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Abstract. This paper describes the development of a reduced order model-based feedback
control methodology for regulation of the growth of thin films in a high-pressure chemical vapor
deposition (HPCVD) reactor. Precise control of the film thickness and composition is highly desir-
able, making real-time control of the deposition process very important. The source vapor species
transport is modeled by the standard gas dynamics partial differential equations, with species de-
composition reactions, reduced down to a small number of ordinary differential equations through
use of the proper orthogonal decomposition technique. This system is coupled with a reduced order
model of the surface reactions involved in the source vapor decomposition and film growth on the
substrate. Also modeled is the real-time observation technique used to obtain a partial measurement
of the deposition process.

The utilization of reduced order models greatly simplifies the mathematical formulation of the
physical process so that it can be solved quickly enough to be used for real-time model-based feedback
control. This control problem is fairly complicated, however, because the surface reactions render
the model nonlinear. To deal with this we use a nonlinear feedback control method based on the
state-dependent Riccati equation (SDRE). A second SDRE is contained in a state estimator which
uses the nonlinear partial observations of the growth process to obtain an estimated state on which
to base the feedback control. These nonlinear control techniques are implemented on the HPCVD
model and the results analyzed as to the effectiveness of the reduced order model and nonlinear
control at tracking the desired film growth profile.
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1. Introduction

Chemical vapor deposition (CVD) is a technique used to grow very thin films with certain
desired properties, involving the deposition of source vapors onto a heated substrate surface where
they then react chemically to form the desired material. This process is used in the manufacture
of many computer hardware products, including high-speed (GaAs) integrated circuits, transistors,
and DRAM chips, as well as UV detectors and green and blue light emitting diodes. A less well-
known application is in high-performance electrostatic loudspeakers. Precise control of the film layer
thickness and composition is extremely important, and the increasing demands on the precision of
the desired properties make real-time feedback control of the CVD process very desirable [1, 2, 3, 4].

Low-pressure chemical vapor deposition processes are the preferred choice for manufacturing
many of the devices mentioned above. Previous work within our N.C. State University research group
has successfully implemented feedback control of film thickness and composition in GaP/Gaj_,In,P
films, during experiments in a low-pressure pulsed chemical beam epitaxy (PCBE) reactor using
real-time optical monitoring by p-polarized reflectance spectroscopy (PRS) measurements [4].

However, there are some materials (such as InN or Gaj_;In,N films) which have potential
industrial uses, but cannot be effectively produced at desirable temperatures under low-pressure
conditions. Extending the CVD procedure to higher pressures increases our ability to control the
thermal decomposition of certain source gases, and expands the range of compositions which can
be produced at optimal process temperatures. This has applications to flat panel displays covering
the entire visible wavelength range, and optoelectronics in the visible to UV wavelength range, as
well as radiation-resistant high power electronics. In addition, higher pressures give the advantage
of a fuller ability to intentionally introduce controlled defects into the film or dope the film with
impurities (for example, to give the film a positive charge, in the case of the speaker application).
Control of defect chemistry/residual absorption and laser damage of nonlinear optical materials
(such as ZnGeP5) is also important for wave-guided nonlinear optical sensors and advanced optical
parametric oscillators. Higher pressures can also result in faster film deposition and throughput,
an advantage in time-intensive applications in the semiconductor industry. The challenge in high-
pressure chemical vapor deposition (HPCVD) is that it is significantly more difficult to control than
the low-pressure process, as the higher pressure introduces source vapor gas flow dynamics in the
place of low-pressure ballistic source vapor pulses.

As part of a research team at N.C. State working on the design and construction of an HPCVD
reactor with real-time sensors to use in feedback control of the film growth process, we have worked to
create an effective mathematical model of the more complicated high-pressure deposition process. We
also have developed closed-loop control methods to use on the nonlinear model, including estimation
of the system state from the sensor measurements and tracking of desired properties such as film
thickness and composition.

One part of the HPCVD process is the gas flow dynamics in the high-pressure reactor, as the
source vapors travel from the reactor inlet to the substrate surface in a carrier gas at pressures of up
to 100 atmospheres. A dilute approximation is used in our work, leading to a quasi-steady model
with steady-state nonlinear continuity, momentum and energy equations being decoupled from the
transient linear species equations. We use the reduced order method known as proper orthogonal
decomposition (POD) to obtain a reduced order system from the species equations, so that real-time
model-based feedback control is possible. In earlier work it has been shown that the POD basis



can be used to efficiently represent the species flow dynamics in an HPCVD reactor and to compute
an optimal open-loop control [5], as well as to implement feedback tracking control of HPCVD gas
phase species transport [6, 7]. Section 2 will describe the gas phase model, the use of the POD
reduced order method, and the measurement technique used for observing the process in real time.

The second part of the CVD model is the description of the surface kinetics, including the
decomposition of source vapors deposited on the surface and their reactions forming the compound
which is integrated into the growing film. These reactions are represented by a reduced order surface
kinetics (ROSK) model which assumes that among the many reactions involved there are a small
number of significant limiting steps. The model used in this paper is a modified version of that
developed in [8], coupled to the gas phase model through the flux of species to the surface. This
ROSK model is described in Section 3.

The combined model is nonlinear due to the reactions on the surface, so a nonlinear feedback
control method must be used. To control the growing film thickness we use a nonlinear tracking
control developed in [9], which is based on the state-dependent Riccati equation (SDRE). In ad-
dition, only nonlinear partial measurements of the growth process are available. Therefore a state
estimator/compensator (also from [9], using a second SDRE) is used to reconstruct from these mea-
surements an estimated value of the full state on which to base the feedback control. In Section 4
we describe these methods in the context of the HPCVD tracking control problem.

Section 5 describes the application of the feedback control to the combined HPCVD model.
Simulation results are given and analyzed, to study the effectiveness of the reduced order POD and
ROSK models, the reduced order model-based nonlinear tracking control, and the state estimation
process using nonlinear partial observations of the actual state. Section 6 contains some discussion
of future research including theoretical considerations, and conclusions evaluating the current work
are given in Section 7.

2. Reduced Order Gas-Phase Model

The gas-phase flow model for the high-pressure chemical vapor deposition reactor used here
is based on the two-dimensional work in [6, 7], with a different reactor geometry and extension to
three dimensions. Our model represents the flow of precursor species from the reactor inlet to the
substrate surface, with the transport process dynamics given by the partial differential equations
for continuity, momentum, energy and species balances, including multiple species and gas-phase
reactions [10, 11, 12, 13]. These equations are considered for a case with only trace amounts of the
precursors mixed with the carrier gas (N9) in the reactor. With this dilute assumption a quasi-
steady model can be constructed, with the continuity, momentum and energy equations solved as
steady-state equations, based on the properties of the dominant carrier gas and independent of the
reactant concentrations:

V. (p7) = 0
pT - V¥ = —VP+V.-7—pg 2)
pe,@-VT = V- (kVT), (3)

where the viscous stress tensor is given by

7 = —gu(?-ﬁ)?Jru(ﬁ?JrV’?T). (4)



Here @, T and P are the velocity, temperature and pressure, ¢ is the gravitational acceleration,
and u, ¢, and k are the viscosity, specific heat and conductivity of the carrier gas. The density
variation is modeled as

p = po[l — B(T — Ty)], (5)

with a reference temperature T, a reference density pg calculated from the ideal gas law at the
reference temperature and reactor pressure, and the volume coefficient of expansion § = 1/T.

We will consider a three-dimensional rectangular-box-shaped domain describing the reactor de-
picted in Figure 1. Previous work [6, 7] used a two-dimensional representation of an earlier HPCVD
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Figure 1: Three-dimensional view of the HPCVD reactor.

reactor, but all three dimensions are necessary for our new model, because in addition to the pre-
dominantly lengthwise gas flow and vertical deposition there is now also a horizontal measurement
of optical absorption across the width of the reactor (which will be discussed later in this section).
Our numerical model will represent an area of this reactor that is 150 mm long, 50 mm wide, and
only 1 mm high. A side-view cross-section of this is shown in Figure 2, with the very small height
not to scale. The portions of the reactor outside this domain, specifically the narrow inflow and
outflow regions and the part of the box-shaped reactor near the inflow (seen in Figure 1) are not
included in the model. There are two sapphire substrates on which the growth is to take place,
each 25 mm long by 20 mm wide and placed in the center of the reactor model (width-wise and
length-wise), located symmetrically on both the top and bottom of the flow channel. The growth
is driven thermally by a circular heating element, or susceptor, 40 mm in diameter and centered
behind each substrate. The substrate and susceptor placement can be seen in Figures 1 and 2. The
gas flow enters through the inlet seen at the left end of the reactor in these figures, flows across the
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Figure 2: HPCVD reactor side-view cross-section (not to scale).

substrate surfaces (depositing some of the source species there), and exits the outlet at the right end
of the reactor. Here we consider Nitrogen (N2) as the carrier gas, at a pressure of 10 atmospheres.
Temperature-dependent values of y, ¢, and k for Ny are linearly interpolated from values in the
literature [14, 15, 16].

The boundary conditions for the steady-state flow model will be formulated as follows. There
is a no-slip (zero velocity) condition on all walls of the reactor as well as the substrate, while the
inflow velocity profile corresponds to rectangular duct flow [17] with a flow rate of 10 standard liters
per minute (slpm). The temperature boundary condition is room temperature (298 K) at the inlet
and 1000 K at the susceptors. Boundary conditions on the temperature of the reactor walls include
conduction along the walls, radiation off the walls, convective heat loss to the environment, and
modeled heat loss to the outside of the reactor. A special boundary condition in the commercial
software package FIDAP (Fluid Dynamics International, Evanston, IL), described in [12], page 6-
14, is used to obtain a smooth outflow condition. The pressure is involved in equations (1)-(5)
only as ﬁP, so therefore only pressure differences matter, not absolute pressures, and an implicit
P = 0 boundary condition is used at the outlet. A Galerkin finite element method with weighted
residuals for the degrees of freedom (@', T and P) is used to discretize the gas flow equations. The
discretization uses a mixed formulation with 4983 brick elements (corresponding to 47131 nodes),
with piecewise linear discontinuous elements for pressure and quadratic (27-noded) elements for the
other degrees of freedom. We used FIDAP to solve this finite element problem for steady-state
values of @, T and P at the nodal points.

The solutions for velocity and temperature that are found from equations (1)-(5) can then be
used in the solution of the time-dependent species equations for the precursor mass fractions,

M | 5.9y, =19 (oD ﬁY)Jr%w (6)
ot n p n n 2 nis

where Y,, is the mass fraction of the nth species, D,, is the diffusivity of species n, Ng is the number
of gas phase reactions, and r,; is the rate of production of species n in the ith reaction.

In the HPCVD computational experiments to follow we will consider trimethylgallium, or TMG
(Ga(CHs)s3), and phosphine (PH3) as source materials for the growth of the III-V film gallium
phosphide (GaP). For now we only investigate using one TMG pulse to control its contribution



to the film deposition process. This can be done since the inputs are pulsed with pauses between
them, so that the gallium species and phosphorus species are not present in the reactor at the same
time (though a constant overall gas flow profile is maintained throughout the pulsing cycle by the
carrier gas). This pulsing prevents nucleation of GaP material in the gas phase. For the gallium
transport we will consider three gas-phase species (aside from the carrier gas): Y; representing
the mass fraction of TMG, Y3 that of dimethylgallium (DMG), and Y3 that of monomethylgallium
(MMG).

We will assume that there are Nr = 2 significant gas phase reaction mechanisms for the gallium
species. There is the reaction for the decomposition of TMG to DMG and a methyl molecule,
Ga(CHjs)s — Ga(CHgs)o + CHj (reaction 1), and the decomposition of DMG to MMG and a methyl
molecule, Ga(CH3); — GaCHs + CHj (reaction 2). These decompositions can be described as
first-order Arrhenius reactions with rates of production given by

W, .
Tni = Vng i kie_El/RTYmia (7)

m;
where m; is the number of the species which is the source in reaction ¢. The parameter v,; is the
stoichiometric constant for species n in reaction 4, W, and W,,, are the molecular weights of those

particular species, and k; is the rate constant and E; the activation energy for reaction 7. The values
of vy, k; and E; for the two reactions we consider are taken from [18, 19] and are given in Table 1.

Reaction 4 | Species n | vyik; (s71) | E; (kcal/mol)
1 1 (m1) —5.5 x 10" | 61.0
1 2 5.5 x 105 | 61.0
2 2 (mg) —8.7x 107 | 35.4
2 3 8.7 x 107 35.4

Table 1: Rate constants and activation energies for gas-phase reactions.

The molar weights for the three species are Wryg = 114.8 g/mol, Wpuag = 99.79 g/mol, and
Warme = 84.755 g/mol, and R = 1.99 cal/(mol-K) is the universal gas constant. The temperature-
dependent values of the diffusivities D,, are linearly interpolated from values in the literature [20].
The methyl molecules do not participate in the film growth and, due to the dilute approximation,
do not contribute to the flow properties, so we do not include them in the transport equations.

The boundary conditions for the species transport equations will be as follows. We consider
all of the area in contact with the two susceptors (including both the substrates and some of the
surrounding reactor wall area) to be perfectly absorbing for each species (this area is shown as I'y in
Figure 2). The remainder of the reactor wall areas are considered to be completely non-absorbing,
also for each species. At the inlet (I'; in Figure 2), the source species (TMG) is set to desired values,
and will be used as the input for control of the growth process, while the other two species are set
to 0. Zero normal flux is assumed at the outflow, so that 8Y,,/07 = 0. The initial condition of
the system is that no species are present in the reactor. Thus the entire time-dependent species
transport system based on equation (6) is given by



M | 5.9y, = 9.0, V) + St
ot P =
Y,(0,7) = 0
Yi(t, @) = wu; atinflow I'y (8)
Y,(t,@) = 0 atinflow T'; (n =2,3)
Y,(t, ) = 0 at substrates, susceptors I's
BY%(%?) = 0 at walls, outflow,

where 7,; are the reaction production rates from equation (7) and u; is the control input which will
be discussed later.

We use a penalty boundary formulation on the species transport problem in order to change
all the boundary conditions to Neumann conditions. This prepares the system for the Galerkin
procedure to be discussed later in this section and the control problem to be described in Section 4.
Under the penalty boundary formulation, the system (8) is modified to become

Ng
G T I = (D, T) + Y
=1

ot
Y,(0,2Z) = 0
%t_?ﬁ) - %(Yl(t, T)—u;) at inflow T (9)
%’;ﬁ) _ %Yn(t, ) at inflow Ty (n =2, 3)
%ﬁ_&?) = %Yn(t, ) at substrates, susceptors I'y
BY%(%?) 0 at walls, outflow,

where € is a small parameter (for our simulations we use ¢ = 1073). With sufficient regularity
assumed, it can be argued that as e — 0 the solution to (9) approximates the solution to the problem
in (8) with Y1(t, @) = w1 and Y2 3(t, @) = 0 at the inlet and Y, (¢, 7) = 0 at the substrate (see
[21, 22] for related discussions). This penalty formulation was successfully implemented in our
previous feedback controlled HPCVD simulations for different reactor geometries in [6, 7].

The Proper Orthogonal Decomposition (POD), also known as the Karhunen-Loéve expansion
[23, 24] or principal component analysis [25], is a method of choosing a set of basis functions tailored
to a particular problem so that a minimal number of functions are needed to represent that problem’s
dynamics. This is a well-known method of feature extraction in the pattern recognition field [26], and
it has been used on many types of physical problems, including turbulent flows [27, 28, 29, 30, 31].
It has been used in open-loop control of CVD systems [5, 32], and recently in closed-loop control of
CVD systems in [6, 7], for discretizing species transport PDEs similar to system (9) so that they may
be numerically solved more quickly. In contrast to the POD method, a standard finite difference,
finite element, or spectral method of discretization will result in a very large system of ordinary
differential equations. The POD method utilizes observations of the problem dynamics to choose



basis functions which include as much of those dynamics as possible, thus potentially making it
possible to reduce the number of approximate ODEs needed from hundreds or thousands down to
the order of ten or less. The most important consequence of this in our work is that the POD system
is small enough to use to generate a real-time on-line feedback control, whereas the system resulting
from a generic discretization method would require too much time to solve.

In our problem we use FIDAP simulations of the species flow equations described above to
obtain a set of experimental observations, or “snapshots”, of the species mass fractions at various
times, to serve as the raw material for finding the POD modes. The snapshot data set for the nth
species consists of K vectors, U, = {ul],ul,, ...,uszK}, each vector consisting of the IV nodal values
of the mass fraction of the nth species at a different time ¢; (z = 1,2, ..., K) during the simulation.
This simulation is done starting with zero mass fraction for each species in the body of the reactor,
with a constant TMG mass fraction input serving as a nontrivial “control” for 0.5 s, followed by a
clearing pulse of zero input for another 0.5 s. The simulation uses a backward Euler method with
time steps of 0.005 s or 0.01 s for the time integration. A total of 100 snapshots are obtained at
0.01 s time intervals.

For the purposes of describing the process of finding the POD, we will think of the snapshots
{u%} not as length N vectors but as functions {uﬁfz
We also will eliminate the species subscript 7 and length-N superscript for now, so that the set of
snapshots is given by U(z) = {u1(z),u2(z),...,ux(z)}, remembering that we are considering the
snapshots for a single species. Following the description of [5], we look for the set of K POD modes
that most closely match the snapshot data, so that the POD modes z = z(z) maximize

(:v)} of the location z in the reactor domain 2.

1 & )
=3 2 (10)
=1
while still being independent of each other and having

2
(2,2) = [|2[]" = 1.

Here (-,-) and ||-|| are the L? inner product and norm. Specifically we look for POD modes that are
linear combinations of the snapshots, so that

K
2(x) =) aiui(z), (11)
i=1

with the coefficients a; to be found so that (10) is maximized.
To start, we define the function

K

AN ]‘ 3 . !
K(m,a:) = E ;uz(m)uz(x )7 (12)
and the operator R on z
(R2) (z) = /Q K(z,2')2(z)de'. (13)

By manipulating these defined equations we find that
(Rz,2) = / Rz(z)z(z)dx
Q
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= g2l (14)

It also follows that (Rzi,22) = (z1,Rz22) for any 21,2 € L2(Q), so therefore R is a nonnegative
symmetric operator on L2(Q). With this property, the problem of maximizing the expression (10)
is the same as finding the largest eigenvalue in the problem

Rz = Az (15)

subject to ||z]|? = 1, or equivalently,
/ K(z,2')2(a')da’ = Aa(z) (16)
Q

with ||z]* = 1.
By substituting the definitions of z and K in equations (11) and (1 ) into equation (16), we

obtain
K

g Z%/ﬂ’m(m’)u (g;’)d:];’ ui(z) = ;)\ ui(x), (1)

=1

which can be rewritten as the matrix eigenvalue problem

=A, (1 )
where the matrix and eigenvector are given by
1 ! ! !
i = i o) (@)dr, (1)
= 1y 25y K - ( 0)
is a nonnegative ermitian matrix, so therefore it has a complete set of orthogonal eigenvectors
1, 2, K , With = |, 9,5 g , ordered from largest to smallest eigenvalues. he
expression (10) is then maximized by the mode obtained from the eigenvector corresponding

to the largest eigenvalue by setting

K
z(z) =) juilz) = (2) 1 (1)
i=1
he other modes are calculated similarly from the remaining K 1 eigenvectors.
In the case of our problem, the snapshots are actually given in terms of length ~ vectors
of the finite element coe cients, so instead of the integral version of the correlation matrix , it will
be given as ; = (1 K)u; w . or a particular species , the th mode z ; in the set =

Z 1,% 9,..,2 g Iisobtained by ta ing a linear combination of the snapshots = u ,u 9,...,u g
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