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Technique for the direct synthesis and growth of indium phosphide
by the liquid phosphorus encapsulated Czochralski method

Tomoki Inada, Takashi Fujii, Mincru Eguchi, and Tsuguo Fukuda
Opioelecironics Joint Research Laboratory, 1333 Kamikodanaka, Nakahara-ku, Kawasaki 211, Japan

(Received 11 September 1986; accepted for publication 11 November 1986)

The direct synthesis and growth of InP have been successfully performed by the newly
developed liquid P encapsulated Czochralski technique. We have developed a way to use liguid
P both as a source element for the synthesis instead of P gas, and alsc as an “encapsulant” for
the Czochralski growth instead of B,O,. The existence of two distinct layers, liquid P and
molten InP, has been discovered during the process. Grown single crystals showed a carrier

concentration of as low as § X 18*° cm 2.

There is a strong need for cheap, high quality InP sub-
strates for both optoelectronic and high-speed devices. How-
ever, it seems unlikely that commercially available sub-
strates will be able to meet the demand, mainty because the
crystals are grown by a “two-step” growth process. InP crys-
tals are usually grown by the liquid encapsuiated Czoch-
ralski {LEC) technique using polycrystalline InP presyn-
thesized by the horizontal Bridgman (HB) technique.
Another two-step growth technigue is the vertical gradient
freeze (VGF) method recently reported by Gault ez al.' In
any two-step operation, the cost performance is lower than
in a one-step operation, and contamination by impurities is
inevitable, although purification of source polycrystals has
been reported in the HB method.>? So, the need for a one-
step growth technique is strongly being felt.

Unlike GaAgs, it is quite difficult to synthesize InP sim-
ply by heating a mixture of In and P. In the case of GaAs, Ga
and As are covered with B, G, during synthesis and the va-
por pressure of As at the temperature of synthesis is a rela-
tively low 3040 atm. In contrast, in the case of InP, P can-
not be covered with B, O, because P sublimates at a lower
temperature, about 100-200 °C, than the softening tempera-
ture of B, G,, about 400-500 °C. Even if it were possible to
cover P with an encapsulant with a lower softening tempera-
ture and prevent the sublimation of the P, the very high va-
por pressure of P, as high as 200-300 atm* during synthesis
at about 1000-1100 °C, would preclude such a synthesis be-
cause it would be very difficult to obtain such a high tem-
perature in an inert gas at high pressure. Another technigue
is the P injection technigue.>® It is for pulling a single crystal
from an in situ synthesized melt produced by injecting P gas
into an In melt. It is presently being used commercially,
though great care must be taken in regard to controlling the
injection. All the above-mentioned methods commonly use
P gas in the synthesis so as to compensate for the vapor
pressure of P from the melt.

We have developed a new direct synthesis and growth
technigue for InP single crystals through the use of lignid P
instead of P gas. This paper describes the growth process of
our liquid P encapsulated Czochralski (LP CZ) technique
and the characteristics of the grown crystals. Some mecha-
nisms for the growth are also discussed.

Figure 1 shows a schematic diagram of the LP CZ sys-
tem. A commercially available MSR-6RA puller (Cam-
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bridge Instruments Ltd.) was modified and supplemented
with an x-ray transmission image observation system. The
whole direct synthesis and growth process were observed
with this system as well as with a2 TV camera. Two zones,
cooled and heated, were constructed in the chamber through
the use of thermal baffles made of boron nitride (BN).

High-purity In and red P (both commercially available
6-9s grade) were charged in a 5-cm-diam container made of
quartz. The charge weight of In was 100 g and that of P was
54 g. The 54 g of P included an amount 100% by weight in
excess of that necessary for stoichiometric composition. Syn-
thesis and growth were carried out under Ar gas at 60 atm.

Grown crystals were evaluated by Hall measurement at
room temperature, by lattice parameter measurements with
x-ray diffraction, and by measurement of the etch pit den-
sity. Etch pits were revealed with Huber etchant.

When the container was heated up to 200-300°C,
source solid red P sublimated to become a gas. The gas then
cooled in the cooled part of the container and condensed on
the inside wall. The gas became liquid white phosphorus and
the liquid P flowed down onto the In melt and reacted with it
at about 1000-1100 °C. As a result of the reaction, InP melt
was produced.” Most of the synthesis seemed to be complet-
ed within a couple of seconds, and after that, the melt was
kept as it was for an hour so as to complete the synthesis.
Then {111) single crystais were grown from the melt, using
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FIG. I. Schematic diagram of the LP CZ furnace.
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FIG. 2. Temperature profile along the vertical axis. The temperature gradi-
ent near the surface of the melt was measured to be 27 °C/cm.

the liguid P layer as an encapsulant. Cyclic phase transition
of P, from gas to liquid and from liguid to gas, was observed
during the whole synthesis and growth processes. We did not
use an inert encapsulant, such as B,O,, as is usually used in
the LEC method. It is true that the major role of the liquid P
layer as an encapsulant during growth is to prevent P evapo-
ration from the melt, which is exactly the same as for B,O,.
But the greatest difference is that the encapsulant is one of
the constituent elements of InP.

We measured the temperature profile in the container
with a W-W .Re thermocouple. It is shown in Fig. 2. The
profile showed a gradual change. The vertical temperature
gradient near the surface of the melt was as low as 27 °C/cm.
It was not only lower than the value for conventional pro-
cesses, 100-150°C/cm, but also lower than the value of
55 °C/cm reported® as a condition for the growth: of disloca-
tion-free crystals. The neck portion of the container was
cooled to less than 300 °C in order to produce liquid P.

Figure 3(a) shows an x-ray transmission image taken
during growth at a cooling rate of 1.2 °C/h. While s (111}
single crystal was growing, three-fold syrametry was con-
firmed in the image. However, when it became polycrystal,
the image turned asymmetric.® (111) single crystals were
successfully grown at a cooling rate of 1.2 °C/h all during
growth. Figure 3(b) is a photograph of a single crystal. The
diameter was about 20 mm. The surface of the crystal was
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shiny and did not show any signs of either the dissolution or
deposition of P,

Quite an interesting phenomenon was observed during
the growth when the cooling rate was as high as 3 °C/h.
Dendric crystals suddenly grew into the liguid P layer from
both the surface of the crystal and the surface of the melt.
This phenomenon is shown in the picture in Fig. 4(a) and in
a schematic drawing in Fig. 4(b). This phenomenon implies
that a certain amount of In is dissoived in the liquid P layer.
A photograph of an actual dendric crystal is shown in Fig.
4{c). In this case, there was a single crystal inside the den-
drites. The composition of the dendrites seems to be far from
stoichiometry because they are more brittle than InP. The
composition of the dendric crystals 13 now being analyzed.

The lattice parameter was measured t0 be 5.8683 A,
which is the same value as that for the commercially avail-
able LEC grown crystal. It is likely that the composition of
the crystal is near stoichiometric, or almost the same as the
LEC grown crystal. We observed neither In inclusions nor P
inclusicns in any crystals.

The carrier concentration was measured to be 5 10**
cm ™ ? and the mobility was 3500 cm®/V s, The etch pit den-
sity was on the order of 10°-10° ¢m~2, which is not very low
in spite of the low-temperature gradient near the growth in-
terface. This might be because of the high post-growth cool-
ing rate, 20 °C/min, employed in these experiments. The re-
duction of dislocation is now under study.

The reason for the rather surprising phenomenon we
discovered, namely, the separation of the liguid P and the
molten InP, is very difficult to understand. In the x-ray
transmission images, there was a dark region below the in-
terface, meaning a very large x-ray absorption, and a clear
region above, meaning a very low absorption. Also the inter-
face between the two layers was very sharp. The details of the
mechanism are not vet clear. However, the following is a
possible explanation we can offer at present.

Considering the liquidus interaction parameter of InP
near its melting point reported by Panish,’® In and P seem to
react strongly with each other. So it seems that separation in
the liguid phase is not likely to occur. One explanation for
the phenomenon we observed is that it could be an interme-
digte phase before the reaction between In and P is complete-
Iy finished. This speculation is supported by the fact that in
some cases In inclusions were observed in the solidified re-
sidual melt. The In inclusions also support the possibility of
gravity segregation. Although the phenomenon might be ex-

FIG. 3. (a) X-ray transmission
image taken during growth of
{111} single crystal and (b) a pho-
tograph of 2 grown single crystal
with a diameter of around 20 mm.
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FIG. 4. (a) X-ray transmission image of dendrites, (b) a schematic draw-
ing of (2), and (¢) a photograph of grown dendrites.

plained using the phase diagram for InP, the one reported '’
is not suitable for explaining the separation in the liquid
phase, since our experiments were not performed under the
equilibrium vapor pressure of P. So, another phase diagram
is necessary, e.g., an asymmetric phase diagram which has
some monotectic points on the P side of the diagram.
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Further investigations of the compositions of the two layers
are required in order to complete the phase diagram.

High-purity InP single crystais have been successfully
grown by our newly developed LP CZ techrique for the di-
rect synthesis and growth of InP. In this technigue liquid P,
which is generated from solid red P, is used as one of the
elements to produce InP, and it is also used as an “encapsu-
lant” during growth as well as synthesis. Grown crystal
showed a very low carrier concentration of 5 10" cm .
Two distinct layers, a liquid P layer above and a molten InP
below, have been observed. Further investigation of the
phase diagram for InP applicable to our experimental condi-
tions is needed for a clear understanding of this phenome-
non.
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