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Abstract: Indium phosphide (InP) is a kind of important compound semiconductor material, now increasingly used in 

high frequency electronic devices and infrared optoelectronic devices. Currently, the price of InP devices is much 

higher than that of GaAs devices, mainly because of its low yield of single crystals and increase of epitaxy, and device 

process cost due to smaller wafer diameter. Increasing the diameter of InP single crystals is critical to reducing wafer 

and semiconductor process costs. The main difficulties in preparing large diameter InP single crystals are increasing 

crystal yield and reducing stress in the crystal. The vertical gradient freeze (VGF) and the liquid encapsulated 

Czochralski (LEC) methods are commonly used in the industry to prepare InP, while the VGF method has little success 

in preparing 6-inch InP crystals, and the crystals prepared by the LEC method tend to have higher stress and 

dislocation density. Here we reported a semi-sealed Czochralski (SSC) method to grow large diameter InP crystals. 

Numerical simulations were used to analyze the temperature distribution in melt, crystal, boron oxide, and atmosphere 

in LEC and SSC method, with emphasis on temperature field of the SSC method. As a simulation result, the 

temperature gradient in the crystal of SSC method is 17.4 K/cm, significantly lower thanthat of 28.7 K/cm in the LEC 

method. And temperature of atmosphere near the crystal shoulder in the diameter control stage of the SSC method is 

504 K higher than that of the LEC method. Then the used thermal field of SSC method was optimized according to the 

simulation results, and 6-inch (1 inch=2.54 cm) S doped InP single crystals with low defect density and no cracks 

were prepared by this optimized method, which confirmed that the optimized SSC method is promising for growing 

large-size InP single crystals. 
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In recent years, InP single crystal substrates have found 
important applications in optoelectronic devices (com-
munication lasers, detectors, high-efficiency solar cells, etc.) 
and electronic devices (high electron mobility transistor 
and heterojunction bipolar transistors, etc.)[1-5]. However, 
the low yield and high price of InP single crystal 
substrate have severely limited its application and 
promotion. Reducing the cost of materials by increasing 
the crystal size is the dominant pathway in the deve-
lopment of semiconductor materials. The main prepa-
ration methods for commercial InP substrates are Liquid 
Encapsulated Czochralski (LEC) and Vertical Gradient 

Freeze (VGF), and each method has its advantages and 
disadvantages[6]. In InP crystal growth, the main cause of 
dislocation formation is excessive thermal stress inside 
the crystal, which leads to lattice slip. Therefore, there 
are two main methods to reduce or even eliminate 
dislocations: 1) sharp decrease of the temperature 
gradient within the crystal; 2) impurity hardening of the 
lattice to increase the critical shear stress in the crystal[7]. 

The LEC method provides a high yield of InP single 
crystals. However, due to the high temperature gradients 
in the melt and crystals during growth and cooling, the 
thermal stress and defect density of the crystals are high.  
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The VGF method has not succeed in preparing InP 
crystals with a diameter of 6 inches and above. The LEC 
method has intrinsic advantage in preparing 
large-diameter crystals. Improving the LEC method to 
reduce its thermal stress and dislocation density is the 
main way for many practitioners to prepare large size 
indium phosphide. 6-inch indium phosphide single 
crystals were prepared by Iwasaki, et al[8]. using a 
modified LEC method (hot-wall method). Shao, et al.[9] 
prepared 6-inch Fe doped indium phosphide single 
crystals by adjusting the thermal field structure using the 
LEC method. The main improvement direction of the 
conventional CZ and LEC methods is to increase the 
temperature around the crystal. This is usually done by 
adding insulation or heating devices around the crystal, 
thus increasing the surface temperature of the crystal, 
reducing the temperature gradient inside the crystal and 
reducing the thermal stress. However, unlike elemental 
semiconductor crystals, indium phosphide crystals are 
prone to dissociation at high temperatures. Therefore, the 
temperature around the crystal cannot be increased 
indefinitely. In the 1990s, Kohiro conducted a study on 
the growth of single crystals of indium phosphide by the 
VCZ method. They mainly focused on Fe doped crystals 
and prepared 3-inch Fe-doped indium phosphide crystals 
with dislocation density between 4×103–8×103 cm–2. The 
dislocation density was reduced by one order of mag-
nitude compared to the conventional LEC method[10-13]. 

Noda, et al[14] grew 4-inch Fe doped and S doped InP 
crystals using the PC-LEC method. By controlling the 
solid/liquid (S-L) interface shape, the dislocation density 
of 4-inch S-doped InP crystals was reduced to less than 
2.5×103 cm–2 at the shoulder and less than 7×102 cm–2 at 
the tail. 3-inch Fe doped indium phosphide dislocation 
density was less than 5×102 cm–2, and 4-inch Fe doped 
InP crystals dislocation density was less than 5×103 cm–2.  

The axial temperature gradient above the melt is less 
than 35 K/cm in the PC-LEC method, which is much 
lower than that in the conventional LEC method (100– 
130 K/cm). However, the structure of the conventional 
VCZ and PC-LEC methods is complicated and always 
displays a lower yield compared with LEC.  

Semi Sealed Czochralski (SSC) is a new crystal 
growth method with simple structure and flexible 
operation. It enables different insulation and gas pressure 
retention measures for crystals at different crystal growth 
stages. The SSC method was invented by our group and 
reported for the first time in this paper. The influence of 
SSC method on thermal field mode is not well 
understood before. In this study, the SSC method and the 
LEC method were simulated and compared using 
simulation techniques. The advantages of the SSC 
method in growing large diameter indium phosphide 
crystals were investigated in terms of temperature 
distribution and temperature gradients around the melt, 
crystal and atmosphere. 

1  Experimental 

SSC method is a new crystal growth method. By 
flexible operation, the aim of reducing thermal stress is 
achieved in the case of high InP crystal yield and no 
dissociation. The difference between SSC and LEC is 
that in the SSC method there is a bell jar that can be 
moved up and down above the crucible and the seed, 
preventing heat dissipation and dissociation of the 
crystal(Fig. 1). The holding bell jar is driven by a 
manipulator. During the seeding and shoulder stage, the 
bell jar is positioned higher above the thermal field. 
When the seeding and shoulder stages finish and the 
crystal shoulder is pulling out of the B2O3, the bell jar 
is gradually lowered so that the bell jar is in contact 

 

 
 

Fig. 1  Schematic of the processes of semi-sealed Czochralski method 
(a) Seeding and shoulder stage; (b) Diameter-controlling stage; (c) Crystal raised from the melt 
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with the B2O3. During the diameter control stage, the bell 
jar is moved down to ensure the contact between the bell 
jar and B2O3. When crystal growth is complete, the 
crystal is lifted and a slow cool down is performed inside 
the holding bell jar. 

The thermal fields of the SSC, VCZ and LEC were 
simulated using STR's CGSim software. The boundary 
conditions of the furnace, the thermal conductivity 
models at the solid/gas and liquid/gas interfaces, the 
structure and materials of the main heater, the lower 
heater, the seed rods and the crucible rods were kept 
consistent in the simulations of the three methods. The 
thermal fields in the seeding stage were simulated with 
software, and the melt temperature distributions at the 
solid-liquid interface front for crystals grown by the 
three methods were compared. The temperature distri-
butions in the crystal, in the melt around the crystal, in 
the B2O3 and in the atmosphere were simulated for both 
SSC and LEC methods during the diameter control stage. 
The identical growth conditions were set in different 
methods with crystal diameter of 160 mm, pulling rate of 
5 mm/h, a crystal length of 80 mm, crystal rotation of 
10 r/min, and a crucible rotation of –15 r/min. The 6-inch 
InP single crystals were prepared by the LEC and SSC 
methods using a homemade InP crystal furnace apparatus, 
respectively, and the experimental conditions were 
consistent with the simulated conditions. 

2  Results and Discussion 

2.1  Temperature distribution at the front of 
solid-liquid interface during the seeding stage 

Indium phosphide is a sphalerite structural material 
with {111} low-energy facets. According to the position 

and characteristics of twins, it is known that the 
growth mode of indium phosphide is mainly a two- 
dimensional nucleation mechanism. According to the 
two-dimensional nucleation theory, the microscopic 
growth direction of the crystal is perpendicular to the 
dense row surface {111}. According to the destabilization 
criterion of crystal growth, it is known that when the 
crystal growth rate is certain, the temperature gradient 
Gl situation at the front of the solid-liquid interface is 
the main factor to determine whether the crystal can 
grow smoothly. Therefore, for direct pull crystal growth, 
the temperature distribution and temperature gradient 
around the crystal has very strong influence on the 
stability of crystal growth during the induced crystal 
phase. Therefore, we focused on simulating 3 cases, as 
shown in Fig. 2. Fig. 2(a-c) show the thermal field cases 
of the seeding stages in SCC, VCZ and LEC methods, 
respectively. 

Fig. 2(a) shows the isotherm distribution around the 
crystal during the seeding stage in the SSC method, 
which is similar to the isotherm distribution around the 
crystal in the LEC method shown in Fig. 2(c). Fig. 2(b) 
shows the isotherm distribution around the crystal 
introduction phase in the VCZ method, which is 
abnormal, and negative temperature gradients may 
appear in the melt around the early cone crystal. 

Along the normal to the low-energy facets of the 
crystal and pointing in the direction of the melt, 100 
points are selected uniformly in a 10 mm range (as 
shown in Fig. 3(a)). The distance from the crystal is used 
as the horizontal axis and the temperature value is used 
as the vertical axis for plotting, as shown in Fig. 3(b). 
The SSC curve (dashed blue) in Fig. 3(b) shows that 
the temperature distribution of the induced crystal phase 

 

 
 

Fig. 2  Thermal field distributions in the seeding stages with different methods 
(a) SSC method; (b) VCZ method; (c) LEC method 
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Fig. 3  Temperature distribution in the melt at the front of the solid-liquid interface 
(a) Sampling position in the melt; (b) Temperature distribution in the melt at the front of solid-liquid interface;  

(c) Schematic of heat flow in VCZ method 

 
with the bell jar over the furnace in the SSC method 
almost coincides with the temperature distribution curve 
of the LEC method (red) in the presence of a positive 
temperature gradient at the front of solid-liquid interface. 
As shown in the black curve in Fig. 3(b), the melt 
temperature gradient at the front of solid-liquid interface 
is negative in the VCZ method. For single crystal growth, 
a large positive temperature gradient in the melt is 
expected. Negative temperature gradients can lead to 
melt subcooling, twining and polycrystallization. This is 
consistent with the actual process, and the VCZ method 
is more prone to twinning and even polycrystallization at 
the seeding stage. In VCZ method, the bell jar always 
covers the melt during the whole crystal growth stage, 
which fundamentally reduces the heat exchange in the 
seeding and shoulder stages. Moreover, the seed, seed 
rod and seed chuck are kept at a high temperature in the 
bell jar. As a result, the speed of heat conduction of the 
seed is significantly lower than that of the LEC method 
due to the reduced temperature difference. The seed can’t 
conduct away the latent heat of crystallization generated 
at the solid-liquid interface quickly. The heat dissipation 
from the melt surface around the crystals is stronger than 
that of the seed and small crystal, as is shown in Fig. 3(c).  

So there is a negative temperature gradient, at the front 
of the solid-liquid interface. 

2.2  Temperature distribution in crystals during 
diameter control growth stage 

The temperature gradient in the axial direction in the 
crystal is the most important factor affecting the defect 
removal in the crystal. The larger the temperature 
gradient in the crystal is, the higher the defect density is. 
Usually the internal temperature distribution during 
crystal growth cannot be measured precisely, while the 
temperature distribution inside the crystal can be easily 
obtained by simulation. As shown in Fig. 4(a), 100 points 
are uniformly selected along the central axis of the 
crystal from the front end of the solid-liquid interface to 
the intersection of the crystal and the seed crystal, and 
the temperature values are plotted as the vertical axis to 
obtain Fig. 4(b). 

As shown in Fig. 4(b), the temperature gradient of the 
crystals in the SSC method is about 17.4 K/cm, while the 
absolute value of the temperature gradient of the conve-
ntional LEC method is significantly larger, about 27.8 K/cm. 
These results indicate that both the SSC methods are 
effective in reducing the temperature gradient in the 
crystal compared to the conventional LEC method. 

 

 
 

Fig. 4  Temperature distribution in the crystal 
(a) Schematic diagram of the temperature sampling points in the crystal; (b) Temperature distribution in the crystal from the  

solid-liquid interface to the seed-crystal interface 
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2.3  Temperature of the melt, B2O3 and atmo-
sphere in the diameter control stage 

For the pulling method, the temperature distribution of 
the melt, the B2O3 and the atmosphere around the crystal 
directly affects the temperature of the crystal. Encapsulation 
of B2O3 is used in the growth of InP single crystals to 
prevent the dissociation of the indium phosphide melt 
and the dissipation of heat from the crystal. Temperature 
gradients in VCZ, PC-LEC and LEC methods have been 
investigated in the studies by Oda and Noda, et al[10-14]. 
Their study concluded that the axial temperature gradient 
in the melt, boron oxide and atmosphere is the key factor 
that most affects the stress and crystalline quality of the 
crystal, so the axial temperature distribution is the focus of 
the study. The temperature gradient inside the crystal can be 
informed by the results of numerical simulations. In the 
simulation results of this study, the temperatures of 100 
points were taken uniformly at a distance of 2 mm from 
the crystal surface starting 10 mm below the melt level 
and 80 mm upward along the vertical length (the 
sampling locations are shown in Fig. 5(a)). The results were 
shown in Fig. 5(b), and the overall trend of temperature 
was decreasing, so the temperature gradient was negative. 

As shown in Fig. 5(b), in the melt, the temperatures in 
the LEC and SSC methods are close to each other. In the 
B2O3 and atmosphere, the temperature profile of SSC is 
above, and the temperature at each position is higher than 
the temperature profile of the LEC method. Both curves 
have several distinct nodes, and most lines between the 

nodes are approximately straight. Based on these 
characteristics of the temperature distribution curves, the 
temperature curves can be divided into several sections 
that are close to a straight line and approximated as a 
straight line, so that the temperature gradients of several 
methods at several locations can be compared more 
intuitively and quantitatively. The locations of the fold 
points in Fig. 5(b) are, from left to right, node 1, node 2, 
node 3, and node 4. 

Based on the correlation between the locations of the 
simulated graph and the nodes, it can be easily known 
that node 1 is the intersection of the melt and the B2O3, 
while node 2 is the intersection of the B2O3 and the 
atmosphere. The reason for node 3 is the high 
temperature gradient of the sharp drop in temperature 
within 3 mm on the B2O3, followed by a flatter tempe-
rature gradient beyond 3 mm, is due to the more pro-
nounced gradient difference. The reason for node 4 is due 
to the fact that the temperature sampling line in this 
section is higher than the crystal. The temperature points 
are farther away from the crystal, which is the "heat 
source", so the temperature drops sharply. The tempe-
rature curve is divided into several sections by 4 nodes: 
melt section, B2O3 section, gas 1 section, gas 2 section 
and gas 3 section. 

Based on the node temperatures and spacing of the 
curves, the temperature gradient of the section can be 
calculated relatively easily. The two curves, with node 
locations, temperatures and temperature gradients for 
each section, are shown in Table 1. 

 

 
 

Fig. 5  Temperature distribution in the melt, B2O3 and atmosphere around the crystal 
(a) Location of sampling points; (b) Comparison of temperature distributions by using different methods 

 
Table 1  Location, temperature and temperature gradient of each section 

Method 

Item Melt B2O3 Gas 1 Gas 2 Gas 3 

Node Start point Node 1 Node 2 Node 3 Node 4 End point 

Distance/mm 0.0 11.0 52.0 55.0 70.0 76.0 

SSC 
Temperature/K 1340.0 1338.1 1221.4 1190.7 1185.8 1148.4 

Temperature gradient/(K·mm–1) –0.2 –2.8 –10.2 –0.3 –6.2 

LEC 
Temperature/K 1344.5 1340.3 1127.6 877.7 808.7 644.4 

Temperature gradient/(K·mm–1) –0.4 –5.2 –62.5 –6.9 –16.4 
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In general, in the melt section, the temperature 
gradient is low for both methods, mainly because of the 
strong convection in the high temperature melt tends to 
homogenize the temperature. 

The temperature gradient in the melt is about     
–0.2 K/mm in the SSC method and –0.4 K/mm in the 
LEC method. 

In the B2O3 section, the temperature gradient is   
–2.8 K/mm in the SSC method and –5.2 K/mm in the 
LEC method, where the temperature gradient of B2O3 is 
significantly higher in the LEC method. In both methods, 
the temperature of node 2 is 1221.4 and 1127.6 K, 
respectively, and the temperature of node 2 in the LEC 
method is significantly lower than that in the SSC 
method.  

In the gas 1 section, the temperature gradient was 
–10.2 K/mm in the SSC method, and –62.5 K/mm in the 
LEC method. 

In the gas 2 section, the temperature gradient is   
–0.3 K/mm for the SSC method and –6.9 K/mm for the 
LEC method. Temperatures of node 3 are 1190.7 and 
877.7 K for the SSC method and the LEC method, 
respectively. The atmospheric temperature of node 3 in 
the SSC method is 313 K higher than that of the LEC 
method, respectively. 

The decompression effect of SSC is mainly in the 
atmospheric region. In the SSC method, the atmospheric 
temperature around the crystal is higher, mainly because 
the quartz shield forms a relatively closed space around 
the crystal, which reduces the convection between the 
atmosphere and the outside, and thus retains heat. And, in 
the SSC method, the size of the heat shield is usually 
determined by the diameter of the crystal, with the shield 
and the B2O3 forming a smaller, closed area. Within this 
limited area, the main "heat source" crystal can heat the 
atmosphere in the smaller area to a higher temperature. 

In the gas 3 section, the temperature gradient is  
–10.2 K/mm in the SSC method and –62.5 K/mm in the 
LEC method. The temperature at the end of the gas 
3 section (about 10 mm above the crystal) is 1148.4  

and 644.4 K for two methods, respectively, and is 504 K 
higher in the SSC method than in the conventional LEC 
method. 

2.4  Quality analysis of 6-inch indium phos-
phide single crystals 

The 6-inch indium phosphide single crystals were 
grown by the same process using the LEC and SSC 
methods for comparison. The indium phosphide single 
crystals grown by LEC method showed cracking, as 
shown in Fig. 6(a). The surface of the indium phosphide 
single crystal grown by SSC method is bright, and there 
is no cracking, as shown in Fig. 6(b). The indium 
phosphide single crystal grown by the LEC method was 
cut and a 6-inch cut sheet was taken, as shown in Fig. 6(c), 
and the crack extension direction was found to be 
roughly along the <011> crystallographic direction. 

The wafers prepared by both methods were polished, 
etched using Huber etching solution, and observed under 
a microscope. The dislocation densities of the crystal 
tails were determined to be 4×104and 1×104 cm–2 for the 
LEC and SSC methods, respectively (Fig. 7). 

3  Conclusions 

The characteristics of SSC method and LEC method 
were analyzed by means of simulation. And the simu-
lation results were verified by experiments and sum-
marized as follows:  

1) The SSC and LEC methods have similar positive 
melt temperature gradients in the crystal-introduction 
stage, so they have higher growth stability. 

2) The crystal temperature gradient in the SSC method 
is significantly lower than that in the LEC method during 
the diameter control growth stage.  

3) The temperature distributions in the melt, B2O3 and 
atmosphere in the two methods were compared. The 
temperature of the atmosphere near the crystal shoulder 
in the SSC method is 504 K higher than that in the LEC 
method. 

 

 
 

Fig. 6  Digital photographs of 6-inch InP crystal and cutting wafer 
(a) LEC-grown InP crystal; (b) SSC-grown InP crystal; (c) Cracked cutting wafer of LEC-grown crystal 
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Fig. 7  Dislocation densities of crystal tails by LEC and SSC methods 
(a) Crystal dislocation density by LEC method; (b) Crystal dislocation density by SSC method 

 
4) The 6-inch N-type InP single crystal prepared by 

the SSC method is free of dissociation and cracks and 
has a lower dislocation density compared to the LEC 
method. 
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半密封直拉法生长 6 英寸磷化铟单晶热场研究 

史艳磊 1,2, 孙聂枫 2, 徐成彦 1, 王书杰 2, 林 朋 2，马春雷 2, 徐森锋 2,  

王 维 2, 陈春梅 2, 付莉杰 2, 邵会民 2, 李晓岚 2, 王 阳 2, 秦敬凯 1 
(1. 哈尔滨工业大学（深圳）材料科学与工程学院, 索维奇智能材料实验室, 深圳 518055; 2. 中国电子科技集团公

司 第十三研究所, 专用集成电路重点实验室, 石家庄 050051) 

摘 要: 磷化铟(InP)是一种重要的化合物半导体材料。InP 由于性能优异, 在高频电子器件及红外光电器件领域的

应用日趋增多。目前, 磷化铟器件的价格远高于砷化镓器件, 其主要原因是磷化铟单晶成品率低, 以及晶圆尺寸较

小造成外延和器件工艺成本居高不下。增大 InP 单晶的直径对降低晶圆及半导体工艺成本至关重要。制备大尺寸

InP 单晶的主要难点是提高晶体的成品率和降低晶体的应力。目前行业内通常使用垂直梯度凝固(Vertical gradient 

freeze, VGF)法和液封直拉(Liquid Encapsulated Czochralski, LEC)法制备 InP。VGF 法在制备 6 英寸(15.24 cm)InP 方

面鲜有建树, LEC 法制备的晶体往往具有更高的应力和位错密度。本研究展示了半密封直拉(Semi-Sealed Czochralski, 

SSC)法在生长大直径化合物半导体材料方面的优势, 采用数值模拟方法分析了 LEC 法和 SSC 法中熔体、晶体、氧

化硼和气氛中的温度分布, 重点分析了 SSC 技术的温度分布。模拟结果中, SSC 法晶体中的温度梯度为 17.4 K/cm, 

明显低于 LEC 法中的温度梯度 28.7 K/cm。在等径阶段 SSC 法晶体肩部附近气氛温度比 LEC 法高 504 K。根据模

拟结果对 SSC 法热场进行了优化后, 本研究得到了低缺陷密度、无裂纹的 6 英寸 S 掺杂 InP 单晶, 证实了 SSC 法

应用于大尺寸 InP 单晶生长的优势。 
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