystal growing process
by utilizing more than one seed. In those cases,
shorter boules were produced and only the last grown
was furnace cooled. The others were raised slowly
from the hot zone and kept for one hour inside the
bellows before being cooled to room temperature out-
side the furnace.

Most crystals were grown with a (100) orientation,
but seeded (111), (110), and (211) crystals also were
produced. The Si-Ge boules were epoxy mounted to
graphite rails and wafers having surfaces perpen-
dicular to the pulling direction were cut using an D
diamond saw. Then, after having been edge rounded,
the wafers were etched in KOH to remove damage and
delineate polycrystallinity. Crystallographic orienta-
tion was determined by x-ray diffraction using the
back-reflection Laue method. Electrical resistivity
was measured by the four-point probe method of
ASTM F84-84a, and conductivity type was deter-
mined by the hot-probe method of ASTM F42-87
Some wafers were polished either on one or on both
sides for further evaluation, The surface smoothness
was evaluated by atomic force microscopy (AFM), and
chemical composition was determined either by cal-
culating density, by energy dispersive x-ray (EDX)
spectroscopy, or by Vis-UV absorption. Polished wa-
fers were immersed for ten minutes in a modified
Schimmel etch as deseribed in ASTM FA7-87 toreveal
crystallites, cellular structure, and striations, as well
as to determine defect density and distribution by
optical microscopy.

RESULTS AND DISCUSSION

Silicon seeds with increasingly larger diameters
were used to initiate growth until a 68 mm diameter
alloy single crystal was obtained. As is the case for
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unintentianally-doped CZ silicon, these Si-Ge crys-
tals contained varying amounts of carbon, oxygen,
boron, and phosphorus. They were found to be either
netype (7-59 chm cm) or p-type (10-67 ohm cm).
Figure 2 shows a Si-Ge boule that was grown from
a silicon seed having a maximum diameter of 28 mm.
It is tapered because the temperature was not re-
duced as it was being pulled. Figure  shows a rela-
tively constant diameter Si-Ge boule that was grown
starting with a 65 mm diameter silicon seed. It can be
seen that alloy deposited around the seed before
erystal pulling began. If the temperature of the liquid
had been higher when the soed was immersed, s it
had been for the boule shown in Fig. 2, alloy deposi-
tion around the seed would not have occurred.
Depending on the shape of the seed and how it had
dissolved in the liquid, various transitions from sili-
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Fig. 2. This tapsred Si-Ge single crystal was pulled using & farge
diameter sicon seed. The famparatus was not lowerad afte Imimer
sion (scalo in inchos),

siGe

Siseod

g

Fig. 3. This Si-Ge singe crystal was pulled using  large diameter
silcon seed. The temperature was lowsrad affer immersion 10 main:
tain diameter (scale i inches)
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Fig. 4. Tris 40 mm diametos watr (epoxy mounting not completely
removed) shows a potion ol the orginal sifcon seed surtoundee by &
S single crysta with the saedad crystallographic orentation. Also
shown for this non-fumace cooled malerial are porosity. edge
polycrystaliniy and radial fracture (scale n inches).
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Fig. 5. This photograph and compositional (EDX) data show the
ehiangs i composiion across analoyisiican radial boundary inan as-
cut water.

Fig. 6. Fracture along non-radial directions can be sec n this 44 mm
dhameter Si-Ga waer {epoxy mouniing notremoved) that was cutfrom
‘anon fumace cooled boule. Aspecially shaped licon seed was used
o iniiate growth (compare o Fig. 4)
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Fig. 7. These etched Si.Ge single crystal waers show the influénce
that sesdicrucibie otations can flave on striations and defect disrbu
fon: (a) counter-rotation, 10 mim diameter water, 10X (b) iso-rotation,
30 (m ciameler waer, 3X.

con 10 Si-Ge single crystal were observed. Shown in
Fig. 4 is a wafer with an undissolved circular portion
of a silicon seed surrounded by a Si-Ge single crystal
zone with Si-Ge crystallites at the edge. In some
cases, instead of circular, the cross-section of the
original silicon seed after partial dissolution exhib-
ited anon-circular shape. In all cases, however, within
afew millimeters of longitudinal growth, the circular
cross-section of a boule became entirely Si-Ge. The
porosity observed in Fig. 4 occurred only near a seed/
alloy interface and could be avoided by controlling the
shape of the seed. The change in composition across a
radial seed/alloy boundary is shown by the EDX data
of Fig. 5.

Even though all of the Si-Ge boules that were grown
exhibited some peripheral cellular structure or crys-
tallites, interference with the seeded crystallographic

Fig.8. This.as-cu1 Si-Ge waler has an, 50 mim diameter

(100) single crystal center and smal crystalles at the edge (scale
ininches).

orientation was limited. For purposes of evaluation, it
was not necessary to remove the crystallites from
cither the outside diameters of boules or from the
edges of wafers. It was also found that more of the
seeded orientation extended to the perimeter of a
boule as seed diameter increased. This oceurred be-
cause, s the seed diameter becamie larger, the influ-
ence o heat transfer by the meniscus diminished,
and the top of the seed became more effective in
deflecting the flow of helium. It appears possible,
therefore, that, at some larger diameter than 68 mm,
a Si-Ge single crystal without cellular structure or
crystallites at its periphery can be grown using the
seeding technique described here.

Although the use of large diameter seeds elimi.
nated problems associated with cap growth, a prob-
lem that was introduced was fracture on’ cooling
caused by the difference between the coefficients of
thermal expansion of silicon and the Si-Ge alloys. For
those alloy compositions that were grown, it was
found that fracture did not oceur until boule diameter
exceeded 25 mm. For the larger diameter boules,
fracture was prevented by furnace cooling. However,
for those boules that were not to be furnace cooled,
and therefore expected to fracture, large Si-Ge single
erystal cross-sections could still be obtained. For ex-
ample, for a (100)-oriented crystal, instead of the
radial fracture observed in Fig. 4, the fracture shown
in Fig. 6 resulted when a certain pattern of grooves
had been cut into the silicon seed. Fracture would
‘have been prevented, however, if the seed had been a
single crystal of Si-Ge that was slightly richer in
silicon than the alloy being crystallized at the start of
growth, One way to produce such a large diameter Si-
Ge single crystal would be to use the technique de-
scribed here.

When using a large diameter seed, the liquid is
stirred at a constant and relatively high rate from the
beginning of solidification, and the large cooled cap
provides a steep temperature gradient. Both of these
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conditions are desirable for good crystal growth be-
cause they stabilize the growth interface and prevent
constitutional supercooling. A defect density on the
order of 10 per cm was measured and, as shown in
Fig. 7, defect distributions usually followed striation
patterns. Concentric striations were observed when
the seed and crucible were counter-rotated (Fig. 7a).
‘Non-concentrie striations, like those shown in Fig. 7b,
could be obtained when the seed and crucible were iso-
rotated at certain relative rates. Defects having the
appearance of stacking faults and isalated areas of
cellular structure were found near the circumference
on some wafers. This was an indication that strain
produced in boules by radial thermal gradients dur-
ing cooling had not been fully relaxed. Post-growth
annealing of such boules probably would be useful in
preventing fracture that otherwise would occur upan
grinding and cutting. Figure 8 shows a 63 mm diam-
eter wafer cut from a boule that was grown using the
seeding technique described here. Peripheral crystal-
lites can he seen surrounding an entirely (100) central
area that is approximately 50 mm in diameter. Vis-
UV measurement indicated the same bandgap at
different positions across this wafer and large area
AFM scans revealed no features greater than 2 nm
high on a polished surface.

CONCLUSIONS

A Czochralski erystal growing technique was used
to consistently produce up to 68 mm diameter Si-Ge
bulk single crystals with various crystallographic
orientations and with concentrations up to 17 at.%
germanium, Pre-grown large diameter silicon seed
crystals were used as single crystal templates for
alloy solidification to reduce cap crystallization time
and provide single crystallinity at desired crystal
diameters. Defect densities on the order of 10* per cm?
have been achioved. This technique will be used to
obtain lower defect density and larger diameter sub-
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strates, and itis anticipated that Si-Ge single crystals
with compositions covering the entire range from
pure germanium to pure silicon will be grown. Vir-
ginia Semiconductor, Inc. has a U.S. patent pending
on the technology described in this paper.
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