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Abstract
Active thermal control of a reactor for

YBa2Cu3O7-x chemical vapor deposition is studied
using a nonlinear heat transfer model validated by
preliminary component testing. LQR and LQE
methods are applied to the linearized model for
observer-based control. Convergence rates of the
controller and observer are indicated by closed-loop
eigenvalues and disturbance rejection is assessed with
H2 and H∞ norms. Design tradeoffs are quantified
with these measures by varying model parameters.
Maximum errors in control and estimation for a nom-
inal design case are both 21 K, and longest timescales
are 45 seconds and 10 seconds for the controller and
observer, respectively.

1. Introduction
Superconducting YBa2Cu3O7-x (YBCO) devices

have many potential applications, including high-
performance microwave filters for cellular communi-
cations. However, realizing their potential requires
the development of high throughput manufacturing
processes to deposit high-quality, uniform films on
large substrates. Metalorganic chemical vapor de-
position (MOCVD) is one promising technique for
YBCO thin film deposition [4]. In an MOCVD pro-
cess, a heated substrate is exposed to a gas flow con-
taining organometallic precursor molecules, which
decompose in the hot boundary layer above the sub-
strate, resulting in film deposition. Since the proper-
ties of the film are very sensitive to substrate temper-
ature during growth, good thermal control is vital.
A typical requirement for YBCO is a substrate tem-
perature of 1100 K, with uniformity of ± 3 K over a
2” diameter substrate.

The thermal control issues studied in this work
are part of a larger effort to design and build an
MOCVD reactor for the deposition of YBCO. The
preliminary reactor design is shown in highly sim-
plified form in Figure 1. Gas-phase precursors enter
through a showerhead. The magnesium oxide (MgO)

substrate is held in a silicon carbide (SiC) suscep-
tor, which sits above an Inconel can containing the
graphite heating elements. The susceptor is levitated
slightly and rotates due to a gas jet emerging from
the can.

Sensing of substrate temperature is one challenge
encountered in implementing active thermal control.
Because invasive temperature measurement devices
disrupt film growth and preclude substrate rotation,
the substrate temperature must be measured with
non-invasive techniques [10], or inferred through a
model-based observer. In this work, an observer is
constructed which takes as inputs other reactor tem-
perature measurements to estimate the local, time-
varying substrate temperature.

Much work has been done to model and mea-
sure reactor heat transfer dynamics in rapid thermal
processing (RTP) reactors. While many of the meth-
ods may be applicable to the YBCO reactor, previ-
ous work has focused primarily on characterization
of existing reactors in the initial, pre-growth configu-
ration [1, 3, 9, 5] or with an assumed film growth law
[10]. This work quantifies the effect of film growth
on the control and estimation of substrate temper-
ature, with no growth law assumed a priori in the
model-based observer. Film growth is modeled as
an external disturbance, and linear feedback control
methods are used to assess the reactor’s thermal re-
sponse. Performance sensitivity to design parame-
ters provides input to the reactor design process.

2. Reduced-Order Nonlinear Heat
Transfer Model

A wavelength-dependent heat transfer model of
the reactor has been developed, which incorporates
radiation and conduction. Consideration of the
wavelength-dependent radiative effects is critical in
accurately modeling the reactor, since the radiative
properties of key components vary dramatically with
wavelength, and therefore with temperature. Con-
vection heat transfer is neglected due to the low re-
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Figure 1: Cutaway view of reactor model.

actor pressure of 10 Torr.

2.1. Description of Model
To model the radiative heat transfer in the reac-

tor, a set of enclosure equations was written which
relates the radiative flux leaving each surface to the
incoming flux from all other surfaces. The conduc-
tion heat flux was modeled by a finite-difference rep-
resentation [7].

Wavelength-dependence of radiative heat flux
must be included in the model to reflect the dramatic
vaiations in radiative properties with wavelength,
as shown in Figure 2. As temperature changes,
the blackbody curve shifts to smaller wavelengths,
changing the overall radiative properties of a surface.
These properties were computed from the complex
refractive index of each material [6, 8] and the thick-
ness of each component, assuming normal incidence
and neglecting interference effects [2]. The enclosure
equations were solved and summed over 8 wavelength
bands, with different radiative properties associated
with each band.

The MgO substrate, the SiC susceptor, and the
Inconel can were discretized into concentric rings to
obtain a set of ordinary differential equations from
the partial differential and integral equations describ-
ing conduction and radiation. An energy balance on
each ring yields

ρcpLAi
dTi

dt
= qradiation + qconduction + qinput (1)

where ρ is the density, L is the thickness of the disk,
and Ai is the surface area of the ring. These en-
ergy balances may be combined into a single matrix
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Figure 2: (a) Product of blackbody function and wave-
length at 300 K and 1100 K; single-crystal radiative prop-
erties of (b) 0.020” MgO (c) 1/8” SiC (d) 0.5 µm YBCO.

equation to yield a state-space representation with
an extra nonlinear term:

Ṫ = A1T +A4T
4 +Bu y = CT, (2)

where u defines the inputs of heater power and con-
stant wall temperature, C is the constant output ma-
trix, and y is the vector of system outputs. It should
be noted that the matrices A1, A4 and B are not
constant since they include temperature-dependent
material properties.

Additional heat transfer constraints are also ex-
plicitly defined in the model to represent the actual
reactor configuration. These constraints include in-
ternal resistive power dissipation in the heaters and
conduction and radiation boundary conditions.

Equation (2) is integrated with a Runge-Kutta
fixed time step scheme. Heater power inputs may be
constant or defined by a controller. PID and LQR
controllers have been implemented on the model.

2.2. Preliminary model validation
Component testing was undertaken to assess the

validity of the heat transfer model and to deter-
mine physical constants prior to reactor construc-
tion. The experimental setup consisted of a steel can,
a SiC susceptor, and a thermocouple-instrumented
MgO substrate, as pictured in Figure 3. The heaters
were wire resistance coils wound from Kanthal wire.
The heater design was later changed to use graphite
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Figure 3: Experimental apparatus for model validation
experiment.
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Figure 4: Comparison of data and simulation results: (a)
temperature versus time (b) temperature versus radial
position.

heaters; however, both types of heaters are modeled
as flat rings. The setup was placed in a vacuum
chamber to duplicate the modeling assumption of
negligible convective heat transfer. The 2” diameter
MgO substrate was instrumented with 9 thermocou-
ples.

A simulation was run to duplicate the times and
conditions of the experimental data. The maxi-
mum temperature achieved during the test was less
than the target substrate temperature of 1100 K due
to heater failure, but the data were still useful for
validating the model. The model parameters were
matched to dimensions and material properties of the
component test, with unknown parameters, such as
the emissivity of oxidized steel and the contact re-
sistance between MgO and SiC, estimated from the
data. These parameters were consistent with tab-
ulated values for similar materials. The simulation
matches the data in overall temperature magnitude
and in temperature gradient across the substrate as
plotted in Figure 4.

3. Analysis of Linearized System
Linearization of the nonlinear heat transfer

model enables the application of linear feedback con-

trol techniques for quantification of errors and design
tradeoffs. Since the range of operating points desired
during film growth is limited to substrate tempera-
tures between 1000 K and 1200 K, the nonlinear heat
transfer model was linearized about a typical operat-
ing point corresponding to a substrate temperature
of 1100 K. The remaining temperatures were deter-
mined from simulations of the full nonlinear model.
An 8-ring model was used throughout the study. The
state and input matrices, A and B, are constant ma-
trices from the linearization process, and the output
matrix C transforms all the states into a vector con-
taining only the states associated with thermocou-
ples on the can. The final linearized system takes
the form

d

dt
(δT ) = AδT +Bu y = C δT, (3)

where δT ∈ R29 consists of the can temperatures,
susceptor temperatures, substrate temperatures, and
heater temperatures. The input u ∈ R3 consists of
power inputs and fixed wall temperature.

The two systems of interest describe the natu-
ral dynamics of the actual temperature under closed
loop control and the error in the estimated temper-
ature:

d

dt
(δT ) = (A− BK) δT

d

dt
(e) = (A− LC) e.

(4)

The two linear systems for the controller and ob-
server are considered separately in this study, al-
though they will ultimately be coupled to form the
single reactor system. The systems are studied sep-
arately to independently assess the effects of design
variations on control and on estimation.

The control matrix K and the estimator matrix
L are computed with the Matlab functions lqr and
lqe. The eigenvalues of matricesA−BK and A−LC
were computed to determine the largest time con-
stants associated with the control loop and the ob-
server loop.

In addition to system time constants, an impor-
tant consideration in the design of a reactor for grow-
ing YBCO on MgO is the disturbance caused by film
growth. As YBCO grows on the largely transparent
MgO substrate, the substrate surface gradually be-
comes opaque to incident radiation. In this study,
the change in radiative properties of the substrate
during growth is viewed as a disturbance acting on
the substrate states, and the disturbance rejection
performance of the control and observer systems is
quantified with H2 and H∞ norms. The H2 and
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Figure 5: Typical effect of film growth disturbance on
substrate temperature under a fixed input, with film
growth beginning at 200 s. Curves represent individual
substrate states.

H∞ norms for A−BK and A− LC were computed
with the Matlab functions h2norm and hinfnorm for
a range of design parameters to evaluate the effect of
design choices on closed-loop performance of the re-
actor. The disturbance enters into the linear systems
as

d

dt
(δT ) = (A−BK) δT +B1d (5)

d

dt
(e) = (A− LC) e+B1d, (6)

A zero block in B1 contains the number of columns
equal to the total number of heater, can, and sus-
ceptor states, while the identity block is of dimen-
sion equal to the number of substrate states. Thus,
the disturbance vector d acts independently on each
substrate state.

The full nonlinear model was used to simulate
the substrate temperature change during film growth
with a fixed power supplied to the heaters. These
substrate temperatures are shown in Figure 5. Film
growth begins at a time of 200 s. The surface of the
substrate instantaneously changes from MgO to an
infinitesimally thin layer of YBCO. The YBCO layer
then gradually thickens to 0.5 µm at 2000 s, where
the film growth representation in the model is linear
in time. This growth model was used only for the
purpose of disturbance estimation. The film growth
simulated is typical of known times and thicknesses
used in YBCO thin film growth. The disturbance en-
ters the linearized model as a derivative of tempera-
ture with time, as in equations (5) and (6). To quan-
tify this typical disturbance d, ‖d‖2 is calculated by
integrating the derivative of the temperature change
associated with each state on the substrate:

‖d‖22 =

∫ tf=2000

to=200

dTd dt, (7)
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Figure 6: Film growth temperature deviations from
operating point normalized by centerline temperatures
based on nonlinear simulation. Curves represent sub-
strate profiles at intervals of 100 s.

where

dj =
dT subj

dt
. (8)

Implemented on the simulation results at discrete
time intervals ∆t,

‖d‖22 =
m∑
i=1

n∑
j=1

∆T subij

∆t
, (9)

where m is the number of time steps in the time in-
terval considered and n is the number of states on the
substrate. The value of ‖d‖2 for the case considered
in Figure 5 is 6.12.

The output of the linear systems considered is
composed of the temperature and estimation errors
of the substrate states. These norms are the prod-
ucts of a transfer function norm and ‖d‖2. When
‖δT sub‖∞ and ‖δT sub‖2 are considered for a typi-
cal profile shape, a maximum temperature change
across the substrate is determined. Typical tem-
perature deviation profiles across the substrate are
shown in Figure 6. These profile snapshots are taken
at every 100 s throughout the duration of the film
growth. The nonlinear simulation shows that as
the film grows, the substrate tends to cool faster at
the edges. A representative profile of this temper-
ature deviation is a parabolic distribution. When
a parabolic distribution is assumed across the sub-
strate, the maximum error in temperature is less
than ‖δT sub‖∞. For a parabolic profile with no de-
viation at the center, the ratio of maximum error to
‖δT sub‖∞ is 0.7.

The H∞ norm may be similarly quantified by
considering temperature deviations over a finite time
interval. However, it does not represent an absolute
bound on temperature deviation from the operating
point. While minimizing the H∞ norm in the design
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on the reactor is desirable, no fixed value is consid-
ered acceptable or unacceptable.

The time scales and norms defined previously
were computed over a range of values for three design
parameters: the susceptor thickness, the can thick-
ness, and the distance between the heaters and the
can. A nominal design case was selected, with a 1/8”
thick susceptor, a 1/16” Inconel can top, and a spac-
ing of 1/2” between the heaters and the can top. The
parameters were then varied about the nominal de-
sign case. These variations are plotted in Figures 7
and 8. Figure 7 shows the largest eigenvalue asso-
ciated with both the control and observer systems.
It is observed that as thickness of components is in-
creased, both the controller and observer response
slow due to increased thermal inertia. Distance be-
tween the heaters and can does not affect thermal in-
ertia, although moving the heaters farther from the
can enables more uniform heating of the can and
quicker response. Figure 8 illustrates the effect of re-
actor design parameters on disturbance rejection. It
is noted that the H2 norms associated with both the
control and observer systems are quite insensitive to
all the design parameters studied, but that the H∞
norms vary with the chosen design parameters.

Case A Case B Case C
SiC (m) 1× 10−3 3.175× 10−3 6× 10−3

Can (m) 6× 10−4 1.5785× 10−3 3× 10−3

Table 1: Definition of design cases.

Although the plots generally suggest that re-
duced thermal mass yields improved performance,
practical considerations such as machining must also
be considered. This parametric study may be in-
cluded in such practical discussions to identify the
feasibility of control for various designs.

Another important consideration in analyzing
the parametric study is the assessment of tradeoffs.
While Figure 7 indicates that increasing the distance
between the heaters and the can improves perfor-
mance, Figure 8 shows higher error when the heaters
are too far from the can. The plots suggest that a
desirable distance would be near 1 cm.

Quantifiable bounds on errors in control and es-
timation for a single set of design parameters is an-
other useful result. For the nominal design case con-
sidered, the H2 norm is 3.41 for the control loop and
3.34 for the observer. A typical value of ‖d‖2 asso-
ciated with film growth was determined to be 6.12,
where ‖δT‖∞ and ‖e‖∞ are the products of H2 and
‖d‖2. Thus, ‖δT‖∞ is 20.9 K and ‖e‖∞ is 20.4 K.
The longest time scales associated with the nominal
design case may also be determined from this analy-
sis, where 45 s is the longest time scale of the control
loop, and 10 s is the longest time scale of the observer
system.

4. Nonlinear Simulation Validation
of Linearized Results

Variation in performance with design parameters
was demonstrated with linear techniques applied to
the linearized form of the heat transfer model. Non-
linear simulations may also be used to show similar
trends. Three sets of design parameters are chosen
to represent designs in which the thermal mass is
less than that associated with the nominal set of de-
sign parameters (Case A), equal to the thermal mass
of the nominal case (Case B), and greater than the
nominal case (Case C). The values of the parameters
are shown in Table 1. Figure 9 shows the variations
in centerline can temperature during film growth for
each design case, with growth beginning at a time
of 200 s. Because the observer determines substrate
temperature based on can temperature, the magni-
tude of the change in can temperature is also a mea-
sure of observability. The linear analysis predicted

5



0 500 1000 1500 2000
−4

−2

0

2

4

6

8

time (s)

te
m

pe
ra

tu
re

 d
ev

ia
tio

n 
(K

)

Case A
Case B
Case C

Figure 9: Nonlinear simulations of centerline can tem-
perature during film growth, beginning at 200 s.

that the can would be harder to control and to ob-
serve as thermal mass increased. This result is also
seen in the nonlinear analysis. The can response as-
sociated with Case A is the fastest and of the greatest
magnitude throughout the film growth, while Case
C shows the slowest and the smallest can response.
The nonlinear simulations confirm that lower reactor
thermal mass yields faster and greater can response
to film growth disturbances.

5. Conclusion
The development of a heat transfer model for an

MOCVD reactor enabled the study of control char-
acteristics prior to construction. Experimental data
first demonstrated the validity of the model. Linear
analysis, including LQR and H2 methods, provided
insight into the control and estimation performance
of the reactor under an unknown disturbance act-
ing on the substrate. This disturbance was quanti-
fied through examination of film growth in nonlinear
simulations of the heat transfer model.

The maximum temperature control errors and
estimation errors for a nominal set of design param-
eters was determined to be 21 K for each system, or
15 K if a parabolic profile was assumed. The largest
time scale associated with this controller is 45 sec-
onds, and with this observer 10 seconds. The study
suggests that achieving the target ±3 K uniformity
across the substrate requires some knowledge of the
film growth, either through the addition of a film
growth law to the model or the incorporation of non-
invasive temperature measurement of the substrate.
Both are promising and are the focus of current work.

A parametric study, varying design parame-
ters and assessing the effect on control and estima-
tion performance, suggested trends and tradeoffs in-
volved in improving closed-loop reactor performance.
The performance assessment provided by the heat
transfer model and subsequent control analysis con-
tributes to the intelligent design of the reactor.
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