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ABSTRACT
In a conventional induction-heating III-nitride metalorganic chemical vapor deposition
(MOCVD) reactor, the induction coil is outside the chamber. Therefore, the magnetic
field does not couple with the susceptor well, leading to compromised heating efficiency
and harmful coupling with the gas inlet and thus possible overheating. Hence, the gas
inlet has to be at a minimum distance away from the susceptor. Because of the elongated
flow path, premature reactions can be more severe, particularly between Al- and Bcontaining precursors and NH3. Here, we propose a structure that can significantly
improve the heating efficiency and allow the gas inlet to be closer to the susceptor.
Specifically, the induction coil is designed to surround the vertical cylinder of a T-shaped
susceptor comprising the cylinder and a top horizontal plate holding the wafer substrate
within the reactor. Therefore, the cylinder coupled most magnetic field to serve as the
thermal source for the plate. Furthermore, the plate can block and thus significantly
reduce the uncoupled magnetic field above the susceptor, thereby allowing the gas inlet to
be closer. The results show approximately 140% and 2.6 times increase in the heating and
susceptor coupling efficiencies, respectively, as well as a 90% reduction in the harmful
magnetic flux on the gas inlet.
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Introduction
Because of its large direct bandgap, AlN is crucial for important ultraviolet (UV)
optoelectronics and power electronics applications. However, the growth of high-quality AlN
thin films on commercially viable sapphire substrates by metalorganic chemical vapor deposition
(MOCVD) has been difficult to realize because it often depends on time-consuming and complex
epitaxial lateral overgrowth (ELO) and precursor pulsing schemes [ 1 , 2 ]. Extreme-hightemperature (EHT) (over 1600 °C) growth has been shown to be highly effective for reducing the
defect density due to resulting from enhanced Al adatom mobility [3,4], which is also essential
for shortening the ELO process [5]. The impurity incorporation can be greatly suppressed at the
higher temperatures as well [6]. In addition, hexagonal BN (h-BN) is an emerging material for
UV optoelectronics and power electronics. Recently, the growth of high-quality h-BN was
demonstrated at 1600 °C or above [7-9]. These studies manifest the potential of EHT growth for
Al- and B-containing III-nitride alloys.
Generally, the heating sources of MOCVD reactors include an electric resistant heater
and an induction heater. The resistant heater has better temperature uniformity control by
employing multi-zone technology. However, it is not ideal for EHT growth because it is not as
stable and reliable as the induction heater at higher temperatures because it could soften,
gradually become fragile, and eventually break during thermal cycling, even if it does not reach
its melting temperature. Furthermore, the susceptor will partially reflect thermal radiation from
the resistant heater. Hence, the resistant heater has to be hundreds of degrees higher to reach the
target susceptor temperature, which reduces the heating efficiency (Based on discussions with Dr.
Gary Tompa (SMI president) and Dr. Ajit Paranjpe (Veeco CTO)) Nevertheless, the majority of
high-quality III-nitride alloys, especially the most common, such as InGaN, GaN, and Ga-rich
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AlGaN, can be grown at relatively low temperatures (<1200 °C) [10-12]. Therefore, the resistant
heater has been employed in most commercial MOCVD reactors.
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Fig. 1 (a) Isometric view of the conventional induction-heating MOCVD reactor (Design A) and
(b) a photograph (courtesy of Prof. Z. Sitar, NSCU) of Design A. A, B, C, D, E, and F represent
the gas inlet, susceptor, induction coil, double quartz wall, susceptor supporter, and bottom
flange, respectively.
Because of better stability and reliability, the induction heater is the more common heater
source for EHT MOCVD reactors. For instance, researchers at North Carolina State University
(NCSU) developed a vertical cold-wall MOCVD reactor capable of reaching temperatures over
1800 °C, as shown in Fig. 1 [13-17]. MOCVD reactors with a similar design are also supplied
commercially by various companies [18,19]. In this conventional design, an induction coil is
installed outside the quartz chamber to heat up the wafer susceptor. Because of the gap between
the coil and the susceptor, there exists an uncoupled magnetic field above the susceptor surface.
Not only does the uncoupled magnetic field compromise the heating efficiency, it can also
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couple with the gas inlet. Specifically, the gas inlets, often made of metallic stainless steel,
cannot be too close to the susceptor surface or they will overheat. Because of the resulting longer
precursor flow path, this design may lead to considerable premature reactions between NH3 and
Al- and B-containing metalorganics precursors, compromising the material quality and growth
efficiency [20-22].
In this work, we propose a design to circumvent these issues of conventional inductionheating MOCVD reactors [23]. By introducing a T-shaped susceptor surrounded by the induction
coil within the reactor chamber, as shown in Fig. 2, the magnetic flux on the gas inlet can be
reduced by almost one order of magnitude thanks to the susceptor’s magnetic shielding.
Consequently, gas inlets such as a showerhead can be brought closer to the susceptor to
minimize premature reactions. Additionally, most of the magnetic flux is utilized for heating,
hence improving the overall heating efficiency considerably. Hereinafter, the conventional and
proposed designs are referred to as Design A and Design B, respectively.
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Fig. 2 (a) The side view and (b) isometric view of the proposed design (Design B) without the
gas inlet, where A, B, C, D, E, F, and G represent the gas inlet, T-shaped susceptor, induction
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coil, double quartz wall, supporter, heat shield, and bottom flange, respectively. The thermal
insulator separating the coil from the susceptor is not shown here but it is shown in Fig. 3.
1. Method and Materials
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Fig. 3 The susceptors of (a) Design A and (b) Design B, and (c) the temperature gradient of
Design B with the substrate temperature at 1600 °C showing the thermal conduction.
For Design A and Design B, simulation models were constructed to include a susceptor
surface that holds a two-inch wafer substrate. Design A employed a 6 cm-diameter and 6- cm-tall
cylindrical susceptor, as shown in Fig. 3(a). In reality, the susceptor of the induction-heating
MOCVD reactor usually possesses a small hole at the bottom of the rotation spindle. However,
the hole should not impact the simulation result considerably and thus it was not included in the
modeling for both designs.

In Design B, the T-shaped susceptor comprised two major

components. As shown in Fig. 3(b), the first component was a 2-in.-diameter and 5-cm-tall
cylinder. The second component was an 8.6cm-diameter and 1-cm-thick plate on top of the
susceptor, whose central pocket held the substrate. A 2-in.-diameter and 0.5 mm-thick Al2O3
substrate was placed in the pocket. A torus-shaped induction coil with four turns surrounded the
cylinder and was situated under the plate. The coil outer diameter was 10 mm and the coil was
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overshadowed by the plate vertically. For Design A, a thermal insulator layer was installed on
the side surface and non-central area of the bottom surface of the susceptor to suppress the
thermal radiation. The central area of the bottom surface was not connected to anything. The
thermal insulator was configured for Design B in a similar way, but it could also protect the
copper coil from strong thermal radiation. To protect the coil from the ambient gas and high
temperature in Design B, another thermal insulator can be installed on the outer side of the coil.
Because this second thermal insulator did not impact the thermal and magnetic simulation
considerably, it was not included in the modeling.
In general, most MOCVD susceptors are made of graphite with a silicon carbide (SiC)
coating. However, the SiC coating cannot sustain the EHT for a long time before peeling off
(Based on discussion with Dr. K. Balakrishnan based on his high temperature AlN growth
experience at Meijo University.) Tungsten, on the other hand, is an inert conductor with a
melting point of ~3400 °C [24-28]. It has been utilized for high-temperature nitride growth in the
industry [ 29 ]. In our simulation, therefore, the T-shaped susceptor was made of tungsten.
However, it is noted that tungsten may react with NH3 at the EHT (based on discussions with Dr.
K. Balakrishnan from and Dr. Ajit Paranjpe) [30], which could be addressed by the use of a
tantalum carbide (TaC) coating. Alternatively, the tungsten susceptor could be replaced by a
sintered TaC susceptor for the EHT MOCVD, albeit at a much higher cost.
The gas inlet was a non-magnetic stainless-steel cylinder with a thickness and diameter of
8 and 17 cm, respectively, which is close to the showerhead for a 2-in. reactor in reality. The gas
inlets of both designs were supplied sufficient cooling capacity to maintain them at 10 °C. The
gap between the gas inlet and the substrate was 10 mm for Design A and Design B, although the
gap for conventional induction-heating MOCVD reactors is much larger due to the harmful
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induction coupling. It is noted that the gas inlet should comprise non-magnetic materials, which
can protect the gas inlet from more enhanced induction coupling as the magnetic materials
respond best to induction heating because of the ferromagnetic and ferrimagnetic nature [31,32].
Ferromagnetic and ferrimagnetic materials have long-range spin ordering so that the spin
flipping by alternating magnetic field will generate more heat. Such property causes
ferromagnetic and ferrimagnetic materials heats up by induction heater more efficient than
paramagnetic materials. Most showerheads are made of stainless steel, and some stainless steel
has ferromagnetic property which is not suitable for making the showerhead. Stainless steel 304
and 316 are austenitic steel and have negligibly responsive to magnetic fields which means that it
can be used in applications where a non-magnetic metal is required.
The simulation was conducted using cylindrical symmetry because of the axial symmetry
of the susceptor. The numerical calculations were carried by finite element analysis using of
COMSOL MultiPhysics 4.3a. The mesh included 23,979 triangular elements and 97,395 degrees
of freedom. The heat transfer by thermal radiation, conduction, and induction was simulated by
the built-in models [33]. Most commercial induction heaters operate at frequencies of 1-30 kHz.
In this work, the frequency was set to be 10 kHz. With the induction heater being on, the
cylinders of both designs can couple the magnetic field within the coil to generate heat because
of the eddy current. For both designs, the substrates received heat primarily through thermal
conduction from the cylinders, as shown in Fig. 3(b). Furthermore, the plate can shield and thus
reduce the magnetic field above the plate in Design B as long as the plate thickness is
sufficiently large as compared to the skin depth. The detailed configuration of Design A and
Design B and the relevant properties of the chosen materials can be found in the supplementary
materials.
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The mathematical equations for induction heating are based on Maxwell’s equations.
According to

,

, and

, where , , and

are the conductivity,

magnetic vector potential, and electric potential, respectively, Maxwell─Ampere’s law can be
further derived as

, where

magnetic permeability and
was applied, , , and

is the relative

is the relative electrical permittivity. Because alternating current

oscillated with the angular frequency of the alternative, current

,
modeled as s torus shape, meaning

, and

, i.e.

. The induction coil was
, where

, , and

are the electric potential,

the radius of the induction coil, and the unit vector, respectively. Therefore, the governing
equation for the induction heating is
Eq.
1.
In the simulation, the substrate temperature range was from room temperature to 1900 °C, which
corresponds to the induction heater powers of 18.5 and 8 kW for Design A and Design B,
respectively. Although the melting point of sapphire is approximately 2000 °C [ 34 ],
temperatures above 1900 °C may not be practical as sapphire may then be softened or partially
melted. Thus, the maximum induction heater powers applied for Design A and Design B in this
work were 18.5 and 8 kW, respectively. The substrate temperature of 1600 °C was chosen as the
target temperature when the heating efficiency and the harmful coupling were compared in
Design A and Design B.
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The substrate relied on the heat transfer from the heated cylinder to reach the target
substrate temperature for both designs. The heat transfer was modeled by the heat equation and
the governing equation is
Eq. 2
where

is the volumetric mass density,

is the absolute temperature,

is the specific heat capacity at a constant pressure,

is the time,

generated by the eddy current,

is the thermal conductivity, and

is the power

. Although the susceptor receives energy from the

induction coil, it can release heat by convection, conduction, or thermal radiation at any given
temperature. Because a large part of the area of the susceptors of both designs was covered by
the thermal insulator and the reactor pressure was relatively low (80 mbar), the conduction and
convection did not account for the major heat loss of the susceptors. However, the thermal
radiation depends on the temperature by the order of four. At the temperatures of interest, the
thermal radiation from the susceptor surface dominated the heat loss. The surface-to-ambient
thermal radiation was modeled at the boundary and the governing equation was
Eq. 3
At boundary,
boundary,

and

, where

is the radiation heat flux vector,

outgoing radiative heat flux,

is the normal vector on the

is the incoming radiative heat flux, is the total

is the emissivity of the material,

hemispherical total emissive power, and

is the blackbody

is the Stefen-Boltzmann constant.

The magnetic flux on the gas inlet directly indicates the degree of harmful induction
coupling. High magnetic flux means the gas inlet has excessive harmful coupling and vice versa.
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The magnetic flux on the gas inlet was calculated, in particular, on the bottom surface (A1) and
lateral surface (A2) of the gas inlet. The magnetic flux on the top surface of the gas inlet was
negligible and thus not considered. By definition, the magnetic flux of a closed surface is
. The magnetic flux on the bottom surface (A1),
inlet,

, was calculated by

, of the gas
, where R is

the radius of the gas inlet. The magnetic flux on the lateral surface (A2),

, of the

gas inlet,

, where

, was calculated by

H is the thickness of the gas inlet. Thus, the total magnetic flux is

.

2. Results
2.1 Heating efficiency
The heating efficiency is reflected by the equilibrium substrate temperature at given
induction heater powers. As shown in Eq. 3, the thermal radiation is strongly dependent on the
temperature. Thus, the only way to boost the equilibrium temperature and thus enhance the
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Fig. 4 The substrate temperature versus the induction heater power. The pentagon and the
rhombus indicate the required induction powers for reaching the substrate temperature of 1600
°C in Design A and Design B, respectively.
As shown in Fig. 4, the substrate temperature of Design B was considerably higher than
that of Design A at any given heater power. For instance, Design B achieved 1600 °C at 5 kW,
whereas Design A reach only approximately 1080 °C at 5 kW. In fact, Design A required
approximately 2.4 times more power, i.e., 12 kW, to reach 1600 °C. Therefore, Design B was
140%

more efficient than Design A. With a significantly higher heating

efficiency, Design B can greatly decrease power consumption. Moreover, Design B can reduce
the cost, footprint, and complexity of the induction heater system considerably because these
factors are usually proportional to the maximum power of the system. In addition, the heating
efficiency of resistive heater is also compared with Design A and Design B. Design A requires
12 kW to reach 1600 °C, and in the resistive heater case it requires 8 kW for reaching 1600 °C.
However, Design B only requires 5 kW to reach the same temperature. The simulation proves
that the Design B has better heating efficiency than the Design A and resistive heater case.
2.2 Harmful coupling
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Fig. 5 Cross-sectional view of the magnetic flux density of (a) Design A and (b) Design B at
1600 °C, where B, C, D, E, F, and G represent the susceptor, induction coil, double quartz wall,
cooling water channel, thermal insulator, and supporter respectively. A1 and A2 are the bottom
surface and lateral surface of the gas inlet, respectively.
Fig. 5 depicts the magnetic flux density when the substrate temperature of Design A and
Design B was 1600 °C. For both designs, the highest density was concentrated around the coil.
However, the overall distribution of the contours was remarkably different. For Design A, the
contours were sparse away from the coils. This indicates that a considerable part of the energy
dissipated in the free space and thus was wasted. In addition, the magnetic flux density on the
bottom and side surface of the gas inlet was noticeably as large as that on the susceptor. Because
the gas inlet is usually made of metal, it may be overheated, which can cause precursor molecule
decomposition within the gas inlet and severe damage to the gas inlet without sufficient cooling.
This is the primary reason why a close gas inlet could not be used for the conventional inductionheating MOCVD reactor. For Design B, the contours were mostly confined by the susceptor.
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There was little magnetic flux in the free space or on the bottom and side surface of the gas inlet,

Magnetic Flux on Gas Inlet (Wb)

indicating less harmful and wasteful coupling as compared to Design A.
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Fig. 6 The magnetic flux on the gas inlet versus the induction heater power. The pentagon and
the rhombus indicate the required induction power for reaching the substrate temperature of 1600
°C in Design A and Design B, respectively.
To quantify the magnetic flux on the gas inlet, the magnetic flux density from Fig. 5 was
integrated over A1 and A2. As shown in Fig. 6, the magnetic fluxes on the gas inlet of Design A
and Design B increased continuously with increasing induction heater power, albeit with
drastically different slopes. Overall, the gas inlet of Design A received significantly more
magnetic flux than Design B by approximately one order of magnitude. This means that Design
B had much better magnetic shielding, which is attributed to the introduction of the T-shaped
susceptor. Because the induction coil was beneath the plate, the magnetic field generated by the
induction coil could hardly penetrate the plate, thereby preventing the harmful coupling with the
gas inlet above the susceptor. Such a design alleviates the possibility of overheating the gas inlet
and thus reduces the cooling load. It also prevents the precursor decomposition within the gas
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inlet. Moreover, it makes the close-distance gas inlet feasible, such as in the form of a
showerhead-type gas inlet, which is widely deployed, because of its low precursor premature
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Fig. 7 The induction heater power coupled to the susceptor and gas inlet versus the induction
heater power and the susceptor coupling efficiency of (a) Design A and (b) Design B. The
pentagon and the rhombus indicate the required induction powers for reaching the substrate
temperature of 1600 °C in Design A and Design B, respectively.
To quantify the heating due to the coupling, the heating power on the susceptor and the
gas inlet of Design A and Design B were calculated and the results are shown in Fig. 7. As
exhibited in Fig. 7(a) for Design A, the heating powers on the susceptor and the gas inlet were
comparable. At the heater power of 12 kW, which led to the 1600 °C substrate temperature, the
heating powers were on the scale of kilowatts meaning that both the susceptor and the gas inlet
had strong induction coupling. Around 30% and 15% of the heater power was transferred to the
susceptor and the gas inlet, respectively, indicating that the gas inlet would require tremendous
cooling power. The rest of the remaining 55% was wastefully released to the surrounding open
space, consistent with the analysis of Fig. 5(a). In contrast, for Design B, as shown in Fig. 7(b),
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the heating power on the susceptor was almost three orders of magnitude larger than the heating
power on the gas inlet, implying that the gas inlet had a weak coupling. Specifically,
approximately 80% of the heater power was utilized on the susceptor at the induction heating
power of 5 kW, corresponding to the 1600 °C substrate temperature. Less than 20% of the heater
power was transferred to the gas inlet and released to the surrounding open space. As also shown
in Fig. 7, the susceptor coupling efficiency of Design B which is the ratio between the power on
the susceptor and the induction heater power, ranged from 55 to 85%, whereas that of Design A
was 8 to 32%. At the substrate temperature of 1600 °C, the susceptor coupling efficiency was 2.6
times higher than that of Design A. Regarding the temperature of the gas inlet, a ThomasSwan type showerhead has been modelled by CFD. The showerhead has three plenums: the top
two plenums are for precursors and the bottom plenum is for the cooling water channel. Under
substrate temperature of 1900 °C and 10 mm gap between showerhead and substrate, the
simulations show the top plenum is around 30 °C and the bottom plenum temperature is below
200 °C with 40 cc/s cooling water input. The temperature of the cooling water inlet is 10 °C
and the outlet temperature is about 30 °C. The cooling capacity is around 3.4 kW, which is close
to the thermal radiation power of the top surface of the T-shaped susceptor given the emissivity
of 0.4 for polished tungsten surface at high temperature. Thus, the precursors won’t decompose
considerably before being injected into the reactor.
Although the proposed design (Design B) is aimed at the EHT MOCVD process, it is
important to note that it can be employed at lower temperatures as well, such as below 1300 °C
for the epitaxy of high-quality Al-rich AlGaN materials and structures [15,39]. This is because
the advantages of Design B over Design A are still profound at lower temperatures because it
enables the use of the close-distance showerhead for reduced premature reactions. In addition,
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the heater of Design B would be less expensive and complex to maintain as compared to a
conventional reactor with a resistant heater at lower temperatures.
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Fig. 8 The magnetic flux on the gas inlet versus the radius of the susceptor plate in Design B.
The magnetic shielding in Design B can be further controlled by deliberately varying the
radius of the top plate of the T-shaped susceptor. As shown in Fig. 8, the total magnetic flux on
the gas inlet was reduced by 40% when the radius of the top plate was increased from 2.6 to 5.8
cm. In particular, the magnetic flux on the bottom surface of the gas inlet was sensitive to the
radius of the top plate, generally following the same trend as the total magnetic flux. In
comparison, the magnetic flux on the lateral surface barely changed and was considerably
weaker. This indicates that the magnetic shielding mainly reduced the magnetic flux on the
bottom surface because the coupling between the induction coil and the side surface of the gas
inlet was weak due to magnetic shielding by the T-shaped susceptor in Design B, which was not
the case for Design A, as shown in Fig. 5. Theoretically, the radius of the top plate can be further
increased, which would further reduce the harmful magnetic coupling. However, there are
drawbacks because the substrate temperature would drop with deteriorated substrate temperature
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uniformity due to the longer thermal conduction path. By taking the first derivative of the total
magnetic flux in Fig. 8, the maximum slope occured at 4.3 cm, which means that maximum
marginal benefit of the magnetic shielding by increasing the radius of the top plate occurred
when the radius was 4.3 cm. In addition, changing the top plate thickness would not impact the
magnetic shielding much because the skin depth of tungsten was 3.67 mm at 1600 °C and the
plate thickness was 10 mm in this study.
Conclusion
An induction-heating MOCVD reactor design was proposed to improve the heating efficiency
and reduce the harmful induction coupling with the gas inlet. Specifically, the induction coil
surrounded the vertical cylinder of a T-shaped susceptor, which comprised a cylinder and a top
plate holding the substrate. The cylinder coupled most of the magnetic field and transferred the
heat to the plate; the uncoupled magnetic field was blocked significantly by the plate. Thus a
close gas inlet such as a showerhead for reduced premature reactions was feasible. The
simulation results showed approximately 140% and 2.6 times increases in the heating and
susceptor coupling efficiencies, respectively, with a 90% reduction in the harmful magnetic flux
on the gas inlet. Furthermore, the harmful coupling on the gas inlet could be reduced by
deliberately controlling the diameter of the top plate. The proposed design could be applicable
for low-cost and low-premature-reaction MOCVD reactors operating at both high and low
temperatures.
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Highlights
1. A new MOCVD reactor design with improved heating efficiency
2. The design protects close-distance gas inlet from induction heating
3. T-shaped susceptor as heat source and magnetic shield for gas inlet

