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Real-Time, Heuristic-Based Control
of Molecular Beam Epitaxy

O.D. Patterson, K.G. Eyink, and S. Cong

Real-time, heuristic-based control is appropriate for materials processes where accurate numerical mod-
els are not available. Frequently, the scientists working with a process base their decisions when control-
ling the process on a set of heuristics. This article describes the use of a rule base for real-time control of
molecular beam epitaxy (MBE), a semiconductor thin-film growth process. As is often true in applying
real-time control to materials processes, the most difficult task is to develop sensor technology capable of
monitoring the material properties of interest. The use of ellipsometry, an optical technique, is described
for the MBE process. The requirement to extract the material parameters from the ellipsometry data is
computationally complex and time consuming. Development of algorithms to compress this manipula-
tion into an acceptably short period for real-time control is discussed. Given these data, a rule base has
been implemented to control the thickness and composition of thin films grown using MBE in real time.
This research demonstrates that a rule base need not be complex to be effective.
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1. Introduction

INCREASING numbers of applications are using devices
made from epitaxial III-V thin films such as heterojunction bi-
polar transistors (HBT) and high electron mobility transistors
(HEMT).[1-2]For instance, the Department of Defense is spon-
soring development of technology aimed at producing low
cost, highly reliable monolithic integrated circuits under the
Microwave and Millimeter Wave Monolithic Integrated Circuit
Program (MIMIC).B] Much of the current technology is based
on ion implantation into bulk GaAs wafers, but an increasing
number use epitaxial film-based HBTs and HEMTs. Other ar-
eas where the requirements for production level quantities of
II-V semiconductor epitaxial films are increasing include digi-
tal high-speed circuits and electro-optic devices such as focal
plane arrays.m

High-end epitaxial HI-V thin-film production is dominated
by molecular beam epitaxy (MBE).[Z] This is the only technol-
ogy capable of providing the quality material needed for many
types of devices.[2-#1Unfortunately, the initial expense of using
MBE may be prohibitive, with equipment acquisition costs of
approximately one million dollars. Also, this process is com-
paratively slow, as typically only one substrate is deposited at a
time at a rate of 1 pm/h. Finally, capable MBE operators com-
mand a high salary.

These economic factors limit MBE to high-end applications
that cannot be satisfied with lesser material. These applications
represent a small percentage of the total semiconductor output
of the United States. Alternate processes such as chemical va-
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por deposition (CVD) and liquid phase epitaxy (LPE) provide
the majority of thin-film material being used.

Reducing the cost of MBE will allow more applications to
use materials grown from the MBE process, resulting in im-
proved performance. A principal limitation of MBE is yield.
Cooper assumed 80% as atypical production yield in modeling
the economics of MBE.[2] His analysis showed that improve-
ment in epitaxial layer yield from 80% to nearer 100% would
result in nearly a 50% reduction in epitaxial growth costs.[2]

Presently, MBE, like many semiconductor Eroduction proc-
esses, is operated using open-loop control.[! Subprocesses,
such as furnace control, use closed-loop control via PID con-
trollers; however the thin-film parameters are not involved in
the control. A comprehensive plan for improving the manufac-
turing capability of MBE has been developed at the USAF
Wright Laboratory.m One component of this system is heuris-
tic-based, real-time control.

The challenges in developing real-time, closed-loop control
for MBE and other processes in general include development
of nonintrusive sensor technology capable of monitoring the
material parameters of importance and a heuristic model of the
process. This model makes it possible to adjust the control in-
puts based on the sensor data to achieve the desired perform-
ance.

A promising optical sensing technique, ellipsometry, is be-
ing developed to sense thin-film parameters of importance in-
cluding film thickness, stoichiometry, and surface temperature.
The ellipsometer measures the polarization state of light re-
flected off the thin-film surface. These data must be manipu-
lated to find the composition and thickness of the thin film.
Unfortunately, this data manipulation can take a great deal of
time, because the equations that must be solved are transcen-
dental. Traditionally, these equations have been solved using
an iterative search technique; however, this method is too com-
putationally intensive for real-time control. (6] Urban proposed
using an Associative Neural Network (ANN) to obtain initial
estimates to the solution allowing the interactive search to con-
verge more rapidly. (6] This paper reports several improvements
that make this method more practical for real-time control. The
accuracy of the ANN has been improved. The topology of the
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network has been adjusted to enable better modeling of data
points on the boundary of the domain of interest. The concept
of a pseudosubstrate has been incorporated, and most impor-
tantly, more data points are being used to minimize the errors
due to experimental uncertainties.

Given the data provided by ellipsometry, a small rule base
can be used to control MBE and achieve significant improve-
ments in the yield of the process. Rule-based control can be ap-
plied when an accurate numerical model of the system is not
available, as in the case with MBE. Advantages of rule-based
control over modern control include: (1) the knowledge-base is
easy for the MBE operator to understand and modify; (2) feed-
back control is easy to implement; and (3) a precise numerical
model of the system is not necessary.

The literature provides examples of rule-based control in a
wide range of applications.(7-81Because ellipsometry monitors
the particular parameters of interest, MBE can be controlled
with relatively few rules.

2. MBE Process

Molecular beam epitaxy is a high-precision technique for
growing thin-film semiconductor crystals that was developed
in the late 1960s at Bell Laboratories by Cho and Arthur.[%] In
MBE, a substrate typically of 77-mm diameter is suspended in
the center of a vacuum chamber, called the growth chamber,
which has a base pressure of less than 10710 torr. Up to eight
small ovens, called Knudsen cells, adjoin the growth chamber.
Each Knudsen cell consists of a crucible loaded with a particu-
lar element such as gallium (Ga), arsenic (As), or aluminum
(Al) and a furnace that is used to heat the element to its vapori-
zation temperature. The crucibles are screened from the growth
chamber by shutters. When a shutter is opened, a beam of atoms
or molecules from that Knudsen cell is emitted toward the wa-
fer. The magnitude of the flux depends on the temperature of
the material in the crucible. Generally, multiple shutters open
concurrently. The proportion of the atoms/molecules that bond
epitaxially to the substrate depends on a number of factors in-
cluding the substrate temperature.

Molecular beam epitaxy provides precise control over the
semiconductor material being grown and therefore produces
devices of superior quality. Deposition of less than a single
monolayer of thickness can be controlled.[4] Because growth
occurs at a relatively low temperature (580 to 620 °C for
GaAs), bulk diffusion is minimal, and doping profiles are not
disturbed. In addition, the dislocation densities, interface
abruptness, mobilities, and minority carrier lifetimes of MBE-
grown films are generally equal or superior to those grown by
other state-of-the-art epitaxial techniques.[10]

A variety of factors contribute to the quality of the material
grown by the MBE process including:

Accuracy of material layer thicknesses
Accuracy of alloy concentration
Accuracy of dopant concentration
Impurity levels

Smoothness of material layer interfaces
Crystalline defects
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The nature of the MBE process makes it difficult to monitor.
The process is very sensitive to impurities. Therefore, anything
mounted inside the growth chamber must not outgas. Electron
beam techniques should not be used to monitor the process be-
cause they add electron energy to the crystal, thus causing de-
fects. In addition, the hot electron beam filament is a source of
impurities during growth. Sensors cannot block the flux beams,
as that would influence the flux distribution over the wafer sur-
face. Given these limitations, an externally mounted sensor (el-
lipsometer) that uses photons to monitor the thin film was
selected for development to control the MBE process.

Ellipsometry is capable of monitoring material layer thick-
nesses and alloy compositions. The impact of improving the ac-
curacy of material layer thicknesses and alloy composition is
difficult to predict because the level of achievement for these
factors using current techniques is difficult to measure. One
MBE researcher reported thickness variations of up to 10%.[11]
This 10% thickness in a doped AlGaAs layer in a GaAs/Al-
GaAs depletion mode high electron mobility transistor
(HEMT) resulted in a significantly altered threshold voltage,
almost 1 V lower. With real-time monitoring of the thickness,
accuracies of greater than +1 monolayer are expected.

3. Ellipsometry

Ellipsometry is an optical technique that measures the
change in polarization state that light exhibits upon reflection
from a sample. This process includes the generation of light in
a known polarization state, the interaction of this light with a
sample, and the characterization of the polarization state of the
exiting beam. The layout of an MBE machine equipped with an
ellipsometry system is shown in Fig. 1. The results reported in
this paper were obtained using a rotating analyzer ellipsometer.
Ahelium/neon laser is linearly polarized and shone onto a sam-
ple at an angle of incidence of ~70°. The intensity variation of
light over the revolution of the analyzer is measured at 5° inter-
vals and averaged over ten analyzer revolutions. From these in-
tensity measurements, ellipsometric angles ¥ and A are
obtained every 5 s. Equation 1 defines ¥ and A, where R_(R 5 is
the complex amplitude reflectivity for light polarized parallel
(perpendicular) to the plane of incidence.

Substrate
Manipulator
With Rotation
| Liquid Nitrogen

Cryo Shroud

Rotating
Analyser

S {

Detector

Light Polarizer
Source

Fig.1 Schematic of MBE machine outfitted with ellipsometry
system.
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Fig.2 Thin-film diagram.

The ellipsometry system can be set up in a variety of ways.
One type of ellipsometry that has a clear advantage for real-
time control is phase-modulated ellipsometry. Instead of using
a rotating element, an electronically controlled phase modula-
tor is used to modify the polarization state of the incident light
beam. Hence, ¥ and A measurements may be extracted on the
order of a few milliseconds. In addition, spectroscopic capa-
bilities can be achieved by using a white light source. Each ad-
ditional wavelength provides further information about the
sample. The choice of wavelength is dependent on the material
parameters to be monitored. Real-time spectroscopic capabili-
ties may be realized with the use of a photodiode array.| 2l For
all these ellipsometry systems, inversion of the ellipsometry
data is required for real-time control.

Given the complex index of refraction (n and k) and the
thickness of the thin film (d), W and A can be determined easily
using Eq 1 through 8. The meaning of variables used in these
equations is illustrated in Fig. 2. However, determining n, k,
and d given ¥ and A, which is actually what needs to be done,
requires the use of an iterative numerical search method such as
the least-squares method. To find n, &, and d, three pieces of in-
formation are required. Therefore, at least two measurements
must be made in quick succession. Assuming the stoichiometry
has not changed during this brief interval (n and k remain con-
stant), the unknowns are n, k, d1, and d2, whereas the measure-
ments are ¥/, Al, W2, and A2. Given n, k, and the substrate
temperature, the alloy composition can be found using refer-
ence data.
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4. Ellipsometry Data Reduction

The two-step method proposed by Urban and shown in Fig.
3 allowed a least-squares algorithm to converge within ten it-
erations for the particular case reported.m] Both components of
this method of obtaining a solution to the transcendental equa-
tion problem may be improved. An ANN and least-squares al-
gorithm called the Gauss Newton (Bard algorithm) were
implemented in Think C™ from Symantec Corporation, Cu-
pertino, CA on a Quadra 700 computer from Apple Computer
Inc., to obtain the results discussed in this article.

A critical factor influencing the effectiveness of this aigo-
rithm is the amount of measurement error. For the ellipsometry
system used for this article, the measurement error is one tenth
of a degree. Use of additional ¥ and A data points by the least-
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Fig.4 Training configuration.

Tablel RMS error versus number of measurements
for dpgints = 30 A

Data

Points == =k et
0.0220 - 0.0084 1.80
0.0181 0.0068 1.72
0.0169 0.0065 1.59

Table 2 RMS error versus number of measurements
for d1=15,d2=30, d3=45, and d4=60

Data

Points - n k diargest
2 et 0.0220 0.0084 1.80

3 0.0077 0.0025 1.04
LS 0.0040 0.0010 0.71

squares algorithm is proposed as a method for reducing the ef-
fect of measurement error. The pair of experiments were run to
demonstrate the merit of this idea. Random error of up to one
tenth of a degree was added to sets of W and A values generated
using Eq 1 through 8. These values were then used to predict n
and . This experiment was repeated 1000 times for two, three,
and four sets of ¥ and A values, and RMS errors were tabulated
in Table 1. The desired values are n=3.82, k=-0.2, and d; =
30 A, where i corresponds to the largest thickness. For two sets
of W and A, the RMS error of n is 0.022. Table 1 shows that, by
using just two additional measurements, the accuracy of pre-
dictions for n and k can be improved by over 20%.

The ellipsometer used for the data in the reported research
obtains data every 10 A when the thin film is growing at 1
pm/h. With this limitation, the change in thickness between
data points must be at least 10 A. Table 2 compares the perform-
ance of using a two-, three-, and four-data point system where
measurements are at 15-A spacings. The results show that the
decrease in measurement error due to the use of additional
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Fig.5 Effect of increasing n, k, and d on ¥ and A.

measurements is even better when a consistent measurement
rate is used. Improvements in n and k are over 80%.

The least-squares algorithm requires multiple iterations to
arrive at a solution. The purpose of the ANN is to limit the num-
ber of iterations to ten iterations or even less. Ten iterations re-
quires 0.73 s using the implemented least-squares algorithm,
which is adequate for real-time control. Improved performance
from the ANN would save even more time.

A common ANN, called a multilayer perceptron, with one
hidden layer containing ten hidden nodes and multiple output
nodes without nonlinearities, was eventually selected for the
system. Urban noted that the data points lying near the outer
limits of the training range were modeled much less accurately
by the ANN than those in the middle of the range.[®] This prob-
lem can be avoided by removing the nonlinearity from the out-
put neuron. The nonlinearity used is a sigmoid, as shown in Eq
9:

1
T+ exp(-z)

R 91

To achieve an output of zero, a desired output given n, k, and
d;are normalized from zero to one, the input to this nonlinearity
must approach negative infinity. Similarly, to achieve an output
of one, the input to the sigmoid nonlinearity must approach
positive infinity. These values are virtually impossible to ob-
tain. Removing the nonlinearity from the output nodes enables
values near zero and one to be obtained easily.

The multilayer perceptron was loaded with data from a data
generator and trained for one million iterations (see Fig 4).
Only two sets of ‘¥ and A were used in this case. All input values
and output values were normalized. The RMS error in the
ANN s estimate for n is 2.6% of the range of n. For k, it is 3.8%,
and for 4, it is 29.2%. These accuracies compare favorably to
the accuracies reported by Urban, but should be improved fur-
ther. A detailed analysis of the performance of the network
shows that it trains to decompose variation in thickness into er-
ror components in n and k. The direction of increasing n, k, and
d is shown in the plot in Fig. 5 where data points for n varying
from 3.8 t0 4.0, k varying from —0.2 to -0.5, and d at 10, 20, and
30 nm are plotted. For any ¥ and A, an infinite number of pos-
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Disturbances

Recipe Amount Material gj
40 Layers Gal.5A10.5As in AL Cell
80 Layers Ga0.5A10.5As 10e17 Si doped

Ga Temp

Al Temp

Composition

Disturbance: Material in AL Cell
Reduced from 100 to 95.

Layer Thickness reached 40 layers
* Layer Thickness

! 4 A
T T T t

20 40 60 8 100 120
time (seconds)

Fig. 6 Growth simulation using rule-based control.

sible combinations of n, k, and d exist. Giventhe ¥ and A cor-
respond to nl, ky, d1, and 424, when the trained ANN is
prompted with ¥, and A, which correspond to ny, k1, d1{+Ad1
and d2,+Ad2, it incorrectly predicts ni+An, k1+Ak, d1;, and
d2,. Although the ANN is not able to predict the error compo-
nent in the thickness value, its estimate is sufficient to bound
the least-squares search to less than ten iterations.

The n and & found using Eq 1 through 8 are actually the av-
erage values over the entire thin film. If alloy composition is to
be controlled, extraction of the instantancous values of n and k
in the currently deposited material is required. The ¥ and A
measurements can be used to determine these values through
the use of a pseudosubstrate. A pseudosubstrate is a fictitious
substrate with n and k values giving the same optical charac-
teristics as the existing stack of layers. After each ‘¥ and A cal-
culation, the pseudosubstrate is updated to include the newly
deposited materials. A new set of ¥ and A values is measured,
and the next thickness is calculated from the surface of the new
pseudosubstrate.

The use of a pseudosubstrate requires that the ANN contain
several additional inputs, representing the changing complex
reflectivity of the pseudosubstrate making the ANN more com-
plex. On the other hand, the range of thickness over which the
ANN must be trained is substantially reduced. Given accurate
and current information about the composition and thickness of
the thin film, the process can be controlled in real-time using a
rule base.

5. Rule-Based Control

Conventional control of MBE is open loop through the use
of a process plan. The length of time to grow each material
layer and the set point temperatures of the Knudsen cells are
predetermined based on characterization data from previous
growth runs and calibration experiments run prior to the proc-
ess run. Closed-toop control will reduce the effects of common
disturbances and drift in the fluxes.
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Fig.7 Growth simulation for sinusoidal composition.

Rule-based control was selected rather than modern or con-
ventional control for several reasons. First, an accurate
analytical model of the process does not exist. Second, the re-
quirements of the system do not demand performance beyond
the capability of rule-based control. The dynamics of MBE,
which are fast in comparison to some materials processes such
as autoclave curing, are slow compared to many systems
controlled by modern and conventional control techniques. Ac-
curate regulation of the alloy concentration and layer thickness
alone would be a significant improvement over state-of-the-art
MBE processing. Varying alloy concentration is desirable for
some applications and is possible with rule-based control.
Third, the rule base is easy to understand and modify by the
MBE operator. For instance, several control inputs exist to af-
fect the alloy concentration; the operator can explore different
algorithms for using the control inputs.

Figure 6 shows the results of a simulation of an MBE experi-
ment using the rule-based control system. The vertical axis is
dimensionless because the variation in the different parameters
and not their absolute values is of importance. The “recipe” is
given in the top left corner. Four signals are plotted: aluminum
(Al) temperature, gallium (Ga) temperature, composition, and
layer thickness. A process disturbance is invoked in this simu-
lation; the amount of material in the aluminum Knudsen cell is
suddenly changed from 100 to 95 units. The simulator deter-
mines that because there is less material in the aluminum cell,
the aluminum flux will also be less, resulting in a decrease in
the ratio of aluminum to all Group III atoms. The expert system
is monitoring the instantaneous composition. Because the tar-
get composition is Aly sGag sAs, the expert system recom-
mends an increase in the aluminum temperature to restore the
instantaneous composition. The layer thickness, which is the
number of monolayers deposited in the current constituent
layer, is reinitialized, and a new set of shutters is opened after
each layer is completed. In Fig. 6, when layer thickness was re-
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initialized after 40 monolayers, the silicon (Si) shutter was
opened.

Figure 7 shows a simulation to grow a material with a
sinusoidal varying alloy composition. Two command inputs,
the arsenic control valve and the substrate temperature, are
used to control alloy composition. The arsenic control valve
has a very fast response time, but its range is limited. The sub-
strate temperature response time is slow, but it has an unlimited
range.

This real-time, rule-based control system was also imple-
mented in Symantec Think C™ and is a module of a compre-
hensive MBE control ]package being developed at the Air Force
Wright Laboratory. 3

6. Conclusions

A real-time, rule-based control system is being developed
for MBE to effectively control material alloy composition and
layer thickness. The knowledge base was described and dem-
onstrated. In addition to a knowledge base, real-time control re-
quires real-tim sensor data. Ellipsometry has been selected for
application to MBE because its latency to the process and be-
cause of its ability to sense thin-film parameters including layer
thicknesses and composition. Unfortunately, ellipsometry data
must be reduced to provide this information. A two-step
method for inverting ellipsometry data in real-time into thick-
ness and composition data streams proposed in the literature
has been improved. The first step is to obtain approximations of
the solution to the inversion with an artificial neural network.
Second, the Gauss Newton (Bard algorithm) is used to find the
exact solution. The effectiveness of processing more than two
data points simultaneously to reduce the effect of instrumenta-
tion inaccuracy was demonstrated. The concept of a pseudo-
substrate to enable calculation of the instantancous alloy
composition rather than the average composition of the entire
thin film was discussed. These improvements significantly
contribute toward achieving real-time control of MBE thin-
film thickness and alloy composition. Given that an increase in
yield from 80 to 100% will result in a cost reduction of 50% in
MBE material, real-time control of MBE will enable many
more applications to use the high-quality material produced by
MBE.
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