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Abstract
Atomic absorption optical-based ﬂux monitor (OFM) has been implemented as a non-invasive in situ measurement
tool for production MBE operation. For our setup, the optical probe beam samples the group III beam ﬂuxes (Al, Ga,
and In) by passing just in front of the substrate platen. The multi-species atomic absorption proﬁle taken during MBE
becomes a record for each epi-layer growth. For InGaAs critical layers in devices such as GaAs-based PHEMTs and
InP-based HBTs, OFM is used to monitor the In mole fraction. Data sets of InxGa1xAs composition measured by
OFM are taken from two different sizes of multi-wafer reactors and compared to the results from X-ray diffraction
measurements. The standard deviation of the difference between the two measurement techniques for x ¼ 15%, 20%,
and 53% InGaAs composition are all within 0.7% range and better in some cases. The longest data span covers a
period of 5 months.
r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
For some of the high-performance electronic
devices such as GaAs-based PHEMTs and InPbased HBTs, epi-materials grown by MBE have
emerged as the preferred choice. Compared to
MOCVD, MBE offers the distinct advantage of
abrupt heterointerfaces, especially for layers such
as InGaAs channels in PHEMTs. Furthermore,
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for InP-based HBTs, the InGaAs base can be
highly p-doped with CBr4 well into the mid
1019 cm3 without any p-type doping diffusion
related issues. To remain commercially viable, it
also requires that the epi-growth can be constantly
maintained within the required growth process
window to minimize non-productive runs. From a
production perspective, an out of speciﬁcation run
lowers the yield and adds to the cost. This becomes
even more critical as the MBE reactor scales up in
size and utilizes more expensive substrates such as
InP. By deploying robust in situ sensor technologies such as atomic absorption optical-based ﬂux
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monitor (OFM) for the group III elements and
absorption band edge spectroscopy for accurate
substrate temperature measurement during each
growth layer, the ability to quantify and maintain
MBE growth conditions will improve signiﬁcantly.
Optical atomic absorption spectroscopy has
long been recognized as a versatile and sensitive
monitor of molecular beam ﬂux [1]. However, its
use has mostly been conﬁned to research and
development efforts [1–11]. In this work, we
present the use of OFM in a commercial production MBE environment. With our multi-channel
OFM implementation, we monitor the molecular
beam ﬂuxes of the group III elements namely Al,
Ga, and In simultaneously in real time. Absorption ﬂux proﬁle taken during each growth run is
also used for growth layer veriﬁcation. Furthermore, we compare the use of OFM for InGaAs
composition measurement to X-ray diffraction
and quantify the reliability of the data set taken
over the span of several months.

2. OFM setup
The optical design of our OFM is similar to
previous work [8–11], but with the addition of a
blue LED channel for optical transmission path
correction. A schematic of the optical setup is
shown in Fig. 1. The atomic emission lines from
three hollow cathode lamps (HCL) are combined
along with the calibration blue LED [11] into a
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single optical ﬁber network. Each HCL is operated
under constant current mode. Light from each
lamp is modulated via a mechanical chopper, and
the blue LED is modulated electronically. A small
portion of the combined beam is split off to the
reference detector, and the rest is collected into the
probe ﬁber. The probe ﬁber guides the light into
the growth chamber where it is passed through the
molecular beams just in front of the substrate
platen, reﬂected back by a pair of mirrors, and
collected with another collection ﬁber directing it
to the signal detector. The reference and the signal
detectors are both photomultiplier tubes. This dual
pass conﬁguration nearly doubles the measured
absorption for a given growth rate. Optical access
is provided by a pair of heated viewports to reduce
signal drift caused by As coating. All the data
acquisition and lock-in signal recovery are processed directly through a personal computer.
In our implementation, the optical beam path is
positioned away from the substrate platen; therefore, OFM measurement is not affected by
substrate wobbling during platen rotation. It is
possible to overcome the wobble limitations by
having a specially designed substrate manipulator
for in situ ellipsometry, or to rotate the substrate
manipulator extremely fast for synchronous
RHEED oscillation [12]. However, these options
add extra burden on the MBE operation, and/or
cause unnecessary wear and tear to the MBE
system. This makes them impractical to implement
in a production environment. Furthermore, for

Fig. 1. Schematic diagram of atomic absorption ﬂux monitor setup. The components inside the dashed box are mounted on a small
optical breadboard. Optical ﬁbers transmit and collect light that passes through the molecular beams.
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Fig. 2. (a) Atomic absorption proﬁle of a Riber 6000 (4  6 in) taken during a series of programmed cell temperature steps from high to
low. (b) OFM absorption vs. growth rate for each of the cell temperature steps. Curves through the data are modiﬁed Beer’s law ﬁts
according to Eq. (1). Inset table lists the ﬁt coefﬁcients.

multi-wafer production MBE reactors, the issues
of which spot on which wafer to probe also
becomes a concern. As an in situ optical measurement technique, OFM also has the advantage of
being non-invasive to the growth process.
Because the measured optical atomic absorption
line for each of the atomic species is at a distinct
wavelength, the group III beam ﬂuxes during
MBE growth, namely Al, Ga, and In, can be
measured simultaneously. The atomic absorption
intensity for each of the atomic species being
monitored is directly related to the concentration
of the atomic vapor that crosses path with the
optical probe beam. Under typical MBE growth
condition where the group III ﬂuxes have unity
sticking coefﬁcients or very close to it, there is a
direct correspondence between atomic absorption
strength and growth rate for each of the species.
To calibrate OFM absorption to the growth
rate, we look at the changes in the atomic
absorption ﬂux proﬁle at different group III cell
conditions. Fig. 2a shows the three overlaying
atomic absorption proﬁles vs. time during a
programmed cell temperature calibration for Al,
Ga, and In cells. Between each set of temperature
steps, a 5 min interruption is used for cell
stabilization. Fig. 2b compares the atomic absorption signal levels for each cell to their corresponding growth rates. The data for each material can
be ﬁtted quite well with a modiﬁed Beer’s law of
the form
absi ¼ 1  exp ½Ai ri ð1 þ Bi ri Þ;

ð1Þ

where absi is the atomic absorption for material i;
ri is growth rate, and Ai ; Bi are the ﬁt coefﬁcients
[8]. For this plot, the growth rates at the selected
cell temperatures were taken from an already
existing calibration table. Other in situ cross
calibration methods include the use of other in
situ measurements such as RHEED oscillation,
laser reﬂection interferometry, pyrometric interferometry, or white light reﬂection. These techniques typically work well for material systems
nearly lattice matched to the substrate, such as
GaAs or AlAs on GaAs substrate.

3. Flux proﬁle during epi-growth
The Al, Ga, and In OFM absorption proﬁles
during each run become a record of the growth
process. Figs. 3a–d show proﬁles from epi-structures lattice matched to InP-, and GaAs-based
PHEMT. The absorption data are collected once
every 0.1 s. This time resolution is sufﬁcient for
veriﬁcation of the shutter actions under normal
growth conditions. Fig. 3a is an HBT with a single
heterojunction grown on InP; and Fig. 3b, an
InGaAs layer lattice matched to InP. Figs. 3c and
d are GaAs-PHEMTs with InGaAs channels. For
Fig. 3d, the second layer with In and Ga absorptions to the right of the channel corresponds to an
InGaP etch-stop for a gate recess etch.
As seen in Fig. 3, the absorption proﬁles from
Riber 6000 (Figs. 3b and d) show almost twice the
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Fig. 3. Atomic absorption proﬁles from actual growth runs. (a) InP-based HBT consisting of InP and InGaAs layers. (b) Si–InGaAs
(
(
lattice matched to InP. Growth rate (B2 A/s)
is similar to (a). (c) and (d) are GaAs-based PHEMTs. GaAs growth rate B2 A/s.

absorption strength compared to their counterparts with the same target growth rate when grown
by a 4  4 in Riber 49 (Figs. 3a and c). Fig. 4 shows
a comparison of the absorption strength for a
Riber 6000 (4  6 in) for comparable Ga and In
growth rates. The stronger absorption strength is
due to the larger reactor size. To maintain the
same growth rate and uniformity across a larger
platen size requires more molecular beam coverage. This translates to an increased cross sectional
overlap between the OFM optical probe beam and
the molecular beams during the MBE growth for
the larger reactor.
In terms of measurement noise, the observed
signal to noise varies depending on the exact
optical setup and the background light pollution
from each system. Compensation for baseline drift
due to viewport coating is calculated from the nonabsorbing blue LED light that shares the optical
path. The non-absorbing baseline reference level
for each material species is assumed to be
proportional to the blue LED signal raised to a
speciﬁed power. Other possible sources of error
include the change in the HCL optical emission
line shape, the change of the molecular ﬂux proﬁle
as the group III source materials change shape,

Fig. 4. Scaling of atomic absorption strengths with size of
MBE reactor. This graph compares Ga and In absorption vs.
platen diameter for In0.2Ga0.8As for Ga and In growth rates of
(
2 and 0.5 A/s,
respectively. Data at each platen diameter is
labeled with reactor type and a representative platen conﬁguration. Data for GEN II came from Ref. [8]. Data for Riber
7000 is estimated.

and the mechanical vibrations or movements from
the MBE reactor.

4. InGaAs composition measurement by OFM
With the availability of both In and Ga ﬂux
proﬁles from OFM, the indium composition for
layers such as the strained InGaAs channel in a
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Fig. 5. (a) and (b) Charts of InGaAs compositions measured by OFM and post-growth X-ray diffraction vs. time. The open circles are
data from OFM; and x’s from X-ray. The strips of data around 53% indium mole fraction are from growths with InGaAs lattice
matched to InP. The data in the 15–20% ranges are from PHEMT channels. The two data sets span periods of 80 and 150 days,
respectively. amat’s are given in each inset. (c) Comparison of OFM to X-ray InGaAs composition from (a) and (b). The diagonal line is
reference if two methods are equal.

GaAs PHEMT, or an InGaAs layer lattice
matched to InP in an HBT can be measured in
situ. The following expression is a simple approach
that we take to calculate indium mole fraction
from OFM absorption data:
xmat

absIn
¼
:
absIn þ amat absGa

ð2Þ

In this equation, xmat is the indium mole
fraction for each material system mat; absIn and
absGa are the corresponding atomic absorption
measurements; and amat is the material-system
speciﬁc tooling factor. For each material system,
amat is roughly the ratio of the atomic absorption
strength of Ga to In at their respective growth
rates. amat is obtained by taking the average of the
back calculated amat values for all the runs within a
calibration set. Composition data from X-ray
diffraction is used as reference for the back
calculations. Figs. 5a and b show the InGaAs
composition data obtained from X-ray diffraction
and OFM plotted over time. For the data shown, a
single amat for each of the three material systems
was used––one for the 53% InGaAs lattice
matched to InP, and one each for 15% and 20%
ranges for strained InGaAs channel in PHEMTs.
The alpha value for each material system is ﬁxed
for this analysis work. Fig. 5c replots the same
data as OFM composition vs. X-ray. The better
the agreement is, the less the scatter from the line.

Table 1
Standard deviation of the difference between OFM and X-ray
InGaAs composition
Composition range
Riber 49
Riber 6000

15%
70.3%

20%
70.7%
70.3%

53%
70.7%
70.7%

The spread is calculated from the data in Fig. 5. The units are in
indium mole fraction (%).

The discrepancies between OFM and X-ray for the
different material systems and reactors are summarized in Table 1. In the worst case, the OFM
InGaAs composition agrees with X-ray to within a
standard deviation of 0.7 at%. Some of the
possible sources of discrepancies between the two
measurements are (a) noise from the OFM
absorption signals—this can come from the noise
level with respect to the signal and the possible
drift of the no-absorption reference baseline, (b)
the accuracy of the simulation to the X-ray
diffraction spectra, (c) change in the group III cell
beam distribution proﬁles, and (d) the non-unity
sticking coefﬁcients of the group III materials
under deviation from standard growth conditions.

5. Conclusion
We have established an atomic absorption
measurement technique as a practical in situ tool
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for simultaneous monitoring of the group III
molecular beam ﬂuxes within a production MBE
environment. With OFM, a direct method for
conﬁrming group III ﬂux proﬁles during each layer
growth is now available. Through implementations on several sizes of multi-wafer MBE reactors,
we conﬁrmed that the absorption strength for
comparable growth rates become stronger with
larger platen diameter size due to increased
molecular beam cross sections. As a tool for
InGaAs composition monitoring, a correlation
between OFM and X-ray measurements at least at
the 70.7 level of indium mole fraction percentage
during a period of 5 months has been demonstrated. Better agreement at 70.3 level with a
4  6 in reactor has been observed for the composition ranges of 15 and 20 indium mole fraction
percentage. While OFM is not the only way to
obtain the critical growth parameters such as
growth rate and ternary materials composition, it
is one of the few techniques that offer detailed and
immediate information during growth. Furthermore, this technique is non-invasive to the growth
process, and is not plagued by issues related to
multi-wafer platen rotation.
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