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                          Abstract 

 

To effectively design a large furnace for producing large-size AlN crystals, a fully 

coupled compressible flow solver was developed to study the sublimation and mass 

transport processes in AlN crystal growth. Compressible effect, buoyancy effects, 

flow coupling between aluminum gas and nitrogen gas, and Stefan effect are included. 

Two sets of experimental data were used to validate the present solver. Simulation 

results showed that the distributions of Al and N2 partial pressures are opposite along 

the axial direction due to constant total pressure and Stefan effect, with the Al and 

nitrogen partial pressures being highest at the source and seed crystals positions, 

respectively. The distributions of species inside the growth chamber are obviously 

two-dimensional, which can curve a flat crystal surface. Simulation results also 

showed that AlN crystal growth rate can be increased by reducing total pressure or by 

increasing seed temperature or by increasing source-seed temperature difference. 

High nitrogen pressure causes decrease in growth rate, but it is beneficial for 

obtaining uniform growth rate in the radial direction. Results of simulation also 

showed that there is an optimized temperature difference (40°C) in the present furnace 

for obtaining good homogeneity of growth rate.   
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1. Introduction 

AlN is an attractive candidate for electronic, optical and opto-electronic 

applications due to its high electrical resistivity, high thermal conductivity, large band 

gap, high acoustic wave velocity and excellent lattice and thermal expansion match 

with GaN [1,2]. Bulk AlN crystals are commonly grown by the physical vapor 

transport (PVT) method [3-6]. In bulk AlN growth, there are still some unresolved 

problems that limit commercial utilization of the material. One of them is related to 

crystal size. Large crystal size imposes stringent requirements on the choice and 

control of operating conditions, and the cost for an individual growth run is high [7]. 

Large crystal size is also a challenge for maintaining high quality [8]. Therefore, to 

effectively increase crystal size and maintain high quality, accurate global numerical 

simulation for a large furnace should first be implemented from growth system design 

to optimization of growth conditions. Many numerical simulations of AlN sublimation 

growth have been done [9-15], and the results of those simulations have contributed to 

mechanism analysis and control optimization of an AlN sublimation growth system.  

We have developed a fully coupled compressible flow solver that includes almost 

all of the effects in AlN sublimation growth, such as effects of compressibility, 

buoyancy and flow coupling between aluminum gas and nitrogen gas, Stefan effect, 

and surface kinetics effect. Evaporation and deposition flux is automatically provided 

according to the supersaturation of species at the seed or supercooling at the powder 

source. Therefore, this set of analysis systems has a strong ability to predict the 

process of AlN crystal growth.    

 

2 Numerical simulations of heat and mass transport 

2.1 Configurations of the furnace 
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For preliminary studies, a large experimental growth furnace was used to validate 

our numerical results. For configurations of the furnace, refer to the paper [16]. The 

AlN PVT growth system consists of AlN powder, a graphite crucible, an insulation 

shield, a graphite pedestal and induction coils. The AlN powder is placed inside the 

crucible, and the seed is attached to the bottom of the lid of the crucible. The diameter 

of the seed is 50 mm  and the distance between the source and seed surface is about 

45 mm. The furnace is assumed to be axisymmetric. An extra annular-square chamber 

is connected to the top of the main growth chamber by a small gap. The gap can be 

adjusted from 0.1 mm to 3.0 mm.  

 

2.2 Global heat transfer                      

Our simulation implementation involves two steps: first, the temperature 

distribution of furnace components due to heat transfer and heat radiation is computed 

without gas flow, and then the flow field and temperature field inside the gas part are 

computed using the temperature boundary conditions from the first step.  

Global modeling of heat transfer in the furnace involves induction heating by an 

electromagnetic field, conductive heat transfer in all solid components, and radiation 

heat transfer in all enclosures. The radiative heat exchange is modeled on the basis of 

the assumption of diffuse-gray surface radiation [17]. For the present initial stage, a 

steady-state process is assumed. The calculation starts when both of the gas reactions 

above the source and seed surfaces reach equilibrium states. That state is called as an 

initial stage. Global simulation of heat transfer shows that the temperatures are about 

2329 K at the center of the powder face and about 2270 K at the center of the seed 

face.  
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2.3 Mass transport 

For a fully coupled compressible flow for mixed species written in general 

curvilinear coordinates, refer to the paper [18]. The boundary conditions of 

temperature at the source and seed faces are set to values computed from the global 

heat transfer. The velocities at the source and seed faces are provided according to the 

definition of Stefan velocity. The velocity at the crucible surface is set to zero.   

In the present calculation, two main species, Al and N2 [9-15], are taken in the gas 

part for the sublimation and deposition processes. It is assumed that there are no 

homogeneous chemical reactions in the vapor phase. Heterogeneous chemical 

reactions occur at the crystal and source faces.  

As pointed out in the paper [19], there is a thin Knudsen layer on the source face 

or on the seed face, the phase of which is between solid and vapor. Vapor flux at the 

source and seed faces can be exactly determined by the Hertz-Knudsen equation. 

Conceptually, that relation may be treated as a kinetic jump of vapor pressure at the 

Knudsen layer [19]. Inside the two thin Knudsen layers, the Hertz-Knudsen equation 

is used to calculate the sublimation and deposition mass flux at the seed face and the 

source face. For example, at the seed face, the deposition molar flux is given by  

*1
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,        (1) 

where i  is the molar concentration of species i , V


 is the Stefan velocity, and i  

is the sticking coefficient of species i , which is taken from the paper [5]; n


 is the 

unit normal vector of the surface, which is consistent with the direction of molar flux; 

iM  is the molecular weight of species i ,   is the universal gas constant, and *
ip  

is the equilibrium pressure of species i . We use the indexes 1 and 2 to denote Al and 

N2, respectively.   
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   Attention must be paid to the equilibrium pressure in Eq. (1). For AlN sublimation 

growth, the following reaction on the source surface is considered: 

2

1
( ) ( ) ( )

2
AlN s Al g N g� . Two different cases are discussed for this reaction. The 

first case is gas pressure being zero before any chemical reaction occurs inside the 

growth chamber. When the sublimation reaction occurs and it finally reaches an 

equilibrium, the equilibrium pressure of species can be approximately obtained from 

the paper [20]. The second case is gas pressure being much larger than zero before 

any chemical reaction occurs inside the growth chamber because of an excess of 

nitrogen gas in the furnace. When the sublimation reaction occurs, the chemical 

reaction to the right side will be markedly suppressed by the high nitrogen pressure. 

This is equivalent to the way of filling excess of nitrogen gas into the equilibrium 

state of the first case, which causes the chemical reaction to move to the left side until 

reaching a new equilibrium. At the new equilibrium state, the aluminum pressure in 

the second case will become smaller than that in the first case. Therefore, the 

equilibrium pressure of species in the furnace is dependent on both the temperature 

and nitrogen pressure.  

   To effectively model the dependency of equilibrium pressure on nitrogen pressure, 

we introduce the concept of equilibrium total pressure. Due to the extremely low flow 

velocity in the furnace, total pressure in the growth cell remains almost constant. We 

can set the equilibrium total pressure *
totalP  as 

totalNAltotal PPPP  ***

2
,                             (2) 

where *
AlP  and 

2

*
NP  are the equilibrium pressures of aluminum and nitrogen gases, 

respectively, and totalP  is the actual total pressure in the furnace.  

The equilibrium pressures of nitrogen and aluminum gases should also satisfy the 
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mass action law: 

2

* * 1/2
Al N eqP P K ,                                 (3) 

where eqK  is the equilibrium constant, which is a function of temperature and can be 

calculated using standard thermodynamic properties of the species involved.  

Therefore, the new equilibrium pressures of nitrogen and aluminum gases, which 

are dependent on temperature and total pressure, can be solved from Eqs. (2) and (3).  

If the equation of state is used, the relationship between pressure and molar 

concentration of species can be written as  

, 1, 2i ip T i   .                               (4) 

If Eq. (4) is substituted into Eq. (1), there are still three unknowns, which are 1 , 

2  and V


. However, only two equations are available. To close the system and 

make the solution unique, an extra boundary condition at the deposition layer is 

needed. As pointed out by Francesconi [21], total pressure is uniform throughout the 

deposition layer for Stefan flow. We introduce the following boundary condition:  

                   0totalp  .                                   (5) 

For the curvilinear seed face, we set the tangential velocity to zero, i.e.,  

0V  
 

.                                   (6) 

   For the basic iteration procedure for solving the seed boundary conditions, refer to 

the paper [8]. For the source boundary conditions, almost the same procedure can be 

implemented.   

 

3. Validation of present solver 

For validation of the present solver, two sets of experimental data were used. One 

set of data is from Liu and Edgar [13] and the other set is from Wolfson and Mokhov 
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[12]. The geometrical parameters of the present furnace were adjusted according to 

their experimental furnaces. The boundary conditions for the present mass transport 

calculations were taken as their corresponding experimental conditions. 

In the first experiment [13], seed temperature, temperature gradient and 

source-seed distance were 2123.15 K, 3.5 K/mm, and 9 mm, respectively. In this 

paper, temperature gradient is defined by the ratio of source-seed temperature 

difference to source-seed distance. Growth pressure was changed from 10 Torr to 800 

Torr. Growth rate comparison between numerical and experimental data is shown in 

Fig. 1. It can be seen that the present numerical results are almost the same as the 

experimental results over a very wide pressure range, indicting that the present solver 

has good ability to predict correct growth rate. 

In the second experiment [12], seed temperature, temperature gradient and 

source-seed distance were 2273.15 K, 7 K/mm, and 3 mm, respectively. In the 

experiment, growth rate was measured by the increase in weight of the substrate, 

rather than from that in the layer thickness [12]. Thus, the measured growth rate only 

denotes an average value. The average growth rate might be smaller than the local 

growth rate at the center of seed due to the large inhomogeneity of growth rate 

distribution especially in a low pressure system. For the present calculation, the value 

of the growth rate is taken at the center of the seed. Growth rate comparison between 

numerical and experimental data is already shown in Fig. 1. It can be seen that in a 

low pressure condition, a slightly higher growth rate than the experimental data is 

obtained by the present solver. However, the tendency of variation in growth rate with 

an increase in pressure is correctly obtained by the present numerical solver.  

 

3 Results of computation 
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3.1 Two-dimensional characteristics  

3.1.1 Distributions of Al and N2 gases  

One simulation was done using seed temperature of 2270 K, temperature gradient 

of 1.31 K/mm, source-seed distance of 45 mm, and furnace total pressure of 700 Torr. 

The distributions of Al species (left side) and N2 species (right side) are shown in Fig. 

2. It can be seen that Al pressure is high near the source and that it gradually decreases 

from the source to the seed. However, the N2 gas exhibits a distribution opposite to 

that of Al gas. The N2 pressure is low near the source and gradually increases from the 

source to the seed.  

The distribution of Al gas is valid since the Al gas first evaporates from the source 

and then flows toward to the seed, finally depositing on the seed surface. For the 

distribution of N2 gas, some explanations are needed since N2 gas also evaporates 

from the source first. From the point of view of constant total pressure, N2 pressure at 

the source surface is surely small since Al pressure there is high. From the point of 

view of the Stefan effect and flow coupling between Al gas and N2 gas, the global 

Stefan flow carries N2 gas from the source to the seed, but only a small portion of the 

N2 gas is incorporated into the AlN crystal and more and more N2 gas is accumulated 

near the seed surface, causing a back-diffusion of N2 gas from the seed to the source. 

The convection transport of N2 gas from the source to the seed is almost balanced by 

the back-diffusion from the seed to the source. Therefore, the gradual decrease of Al 

pressure and the gradual increase of N2 pressure from the source to the seed are valid 

distributions.  

   

3.1.2 Two-dimensional influences on crystal growth 

Two-dimensional effects are important and can lead to radially varying growth 
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rates. The two dimensionality of species distribution is obvious in Fig. 2. Good 

homogeneity can be obtained only near the central axis of the furnace. The 

inhomogeneity is unavoidable due to the temperature inhomogeneity. For the same 

growth conditions as those in Fig. 2, the growth rate distribution at the initial stage 

along the seed surface is shown in Fig. 3. It can be seen that the crystal growth rate is 

not uniform along the seed. From the edge of the seed to the center, the growth rate 

increases from zero to a maximum value and then decreases to an almost constant 

value. Thus, the initial shape of the crystal interface will approach a two-peak curve, 

which is consistent with results of SiC PVT growth modeling [23]. Therefore, the two 

dimensionality of mass transport has a large effect on evolution of the shape of the 

AlN crystal interface.   

  

3.2 Effects of growth conditions on AlN crystal growth 

3.2.1 Pressure effect  

The value of total pressure in the furnace has an obvious effect on crystal growth, 

as has been pointed out in many papers [3,12,13]. The results of calculation shown in 

Fig. 1 clearly indicate that the growth rate can be markedly reduced by an increase in 

total pressure. There are two reasons for the obvious decrease in growth rate when 

pressure increases. One reason is that the sublimation process is suppressed by 

high-pressure nitrogen gas in the furnace, which causes an obvious decrease in 

aluminum gas pressure, and the other reason is that the transport of aluminum gas 

from the source to the seed is also suppressed by the high-pressure nitrogen gas.  

Attention should be paid to the pressure effect on growth homogeneity. Figure 4 (a) 

shows the growth rate distribution along the seed at different pressures. It can be seen 

that when pressure increases, the distribution of growth rate along the seed becomes 
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more homogenous. For a description of the pressure effect on growth homogeneity in 

a more quantitative manner, the ratios between the maximum and minimum growth 

rates at different pressures are shown in Figure 4 (b). It can be seen that when the 

pressure increases, the ratio is close to one, which means that the growth rate 

distribution is homogeneous. Therefore, high pressure can produce a flat crystal 

surface, although it clearly decreases growth rate.  

 

3.2 Seed temperature effect  

   Seed temperature has a great effect on growth rate. To clarify the effect of seed 

temperature, calculations were implemented with different seed temperatures and with 

other parameters fixed. In the calculations, gas total pressure, temperature gradient 

and source-seed distance were 350 Torr, 1.11 K/mm and 45 mm, respectively. Growth 

rates with different seed temperatures are shown in Fig. 5. It can be seen that growth 

rate increases rapidly with increase in seed temperature. The reason for the 

dependency of growth rate on seed temperature needs to be illuminated since all of 

the other parameters, including gas pressure, source-seed distance and source-seed 

temperature difference, were fixed. As is well known [13], the equilibrium pressure 

difference between the source and the seed is a critical parameter for growth rate. 

Figure 6 shows equilibrium pressure differences in aluminum gas between the source 

and the seed with different seed temperatures. Comparing the results shown in Fig. 5 

with those shown in Fig. 6, it can be seen that the two figures exhibit similar 

tendencies when seed temperature increases. Therefore, the effect of seed temperature 

on growth rate is mainly due to the faster increase in equilibrium pressure at the 

source than that at the seed.  
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3.3 Source-seed temperature difference effect 

The source-seed temperature difference plays an essential role in determining 

growth rate. Numerical experiments were also done by changing only the source-seed 

temperature difference and fixing other parameters. In the calculations, gas total 

pressure, seed temperature and source-seed distance were 425 Torr, 2270 K and 45 

mm, respectively. Thus, only source temperatures were changed in the calculations. 

The results for growth rate as a function of radius of a crystal are shown in Fig. 7. 

Although the growth rate is very small due to the very high gas pressure, it can be 

seen that when the source-seed temperature difference increases from 10 K to 80 K, 

the growth rate increases by almost 4.2 times. Therefore, a good method for 

increasing growth rate is to increase the source-seed temperature difference.  

However, large-sized AlN crystal growth requires a homogenous growth rate 

along the seed face for high quality. It is essential to observe the growth rate 

distribution variation along the seed when the source-seed temperature difference 

changes. Figure 8 shows growth rate variations near the edge and near the center with 

different temperature differences. The results show that an optimized temperature 

difference, which is close to 40 K in the present furnace, can be obtained because 

there the growth rate exhibits good homogeneity due to equal growth rates near the 

edge and near the center.  

 

4. Conclusions  

A fully coupled compressible flow solver was used to study the sublimation and 

mass transport processes during AlN crystal growth. Comparison of numerical and 

experimental data showed that growth rate can be correctly obtained by using the 

present solver.  
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The results of simulation showed that the distributions of Al and N2 partial 

pressures in the furnace were opposite along the axial direction, with the Al and N2 

partial pressures being highest at the source and seed crystal positions, respectively. 

The distribution of species is obviously two-dimensional, which can curve a flat 

crystal surface. Results of simulation also showed that AlN crystal growth rate can be 

increased by reducing total pressure or by increasing seed temperature or by 

increasing source-seed temperature difference. High nitrogen pressure causes decrease 

in growth rate, but it is beneficial for obtaining uniform growth rate in the radial 

direction. Results of simulation also showed that there is an optimized temperature 

difference (40°C) in the present furnace for obtaining good homogeneity of growth 

rate.   
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Figure captions 

Fig. 1. Growth rate comparison between numerical and experimental data for one 

case of seed temperature of 2123.15 K, source-seed distance of 9 mm, and 

temperature gradient of 3.5 K/mm and for another case of seed temperature of 

2273.15 K, source-seed distance of 3 mm, and temperature gradient of 7 

K/mm. 

Fig. 2.  Distributions of Al species (left side) and N2 species (right side) for seed 

temperature of 2270 K, source-seed distance of 45 mm, temperature gradient 

of 1.31 K/mm, and gas pressure of 700 Torr. 

Fig. 3.  Growth rate distribution along the seed surface for the same conditions as 

those in Fig. 2.  

Fig. 4. (a) Growth rate distribution along the seed with different pressures for seed 

temperature of 2270 K, source-seed distance of 45 mm, and temperature 

gradient of 1.31 K/mm, (b) Ratios of maximum growth rate to minimum 

growth rate with different pressures.  

Fig. 5.  Growth rate variation with different seed temperatures for source-seed 

distance of 45 mm, temperature gradient of 1.11 K/mm, and gas pressure of 

350 Torr. 

Fig. 6. Equilibrium pressure difference of aluminum gas between the source and the 

seed with different seed temperatures for the same conditions as those in Fig. 

5.  

Fig. 7.  Growth rate distribution along the seed with different source-seed temperature 

difference for seed temperature of 2270 K, source-seed distance of 45 mm, 

and gas pressure of 425 Torr. 

Fig. 8. Growth rate variation near the edge and near the center with different 
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source-seed temperature differences for the same conditons as those in Fig. 7. 
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Fig. 1. 
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Fig. 2. 
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Fig. 3. 
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Fig. 4(a). 
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Fig. 4(b). 
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Fig. 5. 
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Fig. 6. 
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Fig. 7. 
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Fig. 8. 

 


