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Hot pressing of isothermally solidified
Ge-Si alloys
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Germanium-silicon alloys of nominal composition Geg,—Sis, atomic fraction have
been prepared by isothermal solidification and hot-pressing at temperatures up to
1350 K and pressure of 178 MPa. It is shown that high degree of homogenization

can be obtained in the final compact. This work lends further evidence for the
plastic flow mechanism of the sintering of these alloys.

1. Introduction

Heavily doped germanium-silicon alloys may be
considered to be the only available thermo-
electric alloys for use at high temperature in
excess of 1300 K. An established procedure for
hot-pressing of alloys suitable for device appli-
cation uses alloys produced by either zone level-
ling [1-3] or chill casting [4-6]. The choice of
zone levelling or chill casting is a direct conse-
quence of the wide separation of the solidus/
liquidus lines in the phase diagram. The alloys
are then milled to a powder of particle size
less than 40 um followed by hot-pressing at
temperatures near or in excess of the solidus
temperature and pressures of up to 340 MPa.
Densities approaching theoretical values have
been reported using the above procedure. The
significance of hot-pressing is that a controlled
concentration of grain boundaries can be intro-
duced which results in an increase in grain
boundary phonon scattering.

The main difficulties associated with the
growth of homogeneous alloys are the low dis-
tribution coefficient of germanium in silicon
(0.33) [7], the low diffusion coefficient of the
component elements in the solid (10~%m?sec™")
[8] and the wide separation of the solidus/
liquidus. The structure often encountered in
these alloys is the dendritic type formed as a
result of constitutional supercooling [9]. The sol-
idification process is further complicated by the
difference in densities of the component ele-
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ments which result in gravity segregation of the
heavier element germanium. Zone levelling as
applied to complete solid solutions [10, 11] can
produce alloys with the required homogeneity
but the cost and time involved in this process
prohibits its exploitation as a viable method and
limits its use to laboratory studies. Chill casting,
on the other hand, presents a more attractive
alternative although segregation is never com-
pletely suppressed and impurity pick up from
the mould can be a serious problem if copper
moulds are used.

As an alternative to zone levelling and chill
casting, it was decided to investigate the struc-
ture and homogeneity of isothermally solidified
and hot-pressed alloys of Gey—Sis, atomic
fraction.

Despite the importance of Ge-Si alloys,
important information regarding the sintering
mechanism appears to be lacking and most
reported hot-pressing temperatures fall just
below or above the solidus temperature. From
the fundamental point of view, it is not appro-
priate to compare hot-pressing in the solid state
with that where liquid phase is present since
different parameters are operative in the two
modes. The present work carried out entirely
below the solidus temperature lends evidence to
the model of plastic flow originally proposed for
Ge-Si alloys by Sahm and Gnau [5] and subse-
quently expounded by Savvides and Goldsmid
[6]. The approach adopted in this work is to treat
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the entire process from growth of the alloy to the
hot-pressed end product as an integrated process
and to aim for homogeneity in the final end
product, the hot-pressed alloy.

2. Experimental procedure

2.1. Alloy growth

The appropriate weight fractions of elemental
silicon and germanium (total weight 62 x
10> kg) to give an alloy of 50/50 atomic fraction
together with the required amount of boron
dopant are placed inside a high purity fused
clear silica crucible. Prior to every melt the cru-
cible is given a thorough cleaning in a 10% HF
solution followed by a rinse in distilled water
and ethanol. The starting materials are all spec-
pure with total impurities not exceeding 2 ppm.
The starting material and crucible are placed
inside a high purity graphite susceptor pre-
viously degassed at temperatures in excess of the
highest temperature required to melt the charge.
The graphite susceptor is surrounded by graphite-
woven felt and an alumina tube to stop radiative
heat transfer to the r.f. coil which surrounds the
alumina tube. The entire assembly is located
inside a vacuum chamber which can be evacu-
ated to better than 10~° torr using a rotary/
diffusion train. The power source is a 30kW,
365kHz, r.f. generator connected to the work
coil via ceramic feed-through insulators,
through the water-cooled wall of the vacuum
chamber. The vacuum chamber incorporates
viewing ports so that a check on the progress of
solidification can be made.

A typical melting and solidification run con-
sists of first evacuating the chamber to better
than 107° torr followed by an argon flush,
re-evacuation and finally filling to atmospheric
pressure with purified argon gas (impurity
< 1 ppm). The purity of the argon and the par-
tial pressure of the residual gases in the chamber
are monitored using a quadrupole micromass
head located just below the liquid nitrogen trap
that separates the chamber from the diffusion
pump. Heating to 150 K above the liquidus tem-
perature is accomplished within 45 min followed
by a 30 min hold at this temperature where r.f.
stirring ensures a thorough mixing of the melt.
The desired rate of solidification is accomplished
using either an open loop (motorized r.f. power
control) or a closed loop (digital heating/cooling
programmer) system via a Pt/Pt-13% Rh ther-

mocouple located inside the suceptor at a dis-
tance of Smm below the crucible, to control the
temperature. The controlled rate of solidifica-
tion is applied to the region starting at 50K
above the liquidus and ending 100K below the
solidus. The remaining temperature range is
cooled at a rate of 20 K min~".

2.2. Alloy reduction

The ingot is first broken down into small pieces
not exceeding 2 x 10~>m across using an agate
hand mortar and pestle. The crushed ingot,
together with a mix of agate balls ranging in size
from 5 to 20 x 107>m, are loaded into agate
vessels and the entire contents sealed using teflon
seals. Milling is achieved using a planetary mill
for a period of 60 min.

2.3. Powder grading

Wet sieving using microsieves and c¢thanol was
used to separate the different fractions. The
sieves used are pure nickel screens electrolyti-
cally formed and supported on stainless steel
circular frames. The sieves employed range in
size from 5 to 100 um. Sieving was accelerated by
the use of an electromagnetic vibrator oscillating
at a fixed frequency of 6 kHz. The use of ethanol
minimizes blockage of the apertures and reduces
abrasion of the screens thus reducing powder
contamination. Ethanol is separated from the
sieved fraction by distillation, and final drying is
achieved by open evaporation using magnetic
stirring and heating to reduce sedimental
agglomeration.

2.4. Hot-pressing

The hot press is shown in Fig. 1. The die
assembly is made entirely of Ti-Zr-Mo (TZM)
alloy and consists of bottom plunger (1), die
cylinder (2) and top plunger (3). The die cylinder
has a nominal diameter of 25 x 107*m and is
lined with a tube of high purity poco graphite
(4). The faces of the upper and lower plungers
are also lined with thin discs of poco graphite
(5). Any wear in the graphite components is
compensated for by the use of thin 25 x 10™°m
thick flexible graphite foil. Heat flow from the
upper and lower plungers is reduced by the use
of ceramic and mica discs positioned at heat
sensitive locations. A graphite susceptor and
graphite felt surrounds the die assembly (6), and
the entire assembly is located inside a double
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Figure 1 Schematic arrangement of hot press and die
assembly.

walled water-cooled silica cylindrical vacuum
enclosure (7). The seven-turn r.f. coil is pos-
itioned outside the vacuum enclosure. The entire
assembly is mounted on the lower plate of the
four column hand-operated hydraulic press of
20 x 10*N force. The load is transmitted to the
die assembly via a sliding vaccum seal. The
vacuum system to the hot press is the same
system employed for the alloy growth chamber
and thus the same conditions prevail. The tem-
perature of the die assembly is monitored by a
Pt—6% Rh/Pt-30% Rh thermocouple located
inside the lower plunger (8). All graphite com-
ponents are degassed at temperatures 100K
above the hot-pressing temperatures to mini-
mize contamination of the charge. The design of
the die assembly permits loading and plunger
alignment outside the hot press.

A typical pressing procedure consists of first
evacuation of the chamber to better than 1077
torr followed by argon flushing and re-evacua-
tion. A load of 5 x 10°N force is applied with-
out heating followed by heating to 973 K. At this
temperature a force of 4 x 10*N force is
applied and heating continued until the final
hot-pressing temperature is reached at which
time the full load (9.2 x 10*kgf) is applied. The
load is maintained constant to better than
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250 kgf and the temperature regulated so as not
to exceed +2K for a period of 60min. The
heating to the desired temperature takes 60 min.
At the end of the pressing period the load is first
removed followed by switching off the r.f.
power. Cooling to room temperature takes
another 60 min.

3. Analytical procedure

3.1. Metallography

Specimens for metallographic examination are
cut using either a slow speed diamond disc saw
or diamond-coated wire saw. Small specimens
are usually mounted in acrylic resin to facilitate
handling. Grinding and polishing is carried out
using diamond spray or paste until a finish of
0.25 pym is produced. To reveal the structure one
of two etchants is used, the first is CP4a, and the
second is locally developed and is made up of
10-2kg FeCl;, 25 x 107°m?® distilled water,
10-°m*HF and 10 °m*HCI. The latter etchant
will be referred to as Felll.

3.2. X-ray diffraction

Samples for X-ray analysis are first crushed
using an agate ball mill for a period of 1 h. The
resulting powder is mixed with 2 parts by vol-
ume of acrylic powder and the mixture is hot-
pressed using a metallurgical mounting press at
temperatures of 453 K and a pressure of 60 MPa.
This produces discs 2 to 3 x 107> m thick and
suitable for direct mounting on the vertical
Phillips powder diffractometer. Filtered CuKu«
radiation is used and the angular range 26 from
20° to 100° is usually scanned. The diffraction
pattern is recorded on a chart paper moving at
either 2 x 1072m/1°200r8 x 1072m/2°26. A
Nelson—Riely extrapolation function is used to
obtain corrected value of lattice parameter. The
accuracy of the diffractometer is frequently
checked using a standard silicon sample.

3.3. Density measurement

The density of an irregularly shaped specimen is
obtained by method of hydrostatic weighing.
For specimens that have well characterized
dimensions, density is obtained by weighing and
measurement of external dimensions.

4. Results and discussion
The main factor causing inhomogeneity in
Ge-Si alloys is constitutional supercooling and,
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as shown by Dismukes and Ekstrom [3], alloys
with composition near the 50/50 atomic fraction
are more difficult to homogenize. In material
homogenized by zone levelling the growth rate
required for such alloys was 100 times slower
than for dilute alloys. The alloys employed for
this work are nominally 50/50 atomic fraction.
Several cooling rates were employed ranging
from 10 to 0.25 K min~"'. It was found that sup-
pression of dendrite formation was obtained at
a cooling rate of (1Kmin™"). Metallographic
examination of a longitudinal section through
the ingot shows the complete absence of den-
drites and Fig. 2 shows a typical microstructure.
This microstructure shows large angular grains
which appear to be very similar to the structure
of a zone-levelled material. The origin of these
large grains is believed to be dendrites broken up
during the isothermal solidification. The critical
factor in breaking up these dendrites is the r.f.
stirring. This point was confirmed by remelting
an r.f. homogenized ingot in a resistance heated
furnace. All the melting and solidification par-
ameters were kept identical. The resulting struc-
ture showed several dendrites extending along
the entire length of the ingot.

As germanium is the first element to melt, a
thin layer of germanium coats the sides of the
crucible which has the beneficial effect of inhibit-
ing contamination of the charge from the cru-
cible. However a somewhat thicker layer of ger-
manium appears to settle at the bottom of the
crucible due to gravity segregation, and X-ray
examination of this layer revealed the existence of
a germanium-rich phase in addition to the main

phase. Inverting the ingot and remelting did not
suppress the formation of this germanium-rich
phase and the only way to eliminate it was to
cut off 2 x 107°m from the bottom of the
ingot. The main criterion used in this work in
assessing the suitability of the ingot for hot-
pressing is to examine the powder by X-ray
diffraction after the ingot has been reduced to its
final particle size. If the pattern shows a single
phase, even though the peaks may be broader,
then the powder is used for hot pressing. Peak
broadening is due to the existence of microscale
segregation within a single grain rather than the
existence of a distinct second phase. Com-
parison of X-ray diffraction patterns and lattice
parameter calculation between powders of dif-
ferent particle size originating from the same
ingot did not reveal any measurable variation in
composition. This is probably an indication that
the microscale segregation does not exceed the
smallest size of grains of ~ 5 um.

In evaluating the hot-pressing parameters,
three different compacts were used. B 11 and
B 13 originate from the same ingot but differ in
particle size, pressing temperature and pressure.
B 41 originates from a different ingot but of
similar nominal composition. The chemical
compositions of these three compacts were
obtained by fitting their lattice parameter values
into the data of Dismukes ef al. [12]. As can be
seen from Table I, B 11 and B 13, although
having different particle sizes, have a chemical
composition difference of 0.3 at % germanium.
Compact B 41 appears to have a composition
well within the range of the previous two indi-
cating that the process used from alloy growth
to final compact does not involve any losses.
The close agreement in chemical composition
between B 11 and B 13 indicates that the ingot
had started as a singie phase. Otherwise had the
ingot started as a two-phase alloy, preferential
milling would have taken place as reported by
Lefever et al. [4].

Fig. 3 shows the end point relative density,
D, , which is the ratio of measured density to the
bulk density. This indicates that the density is
temperature dependent and in agreement with
previously reported data [6]. Variation of den-
sity within one compact along the pressing direc-
tion was measured on slices 2 x 107°m thick.
The curve of density against position is shown in
Fig. 4. With the exception of one point, all the
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Figure 3 Plot of end-point relative density against pressing temperature.

density values fall on a straight line. The maxi-
mum deviation from average density is 1.5%. In
deriving the bulk density corresponding to the
particular composition, the chemical com-
positions as obtained from lattice parameter
values are fitted into the density versus com-
position data of Dismukes ef al. [12].
Metallographic examination of an etched sec-
tion perpendicular to the pressing direction (Fig.
5) shows a grain structure resembling that of the
unpressed powder with no signs of grain growth.
Some entrapped porosity is apparent which is
indicative of the fact that sintering is a non-
diffusion based process, otherwise pore intercor-
rection should be apparent. Microscopic exam-
ination of unetched B 41 shows a complete
absence of porosity as this compact has a value
of D, 0f 0.97. The results from the present work
cover a composition range not previously stud-
ied in detail. As pointed out previously, the dis-

tribution of porosity suggests that a sintering
model based on diffusion and migration of
vacancies is not appropriate. Savvides and
Goldsmid [6] considered a sintering model based
on plastic flow as originally proposed by
Mackenzie and Shuttleworth [13] and extended
to hot-pressing by McClelland {14]. This model,
as refined by Savvides and Goldsmid [6], appears
to fit their data as well as that of Sahm and Gnau
[SL, equally well although their two sintering
parameters are different. Fig. 6 shows a graphi-
cal representation of the equation proposed by
Savvides and Goldsmid [6]

[In (51;) ~In(l - m} (1 - ¢P) =

= P21 (1
where ¢, is the porosity at zero pressure and
equals 1 — D_(0) and D_(0) is the relative
density at zero pressure.
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Figure 4 Plot of density against position along the pressing direction within the compact.

Figure 5 Grain structure of hot-pressed B13 sample. Etched
in Felll. x 550.
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The value of ¢, was given to be 0.51 and the
same value used in our calculation. D, is the end
point relative density and ¢, = (1 — D), 7. is
the yield stress and P the pressure. In calculating
the values of yield stress 7. corresponding to the
temperature used in this work, i.e. 1291, 1301
and 1349 K, the data of Savvides and Goldsmid
[6] were plotted as an Arrhenius relationship and
the values of 7, corresponding to our tem-
peratures were obtained by regression analyses
and linear interpolation on a In 1, against
1/TK "' graph. The values corresponding to dif-
ferent temperatures are given in Table I. It
appears that our data fit very well the line corres-
ponding to 1349 K and a reasonably good fit is
obtained for the other two temperatures, i.e.



Figure 6 Plot of end point relative
density, D,, against pressure
according to Equation 1.
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Figure 7 Cracked grains in B13 compacts. Etched in Felll.
x 1125.

1291 and 1301 K. Without a doubt, this model
appears to fit data covering widely varying com-
positions and pressing parameters and the devia-
tion of some points from the graph may be
associated with values of the parameter t,. Fur-
ther evidence in support of this model is given in
Fig. 7 which shows compact B 13 at a magnifica-
tion of x 1125. Some grains show clear signs of
grain fragmentation caused by high pressure,
178 MPa, and a low pressing temperature of
1301 K. The low temperature results in a low
degree of plasticity causing the grains to crack
instead of plastically flowing. During pressing, a
certain degree of homogenization appears to
take place as shown by the sharpness of the
X-ray peaks in Fig. 8, which shows peaks having
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Figure 8 X-ray profiles of pure silicon and B 41 compact after hot-pressing.

full width at half maximum (FWHM) compar-
able to that of pure silicon. This homogenization
is taking place within each individual grain and
this is distinct from sintering by diffusion which
takes place between neighbouring grains. This
point confirms our deduction that the segrega-
tion in the solidified ingots is on a microscale
and within each individual grain.

5. Conclusions

This work shows that completely homogeneous
Ge-Si alloys can be prepared by isothermal
solidification followed by hot-pressing. Any
segregation that cannot be removed by iso-
thermal solidification is eliminated during
hot-pressing. The Mackenzie—Shuttleworth—
McClelland model [13, 14] is further established,
and further work to determine the electrical and
thermal behaviour of these alloys will be
published.
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