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In-situ laser reflectance monitoring of metal-organic chemical vapor deposition
(MOCVD) is an effective way to monitor growth rate and expitaxial layer thickness of a
variety of III-V and II-VI semiconductors. Materials with low optical extinction coeffi-
cients, such as ZnTe/GaAs and AlAs/GaAs for a 6328 A HeNe laser, are ideal for
such an application. An extended Kalman filter modified to include a variable forgetting
factor was applied to the MOCVD systems. The filter was able to accurately estimate
thickness and growth rate while filtering out process noise and cope with sudden changes
in growth rate, reflectance drift, and bias. Due to the forgetting factor, the Kalman filter-
was successful, even when based on very simple process models.

Introduction

The II-VI semiconductor ZnTe is used as a buffer layer
between a GaAs substrate and a CdTe epitaxial layer to re-
duce defect concentration and ensure (100) growth-on a (100)
substrate. The thickness of the buffer layer is very important
to the operability of the final device and is a major cause of
manufacturing defects. AlAs is often used with GaAs to make
compound semiconductor devices, and the thickness of this
layer is also very important to the operability of the final de-
vice. Implementation of an in-sifu monitoring device in either
of these cases would help keep the thickness within desired
specifications and help monitor crystal quality, cutting manu-
facturing waste and cost. The operating pressures involved in
metal-organic chemical vapor deposition (MOCVD) that ex-
ceed 0.9 torr, however, make the electron- and ion-beam-
based in-situ monitoring techniques commonly used in
molecular-beam epitaxy unusable.

Light, however, is unaffected by the operating pressures of
MOCVD. Two light-based methods finding increasing usage
are ellipsometry and reflectometry. Ellipsometry involves the
reflection of elliptically polarized light from the surface of
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the sample, causing a change in polarization. A brief review
of ellipsometry is given by Rhiger (1993). Specular laser re-
flectance, where the intensity of a laser beam reflected off a
growing epitaxial film is measured, has been used to success-
fully monitor growth of a variety of II-VI and III-V systems.
Three studies used a 6,328-A HeNe laser (Jensen et al., 1988;
Irvine et al., 1989, 1994), while a fourth used a frequency-
doubled argon ion laser (Sankur et al., 1991). Other studies
that have used optical techniques similar to the one here for
the estimation of film thicknesses are those by Alius and
Schmidt (1990), Boebel and Maller (1993), Breiland et al.
(1995), and Morrison (1995). In other work, similar tech-
niques have been used in etching processes (Wong and Bon-
ing, 1995; Boning et al., 1994; Deaton and George, 1987;
Sternheim et al., 1983). The on-line measurement used in the
present work is reflectance from a 6,328-;\ HeNe laser at
near-normal incidence angle.

An extended Kalman filter (EKF) estimates the state vari-
ables—film thickness and growth rate—of a nonlinear dy-
namic mathematical model of a process by minimizing the
mismatch between the estimated and measured outputs, for
example, reflectance intensity. The performance of a conven-
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tional EKF is highly dependent on the ability of the model to
predict any changes in the state variables, especially sudden
ones, whether they are due to outside disturbances or changes
in manipulated variables. A method to help overcome this
problem has been used in the paper industry and involves a
recursive least-squares algorithm interacting with an EKF
(Wang et al,, 1993). Here the conventional EKF is modified
by incorporating a variable forgetting factor, which allows the
filter to overcome the inadequacies of the model and pro-
duce estimates comparable to those from an EKF using a
more complex model. The modified EKF is applied to the
MOCVD process to estimate film thickness and growth rate.

Experimental Methods

In MOCVD, a carrier gas, usually hydrogen, transports
metalorganic or hydride precursors into the reactor. Metalor-
ganics are introduced into the carrier gas by passing it through
a bubbler containing that liquid or solid precursor. Hydrides,
such as arsine and phosphine, commonly used as group V
precursors, are gaseous and are introduced directly into the
carrier gas. In a vertical reactor, the precursors approach the
substrate perpendicularly to the surface, while in a horizontal
reactor, the flow is parallel. On the surface of the heated
substrate, a pyrolytic reaction takes place, depositing the
semiconductor material.

The ZnTe/GaAs system was grown in an atmospheric
pressure horizontal reactor with rotation capability. It in-
cluded an optical window flushed with dry helium gas. Di-
ethyl zinc was the group II precursor, and diisopropyl tel-
luride was used as the group VI precursor. A 2-mW, high-sta-
bility, HeNe laser operating at 6,328 A was directed at near-
normal incidence angle on the wafer. A 15-Hz beam chopper
was placed between the laser and the wafer. The reflected
light intensity was recorded with a low-noise silicon detector
and a lock-in amplifier.

The AlAs/GaAs data were obtained using a vertical
MOCVD reactor at atmospheric pressure and 750°C. It was
equipped with a 6,328- A HeNe laser and similar intensity
measuring equipment as the previously mentioned system.
The precursors were trimethyl aluminum (TMA) and arsine.

State and Output Models
Output model

The ideal reflectance from a normal incidence beam R,
is a function of the wavelength of the incident laser light, the
deposited film thickness, the refractive index of the incident
medium, and the complex refractive index of the film, Nf =
ny —ik;, where n; and k, are the refractive index and extinc-
tion coefficient of the film, respectively (Macleod, 1986; Bajaj
et al, 1993). If the laser wavelength is constant and if the
film is of constant composition, reflectance intensity becomes
a function only of film thickness. When this is applied to a
growing film, an oscillating reflectance intensity resuits where
the refractive index determines the amplitude and frequency,
and the extinction coefficient determines the damping rate.
It should be stressed that the ideal reflectance is dependent
on the composition profile of the film stack. In this study,
however, only the deposition of a single layer with uniform
properties is considered, greatly simplifying the calculations.
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Figure 1. ideal reflectance vs. time for (a) a growing

CdTe film and (b) a growing ZnTe film.

The extinction coefficient is important because observabil-
ity, or the ability to estimate the states (thickness and growth
rate) from the measurements is lost whenever the reflectance
becomes constant with respect to time, including the local
extrema of the oscillations. The value of &k is dependent on
the interband photon absorption. The bandgap energy at
room temperature of ZnTe is 2.26 eV, and that of AlAs is
2.16 eV, both of which are greater than the photon energy of
1.96 eV of the 6, 328-A laser used. This results in a very small
extinction coefficient for both materials (k, . <0.01, kupa,
= 0.003) allowing sustained oscillations over large film thick-
ness. Figure 1 shows the effect of the extinction coefficient
where (a) is the ideal reflectance intensity from a growing
CdTe film on GaAs (negre = 3.04, kcgre = 0.253) and (b) is
the ideal reflectance from a growing ZnTe film (n,,¢, = 3.06,
k zure < 0.01).

The ideal reflectance is easily calculated, but does not al-
low for deviations that can be caused by crystal defects or
other process noises. The addition of bias and drift terms
make the model more flexible and the filter more robust. The
relative drift term was modeled as first order with respect to
time, and the bias was considered an additive term making
the final output reflectance intensity R,

R Bt)—a, (1

out Rideal(l -

where B is the drift coefficient, a the bias coefficient, and ¢
the elasped time since the EKF was started, typically the be-
ginning of growth.

Simple state model

The EKF for both systems was initially based on a simple
four-state model. The first two states model the growth of
the epitaxial layer and are growth rate g and thickness 8.
Thickness propagates as

de

-8 )

while the growth rate was modeled as constant giving
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A better model would predict changes in growth rate.

The third and fourth state variables are the drift and bias
in the output signal. Since variations in o and B are not
modeled, their nominal dynamics are

making the EKF the only mechanism changing these states.

Improved state model

As stated earlier, a better model would predict changes
in growth rate, improving the performance of the EKF. A
process model with five state variables was implemented on
the AlAs/GaAs system. In this model, film growth was con-
sidered strictly mass-transfer-limited so that growth rate was
proportional to the trimethyl aluminum (TMA) concentration
in the growth chamber C,, that is,

de

7 = 7Cav &)

where y is a growth coefficient. The growth coefficient was
modeled as being constant and the TMA concentration was
modeled as having a first-order plus time-delay response to
bubbler flow rate giving

dy
—=0 6
o 6)
acy 1 K,
— = - Cy+ —ult - 7
= 1’CA, . u(t — D), @)

where 7 is a time constant, u the TMA bubbler flow rate, K,
the bubbler steady-state gain, and D the delay. These param-
eters were not estimated by the EKF, but were assigned val-
ues on the basis of known carrier flow rates and semiempiri-
cal calculations. The fourth and fifth states were the re-
flectance intensity drift and bias parameters used in the sim-
ple model.

Modifications to the Extended Kalman Filter

When testing the conventional continuous-discrete EKF
(Gelb, 1974) on ZnTe/GaAs with the simple model, it was
found that the filter could not cope with the inadequacies of
the model. The EKF was tested with an experimental run
during which the growth rate was purposely changed several
times by varying either the group II bubbler flow rate, or the
group VI bubbler flow rates or the bubbler temperatures. The
filter was not able to adjust to large, sudden changes in the
growth rate. A mechanism was needed to increase the filter’s
ability to deal with changes in the process. This problem has
been addressed in the least-squares estimator by the use of
variable forgetting factors.

Recursive least-squares estimation (RLS) is the conven-
tional method for estimating constant or slowly changing pa-
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rameters. To allow the estimator to track possible changes in
the parameter values, RLS is often used with a variable for-
getting factor. The equivalence of the RLS and the EKF
{Goodwin and Sin, 1984; Astrém and Wittenmark, 1988) mo-
tivates us to adapt the Fortescue-Kershenbaum-Ydstie
(FKY) RLS forgetting factor (Fortescue et al., 1981) into the
EKF error covariance measurement update:

1
Pk(+)=)\—[I—Kka(—)]Pk(—) (8)
k
‘. = P(-)HI(-) ©)
k Rk+Hk(—)Pk(—)HkT(-)
s 1 [Zk"hk(-fk—l)]z
he=1-7 1+ H P HT (10
Me=max{A, A}, O0<A,, <1, v

where x is the state vector, K the update gain matrix, P the
error covariance, R the measurement noise variance, z the
measured output, A(£) the estimated output based on the
estimated parameter values, H the Jacobian of the output
with respect to the parameters, A, the user-defined mini-
mum forgetting value, o a forgetting factor tuning parame-
ter, subscript k refers to the kth sampling instant, (—) indi-
cates the state variables or the covariance matrix after the
time update, and (+) indicates the state and covariance after
the measurement update. The measurement update of the
states and the time update equations are those of the stan-
dard continuous-discrete EKF (Gelb, 1974).

Since A, < A, <1, incorporation of the forgetting factor
multiplies the error covariance matrix by a scalar value greater
than one, thus increasing the gain. This increases the adjust-
ment made to the state variable vector during the measure-
ment update, that is, it makes the filter more sensitive to
deviations between the actual and estimated outputs, allow-
ing the filter to better deal with sudden changes in the state
variables not predicted by the simple model.

Results
ZnTe/GaAs system

The EKF using only the simple model was applied to the
ZnTe/GaAs system. This run was designed to have sudden
changes in the film growth rate by changing the bubbler flow
rate. Reflectance intensity drift and bias also showed sudden
changes as well as considerable amounts of process and mea-
surement noise. Process noise was largely due to the sub-
strate rotation, done to promote epitaxial film thickness uni-
formity. However, because of unavoidable defects, the rota-
tion produced noise with a frequency corresponding to the
rotation rate ( ~ 3 cycles/min). The EKF was tuned with the
parameters shown in Table 1. The measurement noise vari-
ance R was calculated from the variance of steady-state mea-
surements before the growth run. The states were initialized
at zero thickness, bias, and drift, and at a reasonable guess
for growth rate. The diagonal elements of the initial error
covariance P(0) were set after an initial run with a high-val-
ued diagonal P(0) reached quasi-steady state. Off-diagonal
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Table 1. Modified EKF Settings for the ZnTe/GaAs System

0(0) 0
. g® ] foz2
20 «@ |7 0
B(0) 0
T 2
0.001 0 0 0 ]
0 10710 0 0
Q 0 0 1010 0
0 0 0 10730
R 0.000912
01 0001 0 0 W
0.001 0.001 0 0
P 0 0 1073 0
0 0 0 10718 |
A 0.9

elements were set to zero except for the ones relating thick-
ness and growth rate, which have high interaction. ¢ was
chosen diagonal with very small magnitudes except for the
component corresponding to thickness, which was expected
to have significant variance. A minimum forgetting-factor
value of 0.9 is known to be successful in many applications
and the other forgetting-factor parameter, o, was set by trial
and error.

A plot of measured and estimated reflectance vs. time
(Figure 2) shows that the estimated reflectance follows the
experimental curve extremely well, even though there are
sudden jumps in the drift and bias, for example, at elasped
time = 3,200 s. An expanded view (Figure 3) illustrates the
ability of the EKF to filter out much of the rotational noise.

During the run it was possible to find average growth rates
over a period of time. Reflectance intensity from a growing
film oscillates with a cycle corresponding to a constant change
in thickness A6, which is determined by the refractive index
of the film n, with

)\*
Ad = 2—, (12)
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Figure 2. Measured reflectance (—) and EKF-esti-
mated reflectance using the simple model
(---) for the ZnTe/GaAs system.
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Figure 3. Expanded view of the measured reflectance
{(—) and EKF-estimated reflectance using
the simple model (---) for the ZnTe/GaAs
system.

where A* is the wavelength of the laser lighto(Irvine et al,
1992). For a zinc telluride film with a 6,328-A laser, Af =
1,034 A. Therefore, an average growth rate can be found by
measuring the period or half-period of oscillations. To pro-
tect against extraneous extrema, the reflectance was filtered
(here a fourth-order low pass was used) before calculating
the average growth rate. The total film thickness can also be
estimated by counting the total number of oscillations during
the growth period. In the following discussion, extrema
method refers to this method of estimating film thickness and
growth rate.

Figure 4 is a plot of the estimated growth rate with the
solid line being the EKF estimated growth rate, and the as-
terisks being the average growth rate determined by the ex-
trema method. The agreement between the two methods is
good. Late in the run, however, the latter method breaks down
because the amplitude of the rotational noise becomes com-
parable to that of the oscillations due to growth, thus produc-
ing false extrema.

An item that should be noted is the steplike nature of the
EKF-estimated growth rate. Instead of a smooth first-order
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Figure 4. EKF-estimated growth rate (—) using the
simple model for the ZnTe/GaAs system (the
asterisks are the average growth rate be-
tween low-pass filtered reflectance extrema).
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Table 2. Modified EKF Settings for the AlAs/GaAs System

Simple Model Improved Model
8(0) . Co(o) 0
) « | |o a©® 0
£(0) « 1= 1o al0) (= 0
B | LO AD) y
7(0) 21x10°
o 0.05 5
0001 0 0 0 001 914 0 0 0
0 0001 0 0 0 100 0 0 0
1] 0 0 0 0 0 0 0 0 0
0 0o 0 0 0 0 0 0 O
0 0 0 0 01
R 0.001 0.001
o1 0 0 0 0.01 qlo 0 0 0
0 001 © 0 0 10 0 ¢ 0
P0) 0 0 10-° o 0 0 1071 ¢ 0
_ 0 0 0 1077 0
0 0 0 1077
0 0 0 0 0 001
Amgin 0.9 0.9

response that might be expected, the response is made up of
a series of small steps that approximate the smooth response.
This is due to the loss of observability at the reflectance ex-
trema, that is, the EKF can no longer sense differences be-
tween the actual and estimated states because a small change
in the states results in no noticeable difference in the output.
This effect can also be seen in Figure 3. The greatest devia-
tion between the estimated and measured reflectance is found
close to the extrema where the EKF cannot realign the curves.
When observability is lost, the EKF must rely totally on the
process model until observability is regained. Since the fre-
quency of the reflectance intensity is a function of wave-
length, the problem of loss of observability can be overcome
using different colored lasers or spectral reflectometry (Kil-
leen and Breiland, 1994). Then, observability would always
be maintained at some wavelength.

The thickness calculated by counting the oscillations and
the EKF-estimated thickness also closely agree. The final film
thickness is 22,231 A corresponding to twenty-one and one-
half oscillations, according to the extrema method, and 22,332
A using the modified EKF.

AlAs/GaAs system

The modified EKF was also tested with two growth runs of
the AlAs/GaAs system. The reflectance intensity for these
data shows almost no noise, almost constant drift, and negli-
gible bias. The time and magnitude of the bubbler flow rate
changes were known and coincided with local reflectance
maxima. In run 1, the TMA bubbler flow rate was initially
stepped up to 12 std. cm’/min, and on the next three succes-
sive peaks, it was stepped up to 24, 36 and 48 std. cm®/min,
respectively. The bubbler flow was turned off at the final peak.
In run 2, the bubbler flow rate was initially stepped up to 36
std. cm?/min, and then was stepped down to 24, 12, and 0
std. cm>/min at the next three successive peaks. Both runs
had a 7.5-std. L/min blanket flow of H, and a 2.5 std. L/min
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TMA push flow of H,. In the following discussion, EKF-sim-
ple refers to the EKF using the simple model and EKF-im-
proved to the EKF utilizing the improved model.

Table 2 shows the values of the EKF tuning parameters.
They were obtained following a procedure along the lines
previously discussed. In run 1, the experimental (solid line in
Figure 5) and estimated reflectance (dashed line in Figure 5)
showed good agreement with the greatest "deviation occurring
at the beginning of the growth run, at the next successive
peak, and at the end, where there were the largest relative
growth rate changes. These deviations were due to the fact
that the model does not predict any changes in growth rate
making the filter completely reactive. The plot of estimated
growth rate (Figure 6) clearly reflects the step changes made
in the TMA bubbler flow rate. The asterisks are the average
growth rate using the extrema method where one full oscilla-
tion corresponds to 1,029 A. The asterisks appear at the end
of the time interval from which they were calculated. There-
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Figure 5. Measured and estimated reflectance for run 1
of the AlAg/GaAs system (——, measured;

—-—, EKF-simple; - - - -, EKF-improved).

May 1996 Vol. 42, No. § 1323



— — — —
(=1 [ - [«
L]

Growth Rate (A/s)

6 x
4 - -
2 .
0 = ; + + + + :
0 100 200 300 400 500 600 700
Elapsed Time (s)
Figure 6. Estimated growth rate for run 1 of the AlAs/
GaAs system (---, EKF-simple; ----,

EKF-improved; *, average growth rate be-
tween filtered reflectance extrema).

fore, in intervals in which there was a large change in growth
rate, there was a large difference between the average and
final growth rate. Taking the placement of the asterisks into
account, and the delays associated with low-pass filtering, the
agreement between the EKF-simple estimated growth rate
and the extrema-method growth rate estimate is good. A
thickness of 4,425 A using the extrema method (corregpond-
ing to 4.3 oscillations) closely agrees with the 4,365 A esti-
mated by the EKF-simple.

Figures 7 and 8 show the performance of the EKF-simple
for run 2, when tuned with the same parameters as run 1
(Table 2). The reflectance (Figure 7) again shows good agree-
ment, with some deviation during the first and fourth max-
ima. The growth rate estimate (dashed line in Figure 8) is
less successful than in run 1 at tracking the initial step change
(which is three times the magnitude of the corresponding
change in run 1). Nevertheless, the EKF does track the step
changes in growth rate and also produces a thickness esti-
mate of 3,231 A which is close to that of the extrema method
estimate of 3,190 A.

The EKF-improved was tuned with the parameters shown
in Table 2. The reflectance for run 1 (dotted line in Figure 5)
shows very good agreement with experimental measurement,

~3
—
>
)

N
e
——,
- //
pd
/
/

(V3
n
t

=
)
t

a
J A

Reflectance (arb. units)

w
{
N,

2 t + - + t t
0 100 200 300 400 500 600 700
Elapsed Time (s)
Figure 7. Measured and estimated reflectance for run 2
of the AlAs/GaAs system (——, measured;
-——, EKF-simple; - - - -, EKF-improved).
1324

May 1996 Vol. 42, No. 5

12

10 1 \"
’U? E x
3s o
o5 B
5. -
=
E x
S 4 I x
o

2 4

0+ ; : } ‘

0 100 200 300 400 500 600 700

Elapsed Time (s)

Figure 8. Estimated growth rate for run 2 of the AlAs/
GaAs system (---, EKF-simple; ----,
EKF-improved; *, average growth rate be-
tween filtered reflectance extrema).

as was the case for EKF-simple. The growth rate (dotted line
in Figure 6) clearly shows the step changes and is close to
that for EKF-simple; it does, however, conform closer to what
would be theoretically expected, and since the improved
model predicts changes in growth rate, the filter does not
suffer as badly from the temporary loss of observability. The
final estimated thickness of 4,372 A is essentially equal to
that of EKF-simple.

The dotted lines in Figures 7 and 8 show the reflectance
and growth rates for run 2 using EKF-improved when tuned
with the same parameters as in run 1 (Table 2). The re-
flectance agrees well with the experimental data and is com-
parable to the profile obtained with EKF-simple. The growth
rate clearly shows the step changes and does not run into
difficulty at the points of loss of observability. The final thick-
ness estimate of 3,224 A is essentially equal to that of the
EKF-simple.

Conclusion
The successful performance of EKF-improved is expected,

as the filter relies on a model that predicts the process

1.05

(@
1T .
0.95 |

b
=)

|

()

ot
%
vy

—_
o
W

Forgetting Factor

o
e o
=] iV}
.
t

0.85 —+— : —t } t 1

0 100 200 300 400 500 600 700
Elapsed Time (s)

Figure 9. Forgetting factor for run 1 of the AlAs/GaAs
system for (a) EKF-simple and (b) EKF-im-
proved.
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changes. The EKF-simple is almost as successful, even though
the model assumes a constant growth rate. The reason for
this can be seen by looking at the behavior of the forgetting
factor A.. In run 1, the EKF-simple depends heavily on the
forgetting factor to correct the state variables so as to better
agree with the output (Figure 9a). When the growth rate
changes, the forgetting factor often reaches the lower limit
Agm Of 0.9. The EKF-improved does not depend on the for-
getting factor. The model’s ability to predict changes in growth
rate gives the filter more than one mechanism to track the
states, thus keeping the forgetting factor close to one (Figure
9b), practically eliminating forgetting. Similar results were
obtained when run 2 data were used (Figure 10), except that
for both models more forgetting was observed. Incorporation
of the forgetting factor, then, allows the EKF to overcome
some of the shortcomings of the available process model. It
should also be remarked that the better the model is, the
easier it is to tune the EKF for satisfactory performance.
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