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Abstract 

As a preliminary experiment for the near future microgravity experiment, InxGa1-xSb bulk crystal was grown under 1G condition using 

GaSb(seed)/InSb/GaSb(feed) sandwich sample. In order to prepare the seed and feed crystals for GaSb(seed)/InSb/GaSb(feed) sandwich sample, GaSb 

single crystals with different orientations viz., <100>, <110>, <111> were grown by CZ method. Moreover, heavily (1×1020 cm-3 in solution) tellurium 
(Te)-doped poly crystalline InSb sample was synthesized to prepare the sandwich sample. The effect of various heat pulses on the Te-impurity induced 

growth striations was investigated by introducing various kinds of heat pulses during the growth experiment. An appropriate heat pulse which is capable 

to produce a clear and thin striation was identified. Based on the observed growth striations, the growth rate of the crystal was roughly estimated.  
 

 

1. Introduction 

More than three decades, the role of gravity on the 

understanding of growth mechanism of various materials 

including the narrow band gap semiconductors such as Ge (0.66 

eV), GaSb (0.72 eV), InSb (0.17 eV) were investigated 1)-4). In 

general, the microgravity experiments focus on the growth of 

perfect crystals (with low defect density) due to dominated 

diffusive transport in space. In this aspect, Nishinaga et al2), 

reported that the high-quality tellurium (Te) doped GaSb crystal 

was grown by gradient freezing method in a Chinese 

recoverable satellite. Moreover, it was also demonstrated that 

the etch-pit density tends to zero in the space grown GaSb 

sample, where the melt did not touch the ampoule wall, but it 

increased steeply in the part where strong contact with the wall 

occurred. Just one year later, Duffar et al, have reported that the 

quality of GaSb and InGaSb crystals were improved when they 

were grown without contacting crucible under microgravity3). 

In this series, we have carried out several microgravity 

experiments using a space shuttle, a drop tower, and a Chinese 

recoverable satellite5)-8). The effect of diffusive transport and 

surface tension induced convection (Marangoni convection) on 

the mixing of multi-component melts was investigated in the 

space shuttle using In/GaSb/Sb sandwich sample6). The role of 

gravity on the shape of solid – liquid interface and composition 

profiles were clarified by comparing the experimental results on 

the Chinese recoverable satellite and on earth7),8). Moreover, the 

effect of gravitational direction on the dissolution and growth of 

InGaSb were investigated by inclining the furnace with different 

inclination angles on earth9). Recently, the dissolution process 

and solute transport in the GaSb (seed)/InSb/GaSb (feed) 

sandwich sample were in-situ observed by X-ray penetration 

method10). The result shows that the gravity induced solutal 

transport was strongly influenced in the dissolution process and 

the numerical results obviously support the experimental 

observations11). 

In the present report, we have made some preliminary 

experiments in connection with our near future microgravity 

experiments to grow high quality InGaSb alloy crystals using 

Gradient Heating Furnace (GHF) at International Space Station 

(ISS) and the results are reported.  To prepare seed and feed 

crystals for GaSb(seed)/InSb/GaSb(feed) sandwich sample, 

GaSb single crystals with different orientations viz., <100>, 

<110>, <111> were grown by CZ method. InGaSb bulk crystal 

was grown under 1G condition using cylindrical shaped GaSb 

<111> seed crystal. The purpose of the present experiment is to 

find a suitable heat pulse which can able to produce a clear 

striation in the grown crystal. For this purpose, various kinds of 

heat pulses were introduced during the growth. From the post 

growth studies, a suitable pulse which can create a clear 

striation was identified and it will be used in our future 

microgravity as well as terrestrial experiments to create striation 

in the grown crystal. 
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2. Experimental Procedure 

Figure 1 shows schematic diagrams of (a) the sample 

configuration, (b) the temperature distribution in the furnace, an 

outside view of a sample filled ampoule before the experiment 

(c) and the photograph of the sample (d). The growth 

experiment was performed using a sandwich sample in which, 

InSb was placed between GaSb single-crystal (seed) and poly 

crystal (feed). In Fig. 1(d), GaSb (seed)/InSb/GaSb (feed) 

crystals were stacked and the interfaces of GaSb (seed)/ InSb 

and InSb/GaSb(feed) were clearly seen. In Fig. 1(c), the white 

portion is the BN tube and the blacks are carbon sheets. In order 

to prepare the seeds for preliminary experiments as well as 

space experiments, number of GaSb single crystals were grown 

along three different orientations such as <111>, <110> and 

<100> by the Czochralski (CZ) method. The pulling and 

rotation rates of the crystals were 2-4 mm/h and from 1 to 10 

rpm, respectively. The growth conditions were optimized for 

each orientation growth. Polarities of the GaSb <111> single 

crystals were identified by etch pattern analyses.  

For the preliminary experiments, InSb and GaSb feed crystals 

were polycrystalline. The CZ grown GaSb single crystals were 

shaped into cylindrical rod using a lathe blade. The lengths of 

GaSb (seed and feed) and InSb were 23 and 4 mm, respectively. 

The diameter of the shaped crystals is 9 mm. Subsequently, the 

crystals were polished by alumina abrasive to get mirror surface 

and then etched in a mixture of HF: HNO3: CH3COOH (1:1:1) 

to remove the oxide layers. The crystals were inserted into a BN 

tube and put into a quartz ampoule. For the present preliminary 

experiment, the <111> GaSb seed crystal was chosen and the 

seed was positioned in such a way that the growth plane became 

<111> B. The ampoule was evacuated to 10-4 Pa, and then 

sealed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The furnace was heated to the pre-determined temperature 

profile at a proper heating rate (80 °C/h) after placing the 

growth ampoule in an appropriate position. The temperature 

gradient in the furnace was fixed as 0.6 °C/mm. Based on the 

reference temperature (measured by the thermocouple) and the 

temperature gradient, the temperature at the GaSb seed interface 

was determined and controlled. At the fixed temperature 

gradient, the furnace was heated up to the reference temperature 

600 °C at a heating rate of 80 °C/h and kept at that temperature 

for 19 h. Once the Te doped InSb was completely melted, GaSb 

seed and feed were started to dissolve into the InSb melt. The 

dissolved GaSb at the feed interface were transported into the 

seed interface by solutal convection and diffusion originated 

from the concentration gradient due to temperature gradient. As 

a consequence, the solution near the seed interface gets 

supersaturated and thus growth was initiated from the un-

dissolved GaSb seed crystal.  

As shown in Table 1 various kinds of heat pulses were 

applied during the growth process to investigate the effect of 

pulse’s shape on the growth striations. In our previous 

investigations, we applied the heat pulses during the InGaSb 

growth by moving the ampoule to a high temperature-region – 

hold for 1 min at high temperature – and it was moved down to 

the original position12). During this kind of process the 

introduced heat pulse may not have sharp profile. Moreover 

during the ampoule movement, the growth interface may be 

disturbed. So, in the present investigation, instead of moving the 

ampoule, we increased the temperature of the furnace by 

keeping the ampoule at fixed position. To study the 

effectiveness of this process and find a suitable pulse for the 

future microgravity experiments, various kinds of heat pulses 

were applied and studied its effects on striations. For the square 

pulse, the furnace temperature was increased to 10 °C from the 

growth temperature with increasing time of 1 min and hold for 

various times such as 1 min, 2 min. and 4 min. Then the 

temperature was cooled down to initial temperature in 10 s. 

Although the furnace temperature was decreased to initial 

temperature in 10 s, the actual temperature of the sample takes 

more time to come to initial temperature. By considering this 

fact, we introduce some square pulses with positive and 

negative cycles. Figure 2 shows the temperature program used 

for the InGaSb growth and the applied pulses were marked as 

P1 ,P2 … P9 with respect to growth period. Since the purpose of 

the present experiment is to make clear the effect of pulse 

shapes on the striations, the growth was conducted only for 19 h. 

Once the selected pulses were applied, the growth system was 

gradually cooled from growth temperature to 500 °C at a pre-

determined cooling rate to reduce the thermal stress and cracks 

in the grown crystals. From 500 °C the ampoule was cooled 

down to room temperature as shown in Fig. 2. In the present 

experiment, 9 pulses (P1-P9) were applied at the interval of 2 h 

Fig. 1 (a) Schematic diagram of sample configuration, 

(b) Temperature profile, (c) outside view of the 

ampoule and (d) sample. 
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growth. The time interval between the pulses 4 and 5 was fixed 

ass 1 h to check the growth distance variation by observing the 

striations. The tellurium impurity concentration was modulated 

by the heat pulses thereby the striations were introduced in the 

grown crystals. 

The grown crystal was cut along the growth direction and the 

surfaces were polished by alumina abrasives. The sample was 

etched in a solution of HF: KMnO4: CH3COOH (1:3:1) to 

observe the tellurium (Te) impurity induced striations.  

 

 

 

 

 

 

 

 

 

 

 

 

The indium composition profile of the grown crystal was 

measured along the growth direction by electron probe micro 

analyzer (EPMA). 
 

3.  Results and discussion 
 

Figure 3 shows the optical microscopic image of the etched 

surfaces of the grown InGaSb crystal. As the purpose of the 

present experiment is to study the effect of pulse shapes on the 

striations, the growth experiment was conducted only for 19 h. 

As a result, about 2 mm length of InGaSb crystal with 9 mm 

diameter was grown. The striations which are formed by the 

introduction of thermal pulses were clearly seen in the etched 

surface of the grown InGaSb crystal. Almost all the striations 

produced by the square shape pulses (P1 to P5) were very sharp 

and clear although the holding time and increasing times were 

varied. Moreover, the growth distance between the pulses P4 

and P5 is almost half of the distance between the pulse P5 and 

P6. This is possibly due to the intentionally varied time interval 

(1 h) between pulses P4 and P5 as shown in Fig. 2. On the other 

hand, the striations produced by the square pulses with positive 

and negative heating cycles (P6 to P9) were wider and thus not 

sharp. Moreover, the width of the striations created by the 

square pulses with positive and negative heating cycles was 

varied based on the holding time at the negative cycle in low 

temperature. The pulses 6 and 9 have 2 min. holding time at the 

low temperature whereas the pulses 7 and 8 have 1 min. holding 

time at low temperature (pl. refer Table 1). As a result, the 

striations created by pulses 6 and 9 are more wide compared to 

the striations created by pulses 7 and 8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 Different shape of heat pulses applied during InGaSb 

growth. The increasing time is 1 min. for all the 

pulses. The cooling time is 10 sec for all the positive 

square wave pulses and 20 sec for the positive and 

negative square wave pulses.  

Pulses Holding time  
Shape of the 

pulse 

P1 2 min. 
Positive Square 

pulse 

P2 2 min. 
Positive Square 

pulse 

P3 4 min. 
Positive Square 

pulse 

P4 1 min. 
Positive Square 

pulse 

P5 2 min. 
Positive Square 

pulse 

P6 

2 min at both 

high and low 

temp 

Positive and 

negative square 

pulse 

P7 

2 min at high 

and 1 min at 

low temp. 

Positive and 

negative square 

pulse 

P8 

1 min. at both 

high and low 

temp 

Positive and 

negative square 

pulse 

P9 

1 min at high 

and 2 min at 

low temp 

Positive and 

negative square 

pulse 

 

Fig. 2 Temperature program used for the growth experiment. 

Fig. 3 Photograph of the cross section of grown InGaSb 

crystal and etched surface of the grown region with 

striations. 
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Figure 4 shows the thickness variation of striations with 

respect to pulses numbers. Te impurity was incorporated into the 

In-Ga-Sb solution from the molten Te-doped InSb with the 

initial Te concentration of 1 × 1020 atoms/cm3 in the In-Ga-Sb 

solution. The growth temperature of InxGa1-xSb crystal was 

fixed as 690 °C and thus based on the InSb-GaSb phase diagram, 

the expected composition of the crystal is In0.03Ga0.97Sb. The 

effective segregation coefficient of Te in GaSb crystal growth 

was estimated to be 0.3713).  Therefore, for our Ga rich InGaSb 

crystal growth, we considered the effective segregation 

coefficient of Te as 0.4.  

According to Tiller’s theoretical investigation14), the dopant 

concentration in the solid at a distance x from the seed interface 

of the specimen can be expressed as shown in eq 1. 

 

𝐶𝑠 = 𝐶0 ,(1 − 𝑘) *1 − exp (−𝑘
𝑅

𝐷
𝑥)+ + 𝑘-              (1) 

 

where, k is the segregation coefficient of impurity, Cs(x) is the 

impurity concentration in the solid at a distance x measured 

from the beginning of the crystal, Co is the initial concentration 

of impurity in the solution, D is the diffusion coefficient of the 

solute in the melt and R is the growth rate.   From the eq. (1), 

it is obvious that two factors mainly influence the impurity 

distribution in liquid and the first one is the diffusion coefficient 

of impurity which tends to diffuse the impurity homogeneously 

throughout the solution and the second one is the growth rate 

which act as a source of impurity near the growth interface as 

the impurity rejected from the interface. The value of D is 

constant for each material14), on the other hand R can be varied. 

So, from the above expression, it is clear that increasing or 

decreasing the rate of growth changes the impurity 

concentrations in the solid. Moreover the rate of change of 

growth rate is based on the thermal conductivity of the crystal 

and the latent heat of fusion.  

When the heat pulse applied, the temperature at the growth 

interface increased and thus the grown crystal was partially 

melted and the Te concentration in the liquid adjacent to the 

growth interface was increased. Then the temperature was 

rapidly cooled down to initial growth temperature.  During this 

cooling, the crystal was grown with high growth rate. Due to 

this high growth rate, the Te concentration in the grown crystal 

increased. So, Te concentration in the region grown by applying 

thermal pulse was higher than the region grown without a 

thermal pulse. By etching the crystal, the band like structures 

were formed since the etching rate depends on the Te 

concentration.  

The Figure 4 clearly shows that the striation width is based 

on the rate of change of growth rate thereby change of Te 

concentration in the crystal. The square wave shape pulses were 

created very sharp striations that mean the crystal was grown 

with higher rate during the short period of cooling. During this 

cooling the effective segregation coefficient of Te increased 

abruptly which resulted narrow region of high Te concentration 

in the grown crystal. On the other hand, for the square pulse 

with positive and negative heating cycles, despite of the same 

heating part, cooling part of the pulse was quite long. So that the 

crystal was grown for relatively long distance with higher 

growth rate and therefore the Te concentration was higher for 

quite long distance due to large effective segregation coefficient. 

Thus the striations created by square pulses with positive and 

negative cycles were relatively wider compared to striations 

created by square pulses.  

Figure 5 schematically shows how the Te concentration 

varied in the grown crystal (thereby wideness of striations) 

during cooling cycle of the (a) positive square pulse and (b) 

square pulse with positive and negative cycles. The initial 

growth interface and the interface after rapid growth were 

indicated as I' and I'' in Fig. 5 (a) and (b). Moreover, the thermal 

conductivity of the GaSb solid (8.1 W/mK) and InSb liquid 

(17.7 W/mK) are larger than that of the quartz ampoule (1.62 

W/mK)15). From the heat pulse experiment, it is obvious that the  
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Fig. 5 Schematic representation of Te impurity concentration 

variation after introduction of (a) square and (b) square 

pulse with positive and negative cycles. 

Fig. 4 Thickness variation of striations with applied pulse 

numbers. 
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short period of cooling time (positive square pulse) is quite 

enough for the sample to get cooled to original temperature. 

Subsequently, it was inferred that the square shape pulses with 

only positive cycle are more appropriate for creating a sharp 

striations in the grown crystal rather than the square pulses 

having the both positive and negative cycles.  

 The growth rate of the crystal was calculated from the 

observed striations. It was found that at initial stage the growth 

rate was increased from 0.06 mm/h. After 10 h of growth period 

the growth rate reached to the value of 0.1 mm/h. From the 

measured growth rate, the Te concentration in the grown crystal 

was estimated using eq. (1). It was found that the Te 

concentration increased along the growth direction. The Te 

concentration of 4 × 1019 atoms/cm3 was obtained at the growth 

distance (x) of 1.7 mm using the estimated growth rate, which is 

nearly one order low compared to the Te concentration in the In-

Ga-Sb solution. The diffusion coefficient of 3 × 10-5 cm2/s was 

used for the calculation of Te concentration in the Ga rich 

InGaSb solid13). Moreover, the indium composition of the grown 

crystal was measured by EPMA measurements. The indium 

composition measured at the GaSb seed interface was 0.05 and 

it was decreased along the growth direction. The equilibrium 

temperature correspond to the indium composition measured at 

the GaSb seed interface was found to be same as the 

temperature fixed near the growth interface position during the 

growth. It ascertains the optimum temperature distribution in the 

growth furnace.  
 

4.  Conclusion 
 

GaSb single crystals were grown along different orientations 

viz., <100>, <110>, <111> by CZ method. The preliminary 

experiments for the microgravity experiment have been carried 

out to grow high quality InGaSb alloy crystals by GHF using a 

GaSb <111>B (seed)/Te-doped InSb/GaSb (feed) sandwich 

structure. The effect of various heat pulses on the Te-impurity 

induced growth striations was investigated. From the observed 

striations, it was inferred that the square shape pulses with only 

positive cycle are more appropriate for creating a sharp 

striations in the grown crystal rather than the square pulses 

having the both positive and negative cycles. The maximum 

growth rate of 0.1 mm/h was achieved after 10 h of growth 

period.  
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