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ARTICLE INFO ABSTRACT

Communicated by Lijun Liu The design of a new super-atmospheric pressure metal organic chemical vapor deposition (MOCVD) reactor with

spatially separated source zones and rotating susceptor is proposed and analyzed using computational fluid

Kf}’wor ds: dynamics (CFD) techniques to determine fluid transport phenomena and suitability for thin-film synthesis of
;Ii)g:é)\;]e)ssure CvD group III nitrides. This High-Pressure Spatial Chemical Vapor Deposition (HPS-CVD) reactor is designed to permit

high-temperature growth of high-indium content group III nitrides. This is made possible by increasing the
partial pressure of nitrogen by up to two orders of magnitude in the system thereby increasing decomposition
temperatures of the group III nitride thin film. The effects of rector design, chamber height, system pressure, inlet
flow rate, and rotational speed are investigated and discussed. Flow instabilities arising from the heated and
rotating susceptor traversing separate source zones are minimized. Growth rates of group III nitride materials
synthesized in an HPS-CVD reactor are estimated to be enhanced by approximately a factor of 10 compared to an
existing super-atmospheric MOCVD reactor due to improved reactor design thereby providing comparable

Computational fluid dynamics
Thin-film synthesis

InN

Group III nitrides

growth rates to current atmospheric MOCVD systems.

1. Introduction

Development of thin-film growth processes has become an influen-
tial research area of the semiconductor industry as it permits extending
our capabilities in material synthesis and associated development of
novel and more efficient devices. Metal organic chemical vapor depo-
sition (MOCVD), for example, is a commonly used technique to make
electronic and opto-electronic devices, such as light-emitting diodes
(LED), lasers, thin-film photovoltaic elements, high-power, high-fre-
quency emitters, and high efficiency electrical power converters [1,2].
Further improvements of group-IlI-nitride-based devices could benefit
from increased growth temperatures due to anticipated improvements
in crystal quality, morphology and associated reduction in impurity
concentrations and defects. Furthermore, significant incorporation of
indium (In) into ternary or quaternary group III nitride systems (Aly.
Gayln; x.yN) is of interest, though challenged due to the low decompo-
sition temperature of InN (~560 °C at 1 atm of nitrogen) [3,4].
Incorporation of desired concentrations of In into group II-nitride films
is currently achieved via a delicate balance of reducing the growth
temperature while maintaining sufficient mobility of adatoms to incor-
porate without introducing significant defects. While this approach can
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lead to successful growth of films with up to 25% In in Inj yGayN [5,6] or
AlyIn; 4N films lattice matched to GaN with an In content around 17%
[7,8], higher In-content films are currently challenging to achieve. To
improve upon the crystal quality of high In-content films, higher growth
temperatures are needed, while to increase the In-content of a film the
nitrogen activity needs to be increased to raise the decomposition
temperature of these group III nitrides [9]. This can be achieved by
increasing the partial pressure of nitrogen-containing molecules during
the growth of group III nitrides using MOCVD.

Studies on the elevated pressure growth of group III nitrides using
MOCVD are sparse yet an experimental study demonstrated that the In-
content can be increased by raising the nitrogen pressure of the system
[10]. Extrapolation of the observed linear relationship between an in-
crease in pressure and associated increase in In-content suggests InN can
be grown at ~1000 °C for a system pressure of ~ 70 atm. They also
showed that stable growth of the high In-content with x < 0.65 in In;.
xGaxN is possible.

Literature reports on the existence of a super-atmospheric horizontal
MOCVD reactor which could mechanically withstand pressures up to
120 atm [11-14]. Fluid dynamics in this system design, however, limits
the processing window to a pressure range of 1-15 atm. This ultimately
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led to a low gas flow rates, slow growth rates (~200 nm/h), and poor
quality films [15]. A horizontal flow reactor design is fundamentally
limited in achievable pressures while maintaining desired growth con-
ditions due to fluid dynamic considerations [16,17]. A vertical reactor
design with a rotating-susceptor chamber design, on the other hand, is
better suited for high pressure operations due to better control over
achieving a uniform boundary layer and laminar gas flow.

A notable challenge for MOCVD reactors operating at elevated
pressures is the detrimental increase in gas-phase pre-reactions of the
precursors. To overcome these challenges, a new CVD reactor design is
proposed which will minimize the probability of precursor pre-reactions
via spatial separation of the precursors, while providing desirable fluid
dynamic conditions for controlled synthesis of thin films. Development
of such a CVD reactor necessitates proper analysis of the fluid dynamics
and mass transport aspects within the system as reaction chamber design
heavily influences film quality, uniformity, and deposition rate [18].
Successful CVD reactor designs have the ability to achieve a stable and
vortex-free flow pattern at optimal operating conditions yielding
optimal deposition rates and uniformity [19-21]. Advanced computa-
tional fluid dynamics (CFD) modeling techniques have been used to
design and optimize performance of CVD reactors [22-29]. Vertical CVD
reactors incorporating a rotating disc have also been studied, both
theoretically and experimentally, during the last two decades [30-40].
This study applies this knowledge towards the design and optimization
of a new super-atmospheric, vertical MOCVD reactor with spatially
separated precursor zones, which will be referred to as a High-Pressure
Spatial CVD (HPS-CVD) reactor. This paper reports on the design and
CFD-based optimization of an HPS-CVD reactor design while providing
an analysis of anticipated thin film growth rates as compared to an
existing super-atmospheric MOCVD.

2. Design of an HPS-CVD

The HPS-CVD design can be classified as a vertical CVD reactor with
a rotating susceptor. Critical to the design is the physical separation of
precursors into separate chambers and a rotating susceptor carrying a
substrate sequentially through each chamber in a circular motion. A
schematic of the circular process flattened into linear representation is
provided in Fig. 1. This design approach minimizes pre-reactions of
precursors and limits their interaction to the period of diffusion through
the boundary layer common to all chambers. The boundary layer
thickness is decoupled from the rotational speed of the susceptor via
mechanical control of the size of the gap between the chamber wall and
the rotating susceptor. Each chamber has a dedicated gas source sup-
plying user-determined gas mixture containing group III elements,
nitrogen-containing species, inert gases, or dopants precursors.

The basic approach to the proposed HPS-CVD is similar to existing
spatial atomic layer deposition (SALD) approaches [41] in which pre-
cursors are either spatially or temporally separated and a substrate
moves through different precursor zones. Important differences to the
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HPS-CVD include operation at higher temperatures and pressures while
requiring mixing of two or more precursors from different precursor
zones prior to deposition as reactions on the substrate are not surface-
limited reactions as is the case for ALD. SALD specifically prevents
mixing of precursors from different zones. Due to the lower pressure
operations and ability to operate as an open system, roll-to-roll opera-
tions are possible for SALD whereas the HPS-CVD requires a sealed
system to achieve super-atmospheric pressures necessitating circular
motion of a substrate through the zones.

In general, CVD reactors exhibit different types of flow patterns,
including spiral flow due to combined free and forced convection and
laminar flow due to pure forced convection. These flow patterns are a
result of the system pressure, fluid type and geometry of the system. To
determine which flow mode is dominant, the dimensionless parameter
Gr/Re? is commonly used. As the value of this ratio decreases, forced
convection flow becomes more dominant, while when it increases free
convection flow dominates [30]. While this approach works well for
typical CVD reactors, due to the complexity of the HPS-CVD this value
could not be reliably determined and hence the origin of observed flow
dynamics was elucidated via changing certain parameters, such as
changing substrate rotational speed or inlet velocity in a stagnation flow
CVD reactor [30,42-44]. The interaction of some of these parameters
along with the resulting gas flow conditions within the chamber and
resulting estimated crystal growth rates are evaluated in the following
sections.

Control of growth conditions is achieved via independent control of
gas composition in each chamber, gas flow rates into each chamber,
geometry of each chamber, geometry of the barrier between adjacent
chambers, total system pressure, separation distance between barrier
and susceptor, angular rotation speed of the susceptor and susceptor
temperature. Most of these variables could be dynamically controlled
during growth, while some may need to be controlled run-to-run. Proper
selection of these variables will lead to optimal growth conditions which
are in part characterized by laminar, vortex-free flow of gases into and
out of the system.

3. Methods

Increasing the pressure within a CVD reactor leads to an enhance-
ment of undesired phenomena including increased probability of tur-
bulent flow formation and increased gas phase reactions. To manage
such a tool, the mechanical and control systems also become more
complex. CFD models are a crucial first step to develop a basic under-
standing of the transport phenomena in an HPS-CVD reactor design and
can predict viability of the design before investing in prototyping the
tool.

CFD simulations were performed using COMSOL Multiphysics®
[45], which uses the above relationships as the basis for numerical
calculations, while SOLIDWORKS® [46] was used to design 3D models
of the system. After importing a SOLIDWORKS model into the COMSOL
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Fig. 1. Cross-section view of a flattened, partial arc of the HPS-CVD. A heated wafer traverses, via rotation of the susceptor, underneath each chamber sequentially
picking up precursors provided in the chambers. Chambers are pressurized, pressure-balanced, and filled with common precursors for undoped In;.xGaxN growth. See

Fig. 2 for a schematic of the HPS-CVD.
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platform, an unstructured mesh with boundary layer mesh was applied.
COMSOL allows coupling of heat transfer and fluid flow (K- model)
physics in three dimensions. CFD simulations were performed by
considering the following parameters: incompressible gas type, sub-
strate temperature (Tsypstrate), uniform inlet flow velocity (Viglet),
angular velocity of rotating substrate (®), and outlet pressure (P). The
following boundary conditions were used for all the simulations:

No slip boundary condition for all chamber walls.

The velocity of inlets gas is limited with values.

The outlets of reactor are specified as pressure outlet.

The temperature of inlet gas is room temperature.

The initial temperature values for all reactor walls are set to be at
room temperature, while the temperature of wafers surface is set to
be at 1393 K.

The impact of reactor design and related process parameters was
performed by developing an initial design, analyzing it and developing a
new major revision to address identified shortcomings, i.e. developing a
new generation. In total, three generations were analyzed and will be
reported on. The characteristics and evaluated parameters for each
major design generation is summarized in Table 1.

For the first-generation HPS-CVD design, the analysis focused on the
chamber design and gas inlet geometries and their relationship. The
second-generation design proposes spiral shaped chambers with curved
separation barriers while analyzing the effect of gas type, inlet flow
velocity and reactor pressure. The third generation refines the system
and minimizes gas recirculation and vortices formation at higher reactor
pressure (100 atm) while analyzing the effect of inlet flow velocity and
substrate rotational speeds.

4. Results and discussion

Outcomes of the various CFD modeling generations will be reported
on in individual sections separated by the three major design
generations.

4.1. First-generation design

The first-generation design was based on the introduction of gases
from a horizontal plane into the camber from the sides while the exhaust
was on top of each chamber. This design has the advantage of being able
to tailor the gas inlet velocity profiles to each individual gas (or gas
mixture) and its specific properties while ensuring laminar flow into the
chamber. The system was composed of six equal sized closed pockets
(chambers) of 1-inch height, which were bound by 0.5-inch thick sep-
aration barriers which provided 0.2-inch gap to the underlying

Table 1
Characteristics and parameters evaluated using CFD for each of the three HPS-
CVD design generations.

Design Characteristics Evaluated parameters
generation
1st - Introduce individual source Inlet introductory angle
gases separately into chamber Chamber height
- Horizontal inlets and vertical
outlets
2nd - Swap inlet and outlet direction Gas type (pure Hy or Ny)
and position Inlet flow rate (Viyjer: 0.01,
- Spiral shape curved separation 0.1, or 0.5 m/s)
barrier Outlet pressure (P: 1 or 100
atm)
3rd - Circular Outlet outside Inlet flow rate (Vipee: 0.05,

- Reduce the thickness of
separation barrier

0.1, or 0.2 m/s)
Substrate rotational speed (m:
100, 200, or 400 rpm)
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susceptor. The 5.8-inch diameter susceptor carries four 2-inch diameter
wafers about the central axis of the system (see Fig. 2).

To study the basic performance of the design, initial CFD simulations
were performed using pure hydrogen gas as the internal fluid at 1 atm.
Hydrogen is the most favorable fluid to enable desired flow patterns due
to its fluid properties, while nitrogen most readily leads to flow in-
stabilities. To visualize mass transport, velocity streamlines, which
represent the direction of a massless fluid element travels at any point in
time, were chosen to represent collective flow of gases in the system.

The first-generation design led to desired laminar flow patterns
within the gas inlet channels, though vortices appeared at the entrance
region to the chamber, as presented in Fig. 3a, due to the required sharp
transition in flow direction resulting in onset of turbulent flow. These
vortices demonstrate flow pattern instabilities in the reactor, which
could lead to substantial mixing of gases in the boundary layer with
precursors in the chamber due to them being pulled into the chamber via
turbulent flow leading to enhanced pre-reactions of the precursors and
resulting nonuniform deposition on the substrate. A vortex-free flow
pattern is necessary to reach maximum deposition rate and uniformity
[20,21,47].

To minimize vortex generation due to gas-inlet effects, the intro-
ductory angle of the gas inlet channels was decreased from 90° to the
circle tangent of the rotating susceptor (Fig. 2¢). CFD simulation results
show at an angle of 40° turbulent vortices generation as a result of gas
introduction could be eliminated. Furthermore, gases introduced into
one chamber communicated to the neighboring chamber (which was
held at the same pressure) via mass transport in the boundary layer
(Fig. 3b).

Upon removal of gas-inlet vortices, a second type of vortices were
observed deeper within the chamber. To determine their origin, the
effect of internal chamber height on turbulent vortex generation was
investigated. As Fig. 3c shows, quantity and intensity of vortices were
significantly and proportionally reduced via a reduction in chamber
height, which is in agreement with literature studies in fluid dynami-
cally comparable systems [42,48,49]. The primary origin of these
vortices is due to buoyancy forces.

While laminar flow was achieved, the resulting small height differ-
ence between the substrate and roof of the chamber led to a significant
increase in roof wall temperature (from 400 °C to 800 °C). An increase in
wall temperature will result in a reduction of important material prop-
erties, such as strength and corrosion resistance reducing the selection of
suitable materials. Moreover, separation barriers are placed within a
very short distance (0.2 in.) to the susceptor where the barrier wall
temperature reaches up to ~1000 °C. This is considered undesirable as it
could lead to unwanted depositions on separation barriers’ surfaces and
as a result may disrupt the boundary layer pathway due to roughening
and resulting possible disruption of laminar flow, along with increasing
maintenance requirements.

Although the first-generation design demonstrated that the inlet gas
could enter the chamber with a laminar flow pattern from the edge and
communicate to the neighboring chamber via the boundary layer, it still
suffered from turbulent flow within the chamber for reasonable chamber
heights. Furthermore, analysis of the streamlines clearly suggested that
the source gases would not evenly nor completely distribute over the
wafer leading to non-uniform growth. The reason for this effect was
determined to be a direct result of the gases fighting the outwards
centrifugal force of the rotating susceptor.

4.2. Second- generation design

To overcome challenges identified in the previous design, the
second-generation design introduces gases vertically from the top and
closer to the central axis for each chamber. The centrifugal force of the
rotating susceptor hence naturally guides the gases to the outer wall of
the chamber where exhaust outlets are positioned. To further tailor gas
flow, spiral shaped separation barriers were introduced to better guide
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Fig. 2. a) Cut-away view of the SOLID-
WORKS model of the first design of an HPS-
CVD reactor including 6 chambers with 1-
inch height. Each chamber has an individ-
ual gas inlets and outlets. Reactor is designed
to be capable of growing four 2-inch wafer
(shown in blue) sitting symmetrically on a
rotating susceptor (shown in teal). Top view
of gas cavity, which represents the gaseous
volume within the design, with horizontal
inlets (b) normal to the outer surface of the
chamber and at (c) 40° angle with tangency
line. (For interpretation of the references to
color in this figure legend, the reader is
referred to the web version of this article.)

| Pressure: 1 atm Gas:H, Vi:5m/s :100 rpm T, perate: 1393 K

Fig. 3. a) Velocity streamlines of CFD modeling results of first reactor design, 6-inch chamber inner diameter, showing laminar flow pattern was achieved
throughout the inlet, however, vortecis appeared as soon as source gas introduce to the chamber. b) Demonstrates the effect of reducing the gas inlet entrance angle
to 40°. Vortices didn’t appear at the entrance but a recirculation pattern can be identified. c) Represents the effect of decreasing internal chamber heights by factor of

3; recirculation patterns reduced significantly.

the source gas over the entire wafer surface, thereby preventing vortex
formation due to sharp changes in inlet gas flow velocities, and have a
similar exposure time. A 5°—10° draft was applied to the top of the
chamber to continuously reduce the height of the chamber with
increasing distance from the central axis. This ensures an approximately
constant cross-sectional area, and hence gas volume, as a function of
radius despite an increase in arc length within a chamber with
increasing distance from the central axis. Unlike the first-generation
design where chambers had a uniform distance separating each other
along the arc (0.5 in.), the second-generation design the chambers dis-
tance increased from 0.2 to 1.65 in. with increasing radius. Moreover,
the distance between susceptor and bottom of separation barriers was
reduced to 0.1 in. to achieve a uniform boundary layer flow pattern.

Fig. 4 presents the optimized design for this generation of an HPS-
CVD reactor. It includes six vertically tailored gas inlets and six hori-
zontally exhaust outlets aligned with the tangent of the susceptor. A 5°
draft was applied to the top surface of the chamber.

This reactor design was analyzed using two different pure gases:
hydrogen (Hj) and nitrogen (N3). These two gases are considered to be
the two extreme cases for gas flow behavior in the system as trace
concentrations of metal organics do not significantly impact fluid
properties and ammonia has fluid properties which lie between pure Hy
and N gases.

Fig. 5 compares the resulting fluid dynamic patterns for pure Hy and

N, gas in the system. It can be seen that nitrogen gas is more susceptible
to formation of vortex patterns above laminar boundary layer. This was
anticipated, as Giling [16] and Takahashi et al. [17] have already re-
ported that nitrogen creates more unstable flow patterns compared to
hydrogen in high flow rates for horizontal MOCVD reactor due to ni-
trogen having a lower thermal conductivity and higher viscosity as
compared to hydrogen. These fluid properties lead to an easier onset of
turbulence when the nitrogen gas reaches the hot susceptor and expands
while moving slower due to its higher viscosity. All the while, the colder
nitrogen will move faster leading to shear interactions and resulting
vortex formation. While it is possible to change the ratio of nitrogen to
hydrogen gas in the system to minimize vortex formation, this approach
would limit the synthesis capabilities of the tool and is hence undesired.

Regarding fluid flow and wafer surface coverage, two different flow
patterns were identified. The pure nitrogen carrier gas exited the system
relatively quickly, whereas the pure hydrogen carrier gas was able to
divert its flow and remain within the boundary layer for multiple rota-
tions of the susceptor. This difference in behavior can be explained by
looking to the significantly longer development period needed for ni-
trogen gas to develop into a fully developed velocity profile as compared
to hydrogen, in part due to higher viscosity of nitrogen compared to
hydrogen, making it in effect more sluggish [16]. While it would appear
the nitrogen carrier gas could lead to more uniformity in the growing
film given the single pass of the gases over the wafer during the initial
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Fig. 4. Gas cavity of second-generation design of a HPS-CVD chamber with six
spiral shape chambers with 5° draft on the top. Gases are introduced vertically
from the top and closer to the central axis for each chamber. Individual ex-
hausts are positioned horizontally.

introduction cycle, the impact of increased carrier gas entrapment in the
boundary layer beyond the initial cycle requires further investigation.
The impact of inlet speed was studied to determine if conditions exist
which provide laminar flow patterns within the system (Fig. 6). The
study suggests there is an upper limit on acceptable gas inlet speed.
Below this upper bound, vortices are negligible, though cannot be

(a) Gas: H,

0.1

0.08

0.04

0.02

0.06

Journal of Crystal Growth 566-567 (2021) 126155

entirely eliminated. The observed vortices are weak and do not perturb
the flow significantly, though they suggest memory effects could appear
upon a change in precursor concentration within the inlet gas stream.
This could lead poorly defined interfaces or imprecise alloy
compositions.

While lower inlet velocities lead to a desired reduction in recircu-
lation and vortices patterns, the ability for the gas to fully cover the
wafer surface also decreases. As presented in Fig. 6a, even when laminar
flow conditions exist, the source gas don’t cover the entire surface of the
substrate within the first cycle potentially leading to nonuniformities in
the growing films. As such, a lower bound for the inlet gas speed exists.
The optimal inlet gas flow speed for the HPS-CVD reactor is found to be
around 0.1 m/s as presented in Fig. 6b.

To study the effect of pressure, flow patterns were studied at 1 atm
and 100 atm system pressure (Fig. 7). While Fig. 6b demonstrated
laminar flow patterns for the second-generation design for a chamber
pressure of 1 atm, vortices appeared when increased to 100 atm. An
important contributor to the onset of vortices formation was identified
to be the perfectly vertical orientation of the separation barrier.

4.3. Third-generation design

To reduce vortex formation at higher pressures due to vertical
chamber separation barriers, the third-generation tapered the barrier to
improve fluid motion and gas transitions to the adjacent chamber via the
boundary layer. The thickness of the separation barriers between the
chambers was thinned as to reduce surface area for undesired reactions
to occur. The inlet gas channel width was increased to cover the radius
of chamber for better flow uniformity and tailored channels were dis-
carded to simplify the manufacturing process. The susceptor diameter
was reduced from 5.8 in. to 5.5 in. to increase the gap between the
rotating susceptor and chamber walls to facilitate the exhaust gas flow.
The exhaust was modified to become one common exhaust completely

(b) Gas: N,
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Fig. 5. Velocity streamlines from CFD modeling in second design generation are presented to demonstrate effect of gas type on flow for (a) pure hydrogen gas and (b)

pure nitrogen gas.
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Fig. 6. Velocity streamlines in second-generation design demonstrate effect of inlet flow rate: a) Laminar flow pattern were observed but the inlet gas source didn’t
fully cover the substrate surface and takes a long time to leave the chamber. b) Optimized inlet speed to achieve laminar flow patterns which cover the whole
substrate surface. c¢) Recirculation vortices re-appear with increased inlet speed.
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Fig. 8. Gas cavity of the third-generation design of HPS-CVD chamber with
spiral shape chambers with a thinner barrier, which has 6 vertical inlets and
one circular outlet outside.
Overall, CFD modeling studies demonstrated that gas recirculation
- and vortices reduced significantly compared to the second-generation
design at 100 atm outlet pressure, as presented in Fig. 9.
The effect of rotational speed and inlet velocity on the flow pattern
Pressure: 100atm  Gas:N, V,.:0.1m/s w:100rpm T, . :1393K |

was investigated for this design to determine robustness of parameter
space that can be accessed during growth. Nitrogen was used for all
situations as it is known to be the most challenging gas for the system to
provide stable flow conditions. Fig. 9 and Fig. 10 show gas flow patterns
throughout the chamber when the rotational speed increases from 100
to 800 rpm and inlet velocity reduces from 0.1 to 0.04 m/s, respectively.

Simulation results suggest that for a specific rotational speed there is

Fig. 7. Velocity streamlines for second-generation design demonstrate impact
of reactor pressure. Vortices appear upon increasing system pressure.

encompassing the outer rim of the susceptor to minimize gas recircu-
lation and improve flow pattern through the chamber. Fig. 8 depicts the
gas cavity of this revised design.
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Fig. 9. Velocity streamlines for third-generation design demonstrate effect of rotational speed of susceptor rotating at a) 100 rpm, b) 200 rpm, and c¢) 400 rpm.
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Fig. 10. Velocity streamlines for the Third-generation design demonstrating effect of inlet gas flow velocity at a) 0.2 m/s, b) 0.1 m/s, and c) 0.05 m/s (velocity color
scale is identical for all).

an associated optimum inlet velocity. This occurs when the inlet gas matching condition, either via susceptor rotational speed reduction at
speed as it approaches the susceptor closely matches the average linear constant inlet velocity or decreasing inlet velocity at constant susceptor
velocity of the rotating disk. At a certain deviation from the speed rotational speed, vortices started to form. To properly utilize an HPS-
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CVD system, the inlet gas velocities need to be matched to susceptor
rotational speeds to achieve optimal performance for different growth
regimes. This is not thought to be limiting as precursor concentrations
within the gas stream could be modified to counteract the velocity
changes leading to comparable mass flow rates.

Stable laminar flow patterns were achieved in the third-generation
design at 100 atm for nitrogen gas suggesting viability of this new
HPS-CVD system. Additional, complementary studies are needed to
specifically analyze thermal gradients within the system and associated
mass transport and kinetics of chemical reactions.

4.4. Growth analysis

The investigated HPS-CVD reactor design is anticipated to provide
enhanced growth rates compared to the super-atmospheric horizontal
MOCVD reactor designed by Dr. Dietz’s group [50]. Dietz’s high-
pressures CVD reactor design [10,50] showed a reduction in growth
rate beyond growth pressures of 5 atm due to onset of turbulence within
the chamber. This presumably led to a loss of source material via pre-
reaction of the precursors in the gas phase. The HPS-CVD reactor ad-
dresses these shortcomings by physically separating the precursors
thereby controlling flow pattern throughout the chamber. Precursor pre-
mixing is thus primarily limited to the user-defined boundary layer and
the time they reside within the boundary layer. Shorter residence time
statistically leads to fewer pre-reactions of the precursors and hence
source material loss.

Using information provided by CFD simulations for the third-
generation design, it is possible to estimate achievable growth rates on
a substrate within the HPS-CVD system. This analysis does not utilize
specific mass transport modeling capabilities of COMSOL. Rather, it is
based on the approach of determining the prevalent boundary layer
thickness and resulting time required for gases to diffuse through the
boundary layer to the surface of the substrate. Sufficient mixing in the
boundary layer is presumed to occur based on simulations suggesting it
can be considered to be similar to traditional MOCVD systems and
growth processes are limited by mass transport.

Laminar flow patterns were achieved in the third-generation design
at pressures up to 100 atm with well-defined boundary layers. The
thickness of the boundary layer was calculated using CFD modeling
results. While the boundary layer thickness is constant below the sepa-
ration barriers, it increases within the chamber by up to 50% (from 0.1
to 0.15 in.). For species diffusion through the boundary layer, an
average value of the boundary layer was applied (0.125 in.) as sche-
matically presented in Fig. 11. Boundary layer thickness is primarily
determined by the separation distance between the barrier and the
susceptor and was found to only have a weak dependence on parameters
such as inlet velocity, total system pressure, and rotation speed of the
susceptor.

Using Fick’s second law to determine the diffusion time for trime-
thylgallium (TMGa) [21] through a nitrogen boundary layer in the HPS-

Separating

Barri Velocity
arrier Average Boundary Boundary
Layer Thickness Layer

__________________ N
Wafer Susceptor + Heater  Circular Rotation of Susceptor

Fig. 11. Schematic cross-section view of the HPS-CVD reactor, which repre-
sents the boundary layer thickness where the heated wafer sequentially moves
between the individual chambers via rotation of the susceptor.
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CVD operating at a 400 rpm rotational speed for the susceptor, it is
found to be at least 5 times shorter than the time the precursor needs to
travel to reach the substrate surface in Dietz’s MOCVD reactor after it
was introduced into the common gas stream. While Dietz’s high-
pressure CVD reactor design [10,51] used pulsed precursors injection
to reduce the premixing of precursors, it didn’t eliminate them as evi-
denced by continued reduction in growth rate as the reactor pressure
increases. This is thought to be due to existing turbulence or vortices in
the system which leads to mixing of precursors despite temporal sepa-
ration in their introduction. Overall, it is anticipated that the proposed
HPS-CVD system will have a higher concentration of precursors avail-
able to incorporate into the film due to reduced adduct formation and
pre-reactions. As growth occurs in the mass transport limited regime, it
is estimated that an increase in growth rate may occur by up to a factor
of 5.

To reduce precursor loss due to surface-related effects, including
undesirable surface reactions or depositions, the HPS-CVD design
significantly reduces exposed surface to the mixed precursor gases as
compared to Dietz’s MOCVD design. The exposed surface area reduction
is estimated to be at least a factor of 4 for the current HPS-CVD design.
While this reduction doesn’t necessarily translate to 4-times increase in
available precursor for growth (and hence growth rate), it is anticipated
that an improvement in precursor availability of at least a factor of 2 is
plausible.

Based on these factors, it is crudely and conservatively estimated that
a growth rate enhancement of approximately 10 times is achievable
compared to the existing state-of-the-art design by Dietz’s group. This
suggests growth rates up to 4 pm/hr are achievable in an HPS-CVD
system operating at elevated pressures. This growth rate is comparable
to existing atmospheric MOCVD reactors.

5. Summary

This paper applied CFD techniques to investigate the viability of a
new vertical-type high pressure CVD reactor which is capable of growth
at up to 100 atm system pressure for high quality growth of high-In
content group III nitrides. The effects of rector design, chamber
height, system pressure, inlet flow rate, and rotational speed were
investigated. It was found that by reducing the height of the chamber,
the flow instabilities reduced significantly due to the suppression of the
thermal and mass transfer boundary layers caused by the geometry of
the reduced space. In addition, modeling results demonstrated that ni-
trogen gas is more susceptible to formation of vortex patterns as
compared to hydrogen. Analysis of streamlines suggests that matching
of inlet velocity to rotational speed of the susceptor is necessary to
optimize source gas coverage of the substrate. Although, stable laminar
flow patterns were achieved in the third-generation design at 100 atm
for nitrogen gas, complementary studies are needed to analyze thermal
gradients within the system and associated mass transport and kinetics
of chemical reactions.

Growth rates were estimated in a comparative fashion to an existing
super-atmospheric system and a growth rate enhancement by up to a
factor of 10 is determined to be plausible. This would lead to an HPS-
CVD system with growth rates up to 4 pm/hr which is comparable to
existing atmospheric MOCVD systems.
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