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reface

The homogeneous compound semiconductor crystal growth team was established in 1997 in
the Space Utilization Research Program (SURP) in NASDA for performing team research in
collaboration with researchers outside NASDA to perform systematic research for demonstrating
the potential of microgravity utilization by producing benchmark results and promote microgravity
utilization in future. After NASDA was combined with the National Aerospace Laboratory of Japan
(NAL) and the Institute of Space Astronautical Science (ISAS), and was merged into the Japan
Aerospace Exploration Agency (JAXA) on Oct. 1, 2003, the research was carried out in the ISS
Science Project office in JAXA.

For growing compositionally homogeneous alloy crystals, mass balance between segregation
and transportation at the growth interface is required, that is, just the same amount of rejected
solute by segregation should be transported away from the interface. However, direct control of the
transport rate is impossible and this uncontrollability makes compositionally homogeneous crystal
growth extremely difficult.

The most popular method for growing homogeneous crystals that has been used so far is the
growth in the diffusion limited steady state, but the solute transport rate in this method is
determined indirectly through the solute concentration profile that depends on inter-diffusion rate
between the solute and the solvent, and the rate also depends on the crystal growth rate. Besides,
convection in a melt makes the establishment of the steady-state concentration impossible by the
mixing of the melt. Therefore, many microgravity experiments were performed in order to
suppress convection in a fluid. However, very little satisfactory results have been obtained. The
reason may be due to insufficient considerations to the effects of residual acceleration and gHitter
on the melt behavior, which could have prevented the purely diffusion-controlled mass and heat
transport during crystal growth. An example is PbixSnyTe crystal growth experiment in the FMPT
mission. The compositional profile was not uniform and suggested partial mixing of a melt during
crystal growth. This result agreed well with the computer simulation on fluid flow in the melt;
residual acceleration on the order of 10 g causes convective flow whose velocity exceeds PbTe-
SnTe inter-diffusion rate.

Objectives of this research are, therefore, to invent a new method for growing compositionally
homogenecus alloy crystals that can control the mass transport rate at the growth interface directly
and can avoid the effects of residual acceleration and gHitter on the crystal growth from a melt and
to apply the new method to the growth of alloy crystals such as InesGagrAs and to verify the
feasibility of the new method. IngsGaozAs is promising as a substrate for laser diodes for 1.3 mm
wavelength but its large homogeneous single crystals have never been obtained on the ground.

Based on the study of the graded solute concentration method for compensating the effects of
residual acceleration and introduction of the partial melting method, we have invented a novel
crystal growth method named “the Traveling Liquidus-Zone Method (abbreviated as the TLZ
method)”. In the TLZ method, we have succeeded in controlling the solute transport rate directly
for the first time in the history of alloy crystal growth by the sophisticated utilization of the liquidus

in the equilibrium phase diagram. Namely, by utilizing the fact that saturated concentration of the
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solute is uniquely determined only by the temperature, then the concentration gradient in the
saturated liquidus-zone is controlled by the temperature gradient. As a result, we have succeeded
in growing long homogeneous IngsGag7As crystals.

We developed a one-dimensional model for the TLZ growth and proposed microgravity
experiments in 2001 in order to verify our TLZ growth model by the crystal growth in the
convection suppressed conditions. The proposed theme to the 1™ International Announcement of
Opportunity (IAO) for microgravity science research “Growth of Homogeneous Ing3GagzAs Single
Crystals in Microgravity” has been selected as one of candidates for the ISS experiments by the
microgravity science committee of Japan after international peer review in Jan. 2002. In the 2003
fiscal year, although organization reform was done, we have further developed the TLZ method
experimentally and theoretically and have applied the method to the growth of SigsGegs crystals.
We were successful to obtain funds from NEDO (New Energy and Industrial Technology
Development Organization) for fabricating substrates for laser diode used in the optical
communication system and started growth of plate like IngsGagrAs crystals. Plate crystals can be
growi in convection suppressed conditions during crystal growth in a melt because convection in a
melt sandwiched by two crucible surfaces located closely is difficult to occur even on the ground
and surface areas for substrate use can be obtained.

In this paper, we report results of our activities in the 2003 fiscal year.

Semiconductor Team
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Brief Summary of Results

(1) Growth of Homogeneous SiosGegs Single Crystals by the Traveling Liquidus Zone Method

As an application of the traveling liquidus-zone (TLZ) method, we tried to grow SigsGeos homogeneous crystals
since the Si-Ge system has similar feature as the InAs-GaAs system : liquidus and solidus are widely apart each other
and homogeneous bulk crystal growth is extremely difficult on the ground. We grew 2 mm diameter crystals as is the
case of Ing3Gag 7As because convection in a melt is suppressed in 2 mm diameter melt even on the ground in the InAs-
GaAs system. In the TLZ method, diffusion coefficients play an important role for establishing compositional
homogeneity because mass is transported only by diffusion when convective mixing is prohibited. However there is
no accurate data concerning the diffusion coefficients of the Si-Ge system. Therefore, we first used the simulated
diffusion coefficient of D = 1.7X 10 *em®/s obtained by the first principle and calculated the sample translation rate
using the one-dimensional TLZ model that we have modeled out, then we adjusted the sample translation rate based
on compositional profiles of grown crystals. As a result, a homogeneous Sig5Gegs bulk single crystal was grown
(Fig. 1). Germanium concentration of the grown crystal was in the range of 0.5020.016. Detailed results are

described in the section of detailed results in this period.
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Fig.1 Ge concentration profile grown by the TLZ method at appropriate sample translation rate.

(2) Ing3GagsAs Plate Crystals Grown by the Traveling Liquidus-Zone (TLZ) Method

As another application of the TLZ method, we tried to grow plate crystals of Ing3GaozAs. As previously shown,
when the convection in a melt is suppressed in the TLZ method, the extreme compositional homogeneity is possible.
However, the suppression of convection requires small melt diameter and it has already been shown that the
maximum crystal diameter for obtaining compositional homogeneity on the ground is about 2 mm. This result is
experimentally obtained but numerical analysis of convective flow velocity as a function of crystal diameter also shows
the similar results. However, such small diameter crystals cannot be used for device application. Then, we tried plate
crystal growth for obtaining large surface area since the limitation of the thickness in plate crystal is useful for
suppressing convection in a melt. Ino3Gag7As plate crystals with 10 mm width and 2 mm thickness showed good

compositional homogeneity as expected when a sample device was translated according to the model equation as,
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where D is InAs-GaAs interdiffusion coefficient, Ciy and Cgp are solute concentrations in a liquid and in a solid at the

freezing interface, respectively. “C/"T is reciprocal of the slope of the liquidus and “T/"z is temperature gradient.
The grown crystals were poly crystals. Single crystallization of plate crystals is required for device fabrication

and we analyzed factors causing poly crystallization and we concluded that the greatest problem is lack of good

InpaGagrAs seeds.
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Fig.2 Principle of the TLZ method.

(3) Numerical Investigation on Two-dimensionality in the Traveling Liquid.3us-Zone Method

The raveling liquidus-zone (TLZ) method is one of the most sophisticated growth techniques to obtain a
homogeneous crystal of a ternary compound semiconductor such as In;xGaxAs crystals as described above.
However, growth of large diameter homogeneous single crystals gets difficult : the maximum diameter is limited to
about 2 mm on the ground. One of great factor of polycrystallization is convection in a melt because convection
increases as the melt diameter increases. Another factor is two-dimensional heat distribution in large diameter
crystals. Therefore, we numerically investigated the effect of two-dimensionality in the TLZ growth. First, we
introduced a two-dimensional TLZ model and defined the two-dimensionality. Then, we calculated the two-
dimensionality as a function of sample diameter and as a function of gravity level. The calculated two-dimensionality is
shown in Fig. 3. In the case of the sample diameter of 2 mm, the two-dimensionality is about 4% at its maximum on the
ground. This is small enough and does not hinder to grow a homogeneous crystal. On the other hand, in both the 5
mm and the 10 mm cases, the two-dimensionality is about 16% and 33% at the maximum, respectively. Compositional
homogeneity is deteriorated at such high two-dimensionality and causes polycrystallization. Therefore, we have to
find out a good way to reduce the two-dimensionality in larger diameter crystalas. The simulation also showed that
one way to avoid high two-dimensionality is the use of a seed with high thermal conductivity and microgravity is not

useful to reduce two-dimensionality.
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Fig.3 Calculated maximum two-dimensionality vs. sample diameter.

(4) Estimation of Diffusion Coefficient by Using Numerical Simulation of the Traveling Liquidus-

Zone Method

We estimated an interdiffusion coefficient of InAs-GaAs by comparing a numerically obtained InAs concentration
profile with the experimentally obtained one because the concentration profile is determined by diffusion rate in the
TLZ method if convection in a melt is suppressed. In the diffusion coefficient estimation, it is also required that the
phase diagram of the InAs-GaAs system and temperature profile in a melt are known. In a two-dimensional numerical
simulation, the energy transport equation, the mass transport equation, the energy balance equation and the mass
balance equation are simultaneously solved. We apply this simulation to a sample with 2 mm in diameter. In the 2 mm
sample, it has been already clarified that the convection effects on mass and thermal transports are negligibly small.
Therefore, 2 mm sample is suitable for both the experimental estimation of the diffusion coefficient and the
calculation time reduction. We calculated concentration profiles for several diffusion coefficients. Among them, the
diffusion coefficient of 1.1X10 *cm?/s gives best fitted results including the growth length as shown in Fig. 4.
Therefore, the diffusion coefficient of InggGao17As melt is estimated to be 1.1 X10 'em?/s at 1293 K.
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Fig.4 Comparison of a simulated concentration profile (blue solid line) with an experimentally obtained one (red solid line)
in the case of D = 1.1 X10cm%s.
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Detailed Results of This Period
Growth of Homogeneous Sigs(egs Single Crystals by the Traveling Liguidus-Zone Method

Hiroaki I\/Eiyataz, Yasuyuki Oga‘[al, Kyoichi Kinoshita®, Satoshi Adachi!, Shinichi Yodal,

Tetsuya Tsuru?, and Yuji Muramatsu®

Abstract

We have challenged the SigsGeos bulk crystals growth. Si-Ge homogeneous single crystals are difficult to grow so far.
In the present research, we have applied the Traveling Liquidus-Zone method (TLZ method) which was invented in
our group as a new crystal growth method to the growth of Si-Ge. The diameter of grown crystal was 2mm and the
length was 15mm. Crystals were well seeded and had the orientation of silicon seeds in spite of the large lattice
mismatch. The compositional variation of the crystals was very small and the composition was in the mole fraction

range of 0.520.016 in germanium. The lattice constant determined by the X-ray powder diffraction was 55.38nm.
1. Intreduction

A large number of studies on SiGe have been done energetically because SiGe thin film™ is expected higher
speed®™, lower noise® and lower electric power consumption compared with the existing device of Si series.

However, few investigations on the bulk crystal growth of SiGe have been done because the growth of
homogeneous crystals was very difficult by the existing techniques™ ™.
In this study, we tried to grow homogeneous SigsGeos crystals by the TLZ method, and evaluated the quality of

grown crystals.
2. Traveling Liquidus-Zone method

We explain here the TLZ method briefly by using our previous experimental results in the InGaAs system.

InAs and GaAs bulk crystals, which are sealed in vacuum in a qualtz ampoule, are set in an electrical furnace
having a temperature gradient so as to form the liquidus-zone between GaAs seed and feed as shown in Fig. 1.

By the interdiffusion in the liquidus-zone, spontaneous growth takes place at the interface between the seed
crystal and liquidus-zone. According to our one-dimensional model, this spontaneous growth rate Vis described by

11,12

the following equation provided that diffusion-limited mass transport is realized in the liquidus-zone.

V== 55 v

where D is InAs-GaAs interdiffusion coefficient, Crp and Csgy are solute concentrations in a liquid and in a solid at the

freezing interface, respectively. 8C/37T is reciprocal of the slope of the liquidus and 37/8z is temperature gradient.

!nstitute of Space and Astronautical Science, Japan Aerospace Exploration Agency, 2-1-1, Sengen, Tsukuba, Ibaraki, 305-8505 Japan
? Advanced Engineering Services Co. Ltd., 1-6-1, Takezono, Tsukuba, Ibaraki, 305-0032 Japan
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Fig. 1 The relationship among the sample configuration, solute concentration profile in the TLZ method and the phase
diagram of the InAs-GaAs system.

In the spontaneous growth, the interface shifts gradually to the hotter side. As a result, the concentration of InAs

at the interface is decreased.

In the TLZ method, the sample device is translated toward the colder side in harmonizing with the spontaneous

Feed
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Fig.2 Principle of realizing homogeneous concentration by the TLZ method.
growth rate, resulting in homogeneous concentration™ (Fig. 2).
3. Procedure for growing homogenious SiysGeys crystals
The Si-Ge phase diagram is reported'’. Therefore, we can determine Crg, Cso and & C/ 8 T easily from the

diagram (Fig. 3). The respective value is 0.83 for Czg, 0.50 for Cspand 1.48X107%/ K for 8C/ @ T. Concerning 8T/ 8
Z, 10°C/cm which was used for the growth of InGaAs is applied because the growth of SigsGegs is carried out under
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Fig.3 Phase diagram of the SiGe system™.

the same furnace conditions as those for the InGaAs growth.

However, it is difficult to determine a precise V from the one-dimensional model under the conditions in which
the interdiffusion coefficient is unknown. Then we tried to determine the V for homogeneous composition by the
foliowing steps :

1 With using the calculated interdiffusion coefficient D=1.7X10 *cm?/s by the first principle’®, V=0.27mm/h
was lead as a first approximation. Then the crystal growth test was carried out. For grown crystal, compositional
variation is mesured by an electron probe micro-analyzer (EPMA).

Still the value of interdiffusion coefficient in this case was the average of several values of St and Ge calculated at
around the melting point.

2y If germanium composition is decreased as the crystal growth proceeds, it means that sample translation rate is
too slow. Then the sample translation is set faster in the following growth experiment. Conversely, if the
germanium composition is increased, sample translation rate is set slower than the previous experiment.

Such regulations in translation rate are repeated until homogeneous composition is achieved, and the most

proper rate is determined.
4, Experiments

D Growth of SiGe crystal

The setup of growth configuration is schematically given in Figure 4. As shown in the figure, a silicon seed of
2mm in diameter and 10mm in length, a germanium rod of 2mm in diameter and 20mm in length and a silicon feed of
2mm in diameter and 50 mm in length are loaded in a BN crucible sequentially, and are sealed in vacuum in a qualtz
ampoule. The reason for using such slender seed and feed is to reduce the influence of thermal convection in a melt.
On the outside of the ampoule, six thermocouples were placed at fixed intervals. One of them was placed at the
position of the interface between the silicon seed and the germanium rod. The temperature of the interface was kept
at 1098°C in order to obtain homogeneous composition of Sip5Gegs. The sample translation was done in accordance

with the procedures described in the section 3.
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Fig.4 Schematic diagram of a sample device.

(@ Analysis of composition

After growth experiment, grown crystals were polished on the buff with diamond partticles of about 3 xm, and
subsequently mirror polished with alumina particles of about 1 2 m. Compositional analyses were carried out by
EPMA at 100 » m intervals along the axis of growth direction.
(3 Characterization of grown crystals

Crystallinity especially poly crystallized or monocrystallized structure, together with seeded state in the vicinity
of the interface between the seed and the grown crystal were examined by the back reflection Laue camera. For

grown crystals, their lattice parameters were also examined by the X-ray powder diffraction method.
5. Results and Discussion

(D) Composition of grown SiGe crystals

EPMA analyses made clear that germanium concentration decreased slightly with growth in the crystal grown at
the sample translation rate of 0.27mm/h based on the first principle. On the contrary, the concentration increased
gradually in the crystal obtained at 0.39mm/h. These results mean that the rate is slower in the former case and it is
faster in the latter as compared with an appropriate rate. After fine regulations on the rate, it was found that an
expected homogeneous crystal could be obtained at 0.29mm/h.

Figure 5 shows details of the experimental results mentioned above. The vertical axis corresponds to the
variation of germanium concentration from the initial one in the growth direction. Germanium concentration of the
crystal grown at 0.29mm/h is in the range of 0.50£0.016 (Fig. 6). Therefore, the variation of composition is very small
through the entire grown crystal.

Considering the proximity of this experimental result, that the proper translation rate was 0.29mm/h, to the
calculated rate 0.27mm/h, the interdiffusion coefficient based on the first principle is approximately equal to its true

value.
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Fig. 6 Ge concentration profile in SiGe crystal grown by the TLZ method at the optimal sample translation rate.

@ Crystallinity of grown SiGe crystals

The back reflection Laue patterns obtained in the seed and grown crystal regions are shown in Fig. 7. It becomes
clear, from the figure, that these patterns are similar each other and excellent seeding is achieved in spite of the large
compositional difference between the seed and the grown crystal. The reason why Laue spots of the grown crystal are
unclear compared with those of seed is explained by relative inferiority of crystalline state. These results considerably
differ from those of the InGaAs system, in which only poly crystals were grown from a GaAs seed. Further
investigations on the seeding of the SiGe system will be needed in order to overcome difficulties in the seeding of the
InGaAs system. Figure 8 shows diffraction peaks of Ge, SiosGeos and Si corresponding to the (111) reflection. The
lattice constant of SigsGeos is 55.38nm, which agreed with the value determined by the Vegard's law, which is known

as an experimental law for various alloys.
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Fig.7 X-ray back Laue diffraction patterns of (g} Si-seed region and {b) grown crystal region.
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Fig. 8 X-ray powder diffraction peaks of Ge, SicsGeos and Si corresponding to the (111) reflection.

6. Conclusion

Growth of homogeneous SiosGegs single crystals by the TLZ method was tried and the following results were
obtained. '
1) Homogeneous SigsGegs bulk crystals of 2mm in diameter and 15mm in length were grown.
2) The compositional variation of the grown crystals was very small and ranged in 0.510.016 in germanium mole
fraction.
3) From diffraction patterns of back Laue camera, SipsGeos grown crystals took over the orientation of the Si seed
crystal in spite of the large lattice mismatch.
4) From the results of X-ray powder diffraction, lattice constant of the SigsGegs grown crystal was 55.38nm.

5) Experimental results showed that the TLZ method was likely to be applicable to the Si-Ge system.
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Ing3GagsAs Plate Crystals Grown by the Traveling Liguidus-Zone (TLZ) Method

Kyoichi Kinoshital)*, Yasuyuki OgataD, Satoshi Adachil), Naokiyo KoshikawaZ),

Tetsuya Tsuru3>, Hiroaki Miyatag), Yuji Muramatsu” and Shinichi Yoda®

Abstract

The TLZ method is a new crystal growth method which we have invented for the growth of homogeneous mixed
crystals. The influence of convection in a melt on the compositional homogeneity of TLZ-grown InyGai«As crystals
was investigated by the growth of various diameter crystals on the ground. The results have shown that excellent
compositional homogeneity is realized even on the ground if the crystal diameter is less than 2 mm and convection in
a melt is suppressed. However, such small diameter crystals cannot be used for device application. Then, we tried
plate crystal growth for obtaining large surface area since the limitation of the thickness of plate crystal is useful for
suppressing convection in a melt. Ing3GaosAs plate crystals with 10 mm width and 2 mm thickness showed good
compositional homogeneity as expected but the grown crystals were poly crystals. Single crystallization of plate

crystals is required for device fabrication and we made effort for growing plate-like IngsGagsAs single crystals. Here,

we report those results obtained in our study in the fiscal year of 2003.
Introduction

One of the popular metheds for growing homogeneous mixed crystals is the directional solidification method in
the diffusion limited regime and many investigators have tried this method in microgravity because convection in a
melt is suppressed. However, very little successful results have been obtained.

Microgravity conditions less than 1075 G are pointed out for growing homogeneous mixed crystals by the
directional solidification method [1], but maintaining such microgravity conditions are very difficult due to various g-
jitter in the space craft. Therefore, we have invented a new crystal growth method which requires less severe
microgravity conditions for growing homogeneous mixed crystals and we named the new method the traveling
liquidus-zone (TLZ) method [24].

We are now preparing for growth experiments of IngsGagzAs by the TLZ method aboard the International Space
Station (ISS) in order to verify the superiority of the TLZ method and to verify our one-dimensional TLZ growth model
for predicting homogeneous growth conditions. For maximization of the results of space experiments, we have
studied TLZ growth conditions in detail on the ground and have revealed that excellent compositional homogeneity is
obtained when convection in a melt is suppressed even on the ground.

One of the most effective methods for suppressing convection in a melt is to reduce the melt dimension.
However, small diameter crystals cannot be used for device fabrication. Instead, plate crystals have an advantage of

large area and dimension in the thickness is limited. If high quality plate crystals are grown, they can be used as

! Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency, 2-1-1, Sengen, Tsukuba, Iharaki, 305-8505 Japan
% Office of Space Flight and Operations, Japan Aerospace Exploration Agency, , 2-1-1, Sengen, Tsukuba, Ibaraki, 305-8505 Japan
® Advanced Engineering Service Co. Ltd., 1-6-1, Takezono, Tsukuba, Ibaraki, 305-0032 japan
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substrates for semiconductor laser diodes and the development of Ing3GagsAs crystals will be accelerated. For this
purpose, we tried plate crystal growth of Ing3Gay7As on the ground. Here we report results of those trials performed
for growing high quality Ino3Gao7As single crystals including plate-like crystals in the fiscal year of 2003.

PRINCIPLE OF THE TLZ METHOD

Here, we briefly explain the principle of the TLZ method. Figure 1 explains sample configuration, solute (InAs)
distribution in the sample, and its relation to the InAs-GaAs phase diagram in the TLZ method. The feature of the
method is the formation of a saturated solution zone (liquidus-zone) under the temperature gradient. Such zone is
formed by heating a feed having step or graded InAs concentration with excess InAs concentration in the seed side.
The unique point of the TLZ method is the spontaneous growth without sample cooling : the freezing interface travels
spontaneously towards the lower InAs concentration side (higher temperature side) due to interdiffusion between
InAs and GaAs in the zone. At the freezing interface, InAs is supplied by segregation on solidification. Therefore,
spontaneous growth continues under the imposed temperature gradient. The driving force in the TLZ method is thus

interdiffusion and segregation.

= Temp. (C)
1200C 1200 —
1100 Solidus  Liquidus 1100 qdicus

- e — [= == -—-——-:-\L
Li!us \\ ‘\
1000 ogll = e e T R e e e e e

Cso Cro 1000
CUI |
900°C 900 Ll cwnsilsa basis P
LI T 0 (GaAs) 1 (ns)
(a) Sample configuration and solute (b) InAs — GaAs system

concentration profile

Fig. 1 Principle of the TLZ method.

When the sample device is translated in the opposite direction to the interface shift at the same rate of freezing,
the interface is fixed at the same position relative to a furnace and the freezing temperature is kept constant. Then, the
constant concentration of a growing crystal is achieved. Based on our one-dimensional model [3, 4], the spontaneous

interface shift V is calculated as

V:

D [BC]'BT]

T = Cso | T )| 22 @,

where D is the interdiffusion coefficient between InAs and GaAs, Cryand Cs are InAs concentration in a liquid and in
a solid at the freezing interface, respectively. “C/" T and “T/”z are reciprocal of the slope of the liquidus and the
temperature gradient at the freezing interface respectively and zis the distance measured from the freezing interface.

The eq. (1) shows the importance of accurate temperature gradient measurements and we measured by knowing both
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solidus compositions at the freezing interface and at the dissolving interface [4]. The obtained average temperature

gradient in a melt is 10°C/cm plus or minas 1°C/cm for the present heating conditions and V'is calculated to be 0.22
mm/h for “C/" T = 10°C/cm.

RESULTS AND DISCUSSION

(1) Crystal growth by using capillary tubes
Figure 2 shows the compositional profile along the growth axis for a terrestrially grown crystal at the sample
translation rate of 0.22 mm/h using a 2 mm bore capillary tube.

Convection in a melt was suppressed by confining a melt in a capillary tube. Note that excellent compositional

60
As

50 ~W~Wﬂhﬂh—
—_ e oSSR
et .
=) ] -
"; *
: 10 Ga +
= eSS RRR ST
""'.-;
= 30 -
= *
g Theoretical
= Vi s
S 20 Tn
&) s ./ 7

e i ol ]
10 =
Seed * Grown crystal . .-' Feed
[ —— TOERTDIR SRR R IED
0 L L | L i

0 5 10 1% 20 25 30 35 40 45 %0
Length (mm)

Fig. 2 Concentration profiles along the growth axis of a 2mm diameter crystal.

homogeneity is achieved for a distance of about 25 mm. It is shown that a homogeneous crystal has been grown at the
predicted sample translation rate as given by eq. (1). This shows the validity of our one-dimensional TLZ growth
model. According to the numerical simulation, the maximum convective flow velocity in the melt with dimensions of 2
mm in diameter by 15 mm in length is 1.4 mm/h at a temperature gradient of 10°C/cm [5]. Therefore, if convective
flow velocity is suppressed below 1.4 mm/h, such excellent compositional homogeneity is obtained at just the start of
the crystal growth and to the end of the growth by simply translating the sample device at the constant rate as
predicted by eq. (1).
(2) Larger-diameter crystal growth

Since our TLZ growth model predicts precisely the sample translation rate for growing homogeneous crystals
when convection in a melt is suppressed, larger-diameter crystals were grown in order to elucidate convection effect
in a melt. Crystals of 5 or 10 mm in diameter were grown at the same conditions as those for 2 mm diameter crystals
except for the crystal diameter. InAs axial concentration profiles along a center and along two surfaces of a 10 mm
diameter crystal are shown in Fig. 3. Right and left peripheries in the figure are rotated by 180° in the cylindrical
crystal. Compositional homoge-neity is worse than that of the 2 mm diameter crystal, especially in the radial direction

: InAs concentration is highest at the center.
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Fig.3 InAs concentration profiles for a 10 mm diameter crystal.

The concentration inhomogeneity is more clearly shown in Fig. 4(a), in which cross sectional concentration
distributions in both the axial and radial directions are depicted for In, Ga and As, respectively. Such concentration
distribution is well understood when convection in the melt is considered. According to the numerical simulation [5],
convective vortices occur at two interfaces due to thermo-solutal density difference as shown in Fig. 4(b). The InAs
rich melt is transported to the center by the convective flow at the growth interface and InAs concentration at the
center becomes higher than the periphery. Once the InAs rich part is formed, the InAs concentration becomes richer
due to delay of freezing and accumulation of segregated InAs because InAs melting temperature is lower than that of
GaAs. In the experiment, the sample was quenched and InAs concentration scattered part in Fig. 3 is the melt part
during the crystal growth. Figure 3 also shows the freezing interface position as marked by bars and about 10 mm
interfacial position difference is observed between the center and the periphery. Convection in the melt should be
suppressed in order to obtain homogeneous mixed crystals by the TLZ method. According to the numerical
simulation, the maximum convective flow velocity was calculated to be 3600 mm/h in the 10 mm diameter melt, about

2500 times as high as that in the 2 mm diameter melt.

In Ga As Dissolving
interface

OO

1]

818,

Freezing
interface

(a) Concentration distribution {b) Convective vortices in a melt

Fig.4 In, Ga and As concentration mapping (a) and schematic drawing of convective vortices near the freezing and
dissolving interfaces (b).
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(3) Plate crystal growth

Substrates for devices require large area but compositional homogeneity was deteriorated by convection in larger
diameter crystals as described above. Therefore, plate-crystals with 2 mm in thickness by 10 mm in width as shown in
Fig. 5 were grown in order to obtain large area substrates with suppressing convection. Decreasing thickness of a
rectangular crucible should suppress convection in a melt contained in it. Results are shown in Fig. 6. Much
improvement in compositional homogeneity is achieved compared with the results shown in Fig. 3. Freezing interface
was observed due to quenching of the sample during crystal growth in this case, too and the interface position is
marked by a bar for each axis (center line, right and left peripheral lines near side surfaces) and the tie line shows
that the interface is not flat. If the interface shape is controlled flat, compositional homogeneity should be improved
more. However, it is true that homogeneity has been much improved compared with the 10 mm diameter crystal
shown in Fig. 3.

When the crystal diameter was increased, growth of single crystals got difficult. Difficulty in single crystal
growth was not exceptional for plate crystals because width has large dimension. Figure 7 is a polished surface

photograph of the crystal of which InAs concentration profiles are shown in Fig. 6.

10 mm
Fig. 5 Dimensions of plate crystals for substrate use.
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Fig. 6 InAs concentration profiles for a plate crystal with 10 mm width and 2 mm thickness.
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Fig.7 Polished surface of a plate crystal of which InAs distribution is shown in Fig. 6.
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Poly-crystallization occurred at the interface between a seed and a grown crystal, which meant that the seeding was
not successful. There are many factors causing poly-crystallization. They are, lattice mismatch between a seed and a
grown crystal, grain growth from crucible wall, thermal stress especially in the radial direction, constitutional
supercooling during the growth, impurity or other materials included in a melt, concave curvature of the solid-liquid
interface, leakage of a melt into a gap between a seed and a crucible wall, and so on. For growing single crystals,
these factors should be eliminated. The most difficult problem may be lack of a good seed having Ing3;GagzAs
composition. When we use GaAs as a seed, lattice mismatch between GaAs and Ing3Gag7As is inevitable.

Another big problem is leakage of a melt into a gap between a seed and crucible wall and/or into a gap between a
feed and crucible wall. If leakage occurs, single crystal growth and control of composition of a growing crystal get
difficult due to the irregularity at the solid and liquid interface. In Fig. 8, an example of leakage of a melt into a gap in
the feed side is schematically shown. Powder of boron nitride on a seed and on a feed was effective for avoiding
leakage of a melt because wettability of boron nitride to GaAs or InAs is bad. Figure 9 shows grown crystal surfaces
with and without boron nitride powder around a seed and a feed. Note that irregularity at the solid-liquid interface is
improved by the use of boron nitride powder. Inhomogeneous heat flow causing the solid liquid interface curvature
concave is another factor for poly-crystallization. This problem is analyzed elsewhere in this annual report in detail [6].

For InosGagsAs substrate fabrication, we can say that control of the composition is settled and the remaining

problem is single crystallization of grown crystals.

Crucible
Feed
Melt
Seed
(a) (b)
Fig.8 Leakage of a melt into a gap between a feed and a Fig.9 As grown crystal surfaces without and with boron
crucible wall. nitride powder around a seed and a feed: (a) without

powder and (b) with powder.

CONCLUSIONS

Mixed crystal growth by the TLZ method is one of the most promising themes of microgravity utilization due to
the superiority of the TLZ method and due to the necessity of suppression of convection in a melt. Excellent
compositional homogeneity with [nAs mole fraction of 0.3 plus or minus 0.01 for a distance of longer than 20 mm was
obtained when convective flow velocity was suppressed in capillary tubes. For earlier development of IngsGag-As
crystals as substrates of laser diodes, plate crystals which have benefits of large surface area and small dimension in

thickness were grown on the ground. Good compositional homogeneity was achieved by the suppression of
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convection due to limited thickness but poly-crystallization could not be avoided. Since high quality Ing3Gag-As seed
crystals cannot be obtained, lattice mismatch between a seed and a grown crystal is a big problem. Utilization of (110)
preferred orientation for single crystal growth [7] may be one of potential methods for growing single crystals of

Ing3Gag7As composition.
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Numerical Investigation on Two-dimensionality in the Traveling Liguidus-zone Method
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Abstract

In order to investigate the two-dimensionality in the traveling liquidus-zone (TLZ) method, the two-dimensional TLZ
model is introduced. Basing on the two-dimensional model, the two-dimensionality is defined. From the numerical
results in various sample diameters, the two-dimensionality is obtained. In the case of the sample diameter of 2 mm,
the two-dimensionality is negligibly small on the ground. However, in the case of 10 mm, the two-dimensionality is

large even though under no gravity condition if an InGaAs seed is used.
Introduction

The traveling liquiduszone (TLZ) method" ? is one of the most advancing growth techniques to obtain a
homogeneous crystal of a ternary compound semiconductor siich as InGaAs crystals. The feature of the TLZ method
is to determine the proper sample translation rate easily for homogeneous crystal growth. In order to determine the
translation rate, the one-dimensional theoretical model” has been introduced. This model predicts the growth rate
precisely. Thus single crystals of 2 mm in diameter and of more than 20 mm in length have been successfully obtained
with good reproducibility on the ground. However, it becomes difficult to grow a homogeneous crystal with a larger
diameter than 2 mm on the ground. In order to understand the reason for the difficulty, we introduce a two-
dimensional TLZ model. By considering the two-dimensional model, definition of two-dimensionality is discussed. To
calculate the two-dimensionality, two-dimensional numerical simulations in various sample diameters are carried out.

From the numerical results, the two-dimensionality is estimated and is discussed.
Two-dimensional TLZ model

In order to investigate two-dimensionality, a two-dimensional TLZ model is introduced. The generalized
expression of solution growth can be described as

all I=int '

(C.—Cs)u-A=—D

where # is a normal direction to an interface, u a vector of growth rate and # a unit vector being perpendicular to the

interface. Here, we assume that the z-coordinate is a function of the r-coordinate and time ¢, that is,

z=f(r1t). @
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By using Eq. (2), the unit vector 7 can be described as

I of
e 1. 3)
af )
/ 1+[ of
By substituting Eq. (3) to Eq. (1), the following equation
of oC, oC, of
(. Y [ 8z or or ] @
is obtained. Here,
oc.| _ac| er
aZ | z=int orT %::im aZ {z=int y and (5)
oC, _2C, ar
ai” T==int - aT | z=int ar,::hzl (6)
are assumed. These are the same assumption as the one-dimensional TLZ modelg), that is, the concentration in the
liquid is a function of only the temperature. Thus, the equation of
3] 2C. (2 8T o
(CL—Cs)ifZ—D €L/ oL o of 0

Y, oT |8z  or or .

is obtained. This is the two-dimensional TLZ model. On the other hand, the one-dimensional TLZ model” is described as

aC, aT.

(CL—Cs)R=— DST azh ®

.. T o
where Ris a growth rate. By comparing Eq. (7) with Eq. (8), it is found that the term of _E‘_é%f‘ changes the
growth rate estimated from the one-dimensional model. This means that the following expression is used as the
definition of the two-dimensionality ¢§';

_°r of

_or or
5= o7 - ©

oz

Two-dimensional Numerical Simulation

In order to calculate Eq. (9), temperature gradients along r- and zdirections and an interface shape are required.
To obtain these parameters, two-dimensional numerical simulations are carried out. In the simulation, the energy
transport equation, the mass transport equation, the stream function equation, the vorticity transport equation, the

energy balance equation and the mass balance equation are simultaneously solved. We use the boundary fitted
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coordinate (BFC) method™'?, which is a kind of finite difference method, in order to solve these equations. The BFC

method solves the governing equations that are transformed from the physical space to the computational space. The

transformed governing equations are described as Egs. (10) — (16).
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where ¢=ritz%, =rertzezy, y=rite}, I= 22—z, ¢ and 5 are the computational coordinates
corresponding to r and z in the physical space, ¢ the stream function, w vorticity, T temperature, o density, G,
specific heat, « thermal conductivity, v kinetic viscosity, Ls. latent heat, B thermal volume expansion coefficient, G
the buoyancy coefficient by the specific gravity difference, g gravity, t time, C the concentration, D the diffusion
coefficient. Subscripts of L and Sindicate the liquid side and the solid side, respectively.

Results and Discussion

The typical results of the numerical simulation in the case of the sample diameter of 2 mm and 10 mm are shown
in Fig. 1 and 2, respectively. The gravity condition is 1 g. The thermal convection in the 2 mm case is weaker than
that in the 10 mm case due to both the small diameter and the radially small variation of the temperature. For

2 due to the weak

example, the convection effect on the mass transport is negligibly small in the 2 mm case
convection. In addition, the two-dimensionality may be also negligibly small in the 2 mm case. By using the numerical
results, the two-dimensionality is calculated and is shown in Fig. 3 as a function of the radius. In this figure, the two-
dimensionality in the 2 mm, 5 mm and 10 mm cases are plotted as the red line, the blue line and the green line,
respectively. As shown in Fig. 3, the two-dimensionality in the 2 mm case is only about 4 % at the maximum. This
result indicates that the radial difference of the growth rate in the 2 mm case is within £0.01 mm/hr since the growth
rate is about 0.216 mm/hr in the ground-based crystal growth experiments. The difference of 0.01 mm/hr is usually
negligibly small from the viewpoint of the experimental technique. However, the two-dimensionality increases with
the sample diameter, that is, about 16 % in the 5 mm case and about 33 % in the 10 mm case at the maximum. These
values are not negligible and this should be one of the reasons that a homogeneous crystal growth with a large
diameter is difficult on the ground. The two-dimensionality increases as the radial position increases as a macroscopic
tendency. This tendency indicates that the InAs mole fraction in the solid decreases as the crystal grows near the
outer radius if the InAs fraction is almost constant on the axis. This is qualitatively consistent with the experimentally
obtained InAs mole fraction in the 10 mm case as shown in Fig. 4. Although the data scattering in Fig. 4 may be

caused by grain boundaries, the mole fraction variation can be clearly observed.
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growth direction

As shown in Fig. 3, the two-dimensionality once decreases near the crucible wall then is maximized on the wall.
This means that the lattice mismatch is maximized near the wall. This may enhance polycrystallization. The
combination of this lattice mismatch with the constitutional supercooling on the wall may be the reason that single
crystal growth is difficult on the ground. This issue should be investigated more deeply in future. By plotting the
maximum two-dimensionality, the dependency of the two-dimensionality on the sample diameter is obtained and is
shown in Fig. 5. By fitting the second order curve, the sample diameter, at which the two-dimensionality is zero, is
estimated and is slightly larger than 1 mm. This estimation indicates that the two-dimensionality becomes almost
perfectly negligible if the sample diameter is 1 mm.

The thermal convection may enhance the two-dimensionality. Therefore, the two-dimensionality variation against
the gravity condition is investigated. Figure 6 is the comparison between the two-dimensionality under 1 g condition
and that under no gravity condition. The red line and the blue one represent the two-dimensionality under 0 g and that
under 1 g. This figure shows that the two-dimensionality under 0 gis smaller than that under 1 g. However, the two-
dimensionality under 0 gis about 26 %, while the two-dimensionality under 1 gis about 33 %. This is not small enough
to obtain a homogeneous crystal. This result indicates that the contribution of the convection to the two-
dimensionality is not so large. Another possibility of the large two-dimensionality is the thermal conductivity
difference between the seed crystal and the crucible. Namely, the heat is mainly transferred to the wall at the interface
rather than to the seed crystal. If this speculation is true, the two-dimensionality should decrease by using another
seed, of which the thermal conductivity is higher than that of the InGaAs crystal, for example, a GaAs seed. The
thermal conductivity of the GaAs is about 16.0 W/K-m, while that of the Ing3Gag7As is about 3.0 W/K-m. The effect
of the GaAs seed on the two-dimensionality is investigated. The result is shown in Fig. 7. This figure clearly shows
that the two-dimensionality in the GaAs seed case is drastically small as compared with that in the InGaAs seed case.
It is summarized that the GaAs seed is much appropriate for the homogeneous crystal growth with a large diameter
from the viewpoint of the two-dimensionality. However, the lattice mismatch at the initial interface may prevent single

crystal growth. So this issue should also need further investigation in future.
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Conclusions

By introducing a new two-dimensional TLZ model, the two-dimensionality is defined from the viewpoint of the
interface shape. To calculate the two-dimensionality, two-dimensional numerical simulations are carried out. By using
the numerical results, the two-dimensionality is calculated in various sample diameters. In the case of the sample
diameter of 2 mm, the two-dimensionality is about 4 % at maximum on the ground. This is small enough to grow a
homogeneous crystal. On the other hand, in both the 5 mm and the 10 mm cases, the two-dimensionality is about 16 %
and 33 % at the maximum, respectively. These values are not negligible and this may be one of the reasons why
homogeneous crystal growth with a large diameter is difficult on the ground. Because the thermal convection
becomes strong as the sample diameter increases, the increases of the two-dimensionality in the 5 mm and the 10 mm
cases may be caused by the convection. Therefore the two-dimensionality under the 0 gcondition is investigated.
From the comparison of the two-dimensionality in 1 gwith that in 0 g, the decrease of the two-dimensionality is not

enough though it decreases under the 0 g condition. This suggests that the large two-dimensionality is caused
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another mechanism rather than the convection. To investigate this speculation, the two-dimensionality in the GaAs
seed case is calculated. From the result, it is found that the two-dimensionality is drastically reduced. Therefore, the
GaAs seed is much appropriate for homogeneous crystal growth. However, the lattice mismatch at the initial interface

may cause polycrystallization. This issue will be investigated in future.
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Estimation of Diffusion Ceefficient by Using Numerical Simulation of the
Traveling Liguidus-zone Method

Satoshi Adachi®, Yasuyuki Ogata', Satoshi Matsumoto®, Naokiyo Koshikawa®,
Masahiro Takayanagi®, Shin-ichi Yoda® and Kyoichi Kinoshita®

Abstract

In order to estimate a diffusion coefficient, an InAs mole fraction profile, which is obtained by numerical simulation, is
compared with a profile, which is experimentally cbtained. The simulation result agrees well with the experimentally
obtained profile. The diffusion coefficient is estimated to be about 1.1X 10 *cm?/s by comparing the numerically

obtained growth length with the experimentally obtained one.
Introduction

The traveling liquidus-zone (TLZ) method" 2 can easily grow a homogeneous crystal of a ternary compound
semiconductor such as InGaAs crystals, To grow a homogeneous crystal by the TLZ method, itis requiréd to translate
a sample by an appropriate translation rate. The translation rate is determined to be the same rate as a growth rate.
The growth rate is estimated by using the one-dimensional TLZ model?. By using the TLZ method, single crystals of
2 mm in diameter and of more than 20 mm in length have been successfully obtained with good reproducibility on the
ground” 2, However, the one-dimensional TLZ model requires a diffusion coefficient. Therefore, to measure the
diffusion coefficient, a microgravity experiment4) was carried out by using a sounding rocket. From the experimental
results, the coefficient and its temperature dependency was successfully obtained. However, it is often difficult to
carry out the microgravity experiment to measure the diffusion coefficient. Therefore the diffusion coefficient is

estimated by comparing a result from numerical simulation with an experimental result.
Two-dimensional Numerical Simulation

In this study, a numerically obtained InAs mole fraction profile is compared with an experimentally obtained
profile. In order to obtain the profile, a two-dimensional numerical simulation is carried out. In the simulation, the
energy transport equation, the mass transport equation, the energy balance equation and the mass balance equation
are simultaneously solved. We apply this simulation to a sample with 2 mm in diameter. In the 2 mm sample, it has
been already clarified that the convection effects on mass and thermal transports are negligibly small. Therefore, 2
mm sample is suitable for both the experimental estimation of the diffusion coefficient and the calculation time
reduction. Thus we neglect the vorticity transport equation, the stream function equation and the terms related to the

convection from the governing equations to shorten the calculation time. We use the boundary fitted coordinate

1SS Science Project Office, Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency, 2-1-1 Sengen,
Tsukuba, 305-8505, Japan

% Centrifuge Project Team, Office of Space Flight and Operations, Japan Aerospace Exploration Agency, 2-1-1 Sengen, Tsukuba, 305-
8505, Japan

3Department of Space Biology and Microgravity Sciences, Insfitute of Space and Astronautical Science, Japan Aerospace
Exploration Agency, 2-1-1 Sengen, Tsukuba, 305-8505, Japan
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(BFC) method®™?, which is a kind of finite difference method, in order to solve these equations. The BFC method
solves the governing equations that are transformed from the physical space to the computational space. The

transformed governing equations are described as Egs. (1) — (5).
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where, «= i’zﬂL ZZV, B=rearyt ez, 7= rite, J= 722y #Ze, & and g are the computational coordinates
corresponding to r and z in the physical space, ¢ the stream function, w vorticity, T temperature, p density, G,
specific heat, « thermal conductivity, v kinetic viscosity, Lg; latent heat, B thermal volume expansion coefficient, G
the buoyancy coefficient by the specific gravity difference, g gravity, ¢ time, C the concentration, D the diffusion

coeefficient. Subscripts of L and S indicate the liquid side and the solid side, respectively.
Results and Discussion
The generated grid and the initial configuration in this simulation are shown in Fig. 1 (a). The generated grid at

the end of the growth is also shown in Fig. 1 (b). Although interface shapes are initially given as a flat shape, the

shapes vary as the time evolves. This shape variation can be understood by comparing the initial grid with the final
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grid. As the temperature boundary condition, the temperature profile, which is shown in Fig. 2, is given on the
crucible surface. The temperature profile moves towards the right side in Fig. 2 as the time evolves by the rate of
0.216 mm/hr, which is the experimentally optimized sample translation rate to grow a homogeneous Ing3GagzAs
crystal. Under these conditions, the numerical results are obtained. The typical result in the case of the diffusion
coefficient of 1.2X 10 *cm?/s is shown in Fig. 3. In this figure, the red line and the blue one represent the InAs mole
fraction measured by the electron probe micro-analyzer (EPMA) and the numerical result. As shown in Fig. 3,
although the numerically obtained profile agrees well with the experimentally obtained one, the growth length
obtained by the simulation is slightly longer then the experimental one. Therefore, another simulation in the case of
the diffusion coefficient of 1.1X 10 *cm?/s is carried out. The comparison between the simulation and the experiment
is shown in Fig. 4. This figure also shows that the InAs mole fraction profile and the growth length obtained from the
simulation agree well with those from the experiment. Therefore, the diffusion coefficient of InggsGag17As melt, which
is the equilibrium composition to the solidus composition of Ing3Gap7As, is estimated to be 1.1X10 *cm®/s. In this

simulation, the temperature at the growth interface is about 1293 K.
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In order to investigate the reliability of the estimation of the diffusion coefficient, the experimental results of the

diffusion coefficient measurement by using the sounding rocket” is referred. The experimental results are shown in
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Fig. 5. The natural logarithms of the measured coefficients are plotted in this figure. In Fig. 5, the minimum coefficient
at each temperature is represented by a red closed circle. The middle one is represented by a blue closed circle. One
scattered data is represented by a green closed square. The lower black line passes through the red circles and the
upper one is the bestitted linear line by using the blue circles. At 1293 K, the lower black line indicates that the
diffusion coefficient is about 1.1X 10 *cm?/s and the upper black one indicates that the diffusion coefficient is about
1.4X10 ‘cm®/s. Therefore, the true diffusion coefficient may exist between 1.1X 10 *cm?/s and 1.4X10 *cm?/s,
This is consistent with the estimation from the simulation. It is summarized that the estimation of the diffusion

coefficient by the simulation is reliable enough.
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Fig. 5 Experimental result of diffusion coefficient measurement by using sounding rocket ¥
Conclusions

In order to estimate a diffusion coefficient, numerical simulation is carried out. The InAs mole fraction profile
obtained from the simulation is compared with that from the experiment. It is found that the numerically obtained
profile agrees well with the experimentally obtained profile. In the case of the diffusion coefficient of 1.1X10 *em?/s,
the growth length also agrees well with the experimental result. Therefore, the diffusion coefficient of Inpg;Gagi7As
melt is estimated to be 1.1X 10 "em®/s at 1293 K. To investigate the reliability of this estimation, the measurement
results of the diffusion coefficient by using a sounding rocket is referred. From the experimental results, the diffusion

coefficient is 1.1X10™*em®/s to 1.4X10 *cm?/s. This is consistent with the estimation by the simulation.
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