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[57] ABSTRACT

An integrated dual beam multi-channel optical-based flux
monitor and method of monitoring atomic absorption of a
plurality of atomic species during epitaxial growth. Light
from multiple sources is simultaneously passed through a
region of deposition of material such that atomic absorption
takes place. The light that passed through the region is then
compared to light in a reference arm that did not pass
through a region of atomic absorption. From this compari-
son the growth of an epitaxial layer can be carefully con-
trolled.
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INTEGRATED MULTI-CHANNEL OPTICAL-
BASED FLUX MONITOR AND METHOD

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH AND DEVELOPMENT

This invention was made with Government support under
Grant/Contract Nos. DMR-9120007, MDA 972-94-10002,
DAAH 0493-G-1256, awarded by the National Science
Foundation and the Army. The Government has certain
rights in this invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention involves the monitoring of growth
rate and composition of an epitaxial layer being fabricated
from a plurality of atomic species in a vacuum chamber.

Many widely known deposition techniques such as
molecular beam epitaxy (MBE) and electron-beam evapo-
ration are used in the fabrication of many types of devices
including electronic and opto-electronic devices. An impor-
tant need exists to improve both the accuracy and the yield
of high performance electronic and opto-electronic device
fabrication. Some examples of these devices are Resonant
Tunnel Diodes (RTD), Vertical Cavity Surface Emitting
Lasers (VCSEL), electro-optical modulators, and quantum
well lasers. Often, the process for making these device
involves growing thousands of distinct epitaxial layers while
maintaining strict control of the composition and thickness
of each layer. In addition, there are further constraints such
as:

1) limited access of the monitoring system to the vacuum

growth chamber.

2) monitoring system has to be non-invasive to the growth
process.

3) error due to noise and drift has to be sufficiently small
during the course of the growth.

4) monitoring system must have a high rejection of stray
light from the surrounding environment.

5) monitoring system must not be affected by special
requirements such as sample rotation during MBE
growth.

6) the monitoring system should be portable and most of
the setup should be remote from the growth chamber.

Currently, many epitaxial deposition techniques such as
electron-beam evaporation and Molecular Beam Epitaxy
(MBE) lack good growth monitoring systems which have
the ability to monitor in real-time the growth rate as well as
composition during multi-component epitaxial growth.
Included among these monitoring systems is the technique
of atomic absorption.

It has long been recognized that atomic absorption can be
used as a tool for monitoring and control of material
deposition processes. Atomic absorption techniques gener-
ally involve passing a light beam through the molecular
beam of the MBE process and then measuring the resulting
intensity of the light beam. The more atoms that are being
deposited, the greater the atomic absorption, resulting in a
lower intensity of light. The light beam must have a wave-
length that corresponds with the atomic species desired to be
measured. In this way the growth of the epitaxial layers with
respect to a particular atomic species can be measured.
Recently, because of a need for better non-invasive real-time
feedback during the growth process, increased attention has
been turned toward monitoring techniques using atomic
absorption of the molecular beam flux.
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2. Description of the Related Art

There have been many prior monitoring systems which
utilize the atomic absorption technique. However, the prior
art discloses the monitoring of just one channel at a time
with the possibility of combining several independent one-
channel units to build a multi-channel system. These multi-
channel systems do not integrate the channels and therefore
require additional port space in the vacuum chamber.

Appl. Phys. Lett. 60 (5) Feb. 3,1992, p. 657, (Klausmeier
et al.), discloses the passing of a modulated light beam
through the molecular beam of an MBE process and then
passing the light beam through a bandpass filter and into a
photomultiplier tube. The filter passes only a particular
emission line so that only the growth of the atomic beam flux
corresponding to that particular wavelength is measured. If
more than one atomic beam flux is being deposited on the
substrate then the Klausmeier device can only measure the
growth rate and composition of one atomic species.

J.Vac.Sci.Technol. B 12(2), March/April 1994, p. 217, and
J. Vac. Sci. Technol. A 13(3), May/June 1995, p. 1797,
disclose a system similar to Klausmeier’s and the imple-
mentation of multiple channels is not directly addressed.

Appl. Phys. Lett. 63 (23), Dec. 6,1993, p. 3131, and Appl.
Phys. Lett. 65 (1), Jul. 4, 1994, p. 4, disclose a dual-beam
configuration with two channels but it is not optimized for
the limited optical access that exists in most MBE and
electron beam evaporation systems. The two channels are
not integrated to follow one path through the molecular
beam and therefore require more port space to the vacuum
chamber.

SUMMARY OF INVENTION

It is an object of the present invention to present a novel
apparatus for measuring growth rate and composition of an
epitaxial layer, during growth, by monitoring the atomic
absorption of several atomic beam fluxes simultaneously.

It is a further object of the invention to provide a method
for monitoring the growth of several atomic species simul-
taneously via utilization of atomic absorption.

The present invention is optimized for low absorption
level and integrated multi-channel atomic absorption moni-
toring using fiber optics. The invention includes an inte-
grated multi-channel optical monitoring system which
simultaneously monitors the atomic absorption of distinct
atomic species during epitaxial growth. The concept of
atomic absorption is that when light of a particular wave-
length passes through an atomic species which absorbs light
of the same wavelength then some of the light is absorbed
by the atomic species. Therefore, one light source is needed
for each atomic species desired to be measured. In a pre-
ferred embodiment, the light source corresponding to each
atomic species is atomic emission radiation from a hollow
cathode lamp. There are at least two embodiments of the
present invention. In both embodiments, the beams from the
different wavelengths overlap inside of the vacuum chamber
and are discriminated by different chopping frequencies.
Under limited optical access, therefore, it is still possible to
probe the atomic absorption of several atomic species simul-
taneously. In both embodiments, only one pair of through
optical ports or one optical port with a set of mirrors is used
in the vacuum chamber.

In a first embodiment, the light from each of the light
sources is modulated at a distinct frequency by a mechanical
chopper and then combined into one beam through a com-
bining optical fiber bundle. The combined beam is divided
into a reference arm and a signal arm and then collected by
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two optical fibers. The reference arm is used to compensate
for lamp intensity drift. The light in the signal arm is sent
through the region within the vacuum chamber through
which the flux of material being deposited is passing. The
signals are detected with two detectors. The modulated
signals are recovered using lock-in amplifiers. This configu-
ration is useful when optical access to the region is limited.

In a second embodiment, the light of each channel is kept
separated and individually divided into the reference and the
signal arms. The light in the reference arms and signal arms
of all channels are chopped at different chopping frequen-
cies. The light in the signal arm is sent through the region
and then collected by another set of optical fibers. For each
channel, the light in the signal arm and the light in the
reference arm is then combined and detected with the same
detector.

An advantage of the second embodiment is that the light
from the signal and the reference arms for each atomic line
are monitored by the same detector. Drift of these light
beams with respect to each other due to the detector is
virtually eliminated.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings in which like reference
numbers represent corresponding parts throughout:

FIG. 1 is a schematic diagram of the first embodiment of
the invention;

FIG. 2 is a view of the fiber optics in the first embodiment;

FIG. 3 is a schematic diagram of the first embodiment
including the alignment light source;

FIG. 4 is a schematic diagram of the second embodiment
of the invention;

FIG. 5 is a view of the fiber optics in the second
embodiment;

FIG. 6 is a schematic diagram of the second embodiment
including the alignment light sources;

FIG. 7A shows a detector of the first embodiment of the
present invention;

FIG. 7B shows a detector of the second embodiment of
the present invention;

FIG. 8 shows a perspective view of the heated port of the
present invention;

FIG. 9 is a graph of absorption signals for three different
sources;

FIG. 10 is a graph showing the RHEED and the Ga
absorption data for GaAs calibration; and

FIG. 11 is a graph showing the atomic absorption signals
as a function of growth rate for Ga and In.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

In the following description of the preferred embodiment,
reference is made to the accompanying drawings which
form a part hereof, and in which is shown by way of
illustration a specific embodiment in which the invention
may be practiced. It is to be understood that other embodi-
ments may be utilized and structural changes may be made
without departing from the scope of the present invention.

The schematic diagrams for two versions of the invention
are shown in FIGS. 1 and 4, respectively. These FIGS. are
specific to a three-channel optical based flux monitor (OFM)
which monitors Al, Ga, and In simultaneously. The same
principle may also be applied to a monitoring system with

25

30

35

40

45

50

55

60

65

4

more or fewer channels and with other elements. Because
each growth system is unique, different optimization criteria
have to be considered for each specific application. The
description below is optimized for a solid source GEN II
MBE system configured for III-V semiconductor material
system, i.e., AlGalnAs. The typical growth rates are in the
range of 107" to 10° monolayers per second. The devices are
grown under As over-pressure and with unity sticking coef-
ficient for the group III elements. However, one skilled in the
art would recognize how to correct for non-unity sticking
coefficient.

In the first embodiment, as shown in FIG. 1, the light
sources 10a—c are hollow cathode lamps (HCL).
Alternatively, the light sources 10a—c can be laser diodes or
laser systems. Light source 10a is an Aluminum (Al) source
and therefore it emits light with frequencies corresponding
to Aluminum. Light sources 10b and 10c are Gallium (Ga)
and Indium (In) sources, respectively. The HCL’s can be
operated under constant current or under constant light
output mode. The light from the light sources 10a—c is
filtered by narrow bandpass filters 12a—c, respectively,
resulting in a bandpass output corresponding to each light
source. Typically, for Al, Ga, and In, the narrow bandpass
region is centered at corresponding emission lines which are
at 395 nm, 417 nm, and 410 nm respectively with a typical
bandwidth of 10 nm. Each bandpass output travels through
a lens 14a—c respectively, which focuses the light. Each
bandpass output is modulated by a mechanical chopper
16a—c such that each chopper has a frequency different than
the other two. By modulating the light, the system is less
sensitive to the negative effects of stray light and the
different channels can be demultiplexed. The bandpass out-
puts then enter optic fibers 18a—c respectively, through fiber
input ends 20a—c, respectively. As can be seen by FIG. 1
each of the three bandpass outputs enter into a separate optic
fiber designated as 18a—c, respectively. The three bandpass
outputs are then combined into a combined beam in one
optic fiber 22 using a trifurcating optical fiber bundle 24. A
trifurcating optical fiber bundle has three optic fibers as
inputs and one optic fiber as an output. The three bandpass
outputs in the optic fibers 18a—c are combined into one
combined beam in one optic fiber 22. The combining means
does not have to be a trifurcating optical fiber bundle. If, for
example, only two light sources are used then the combining
means would combine the two bandpass outputs into one
combined beam. The combined beam exits the optic fiber 22
through fiber output end 26 and then the combined beam
goes through lens 28. The combined beam is then split by a
beam splitter 30 into two arms. One arm is the reference arm
32; the other, the signal arm 34. The light split into the
reference arm 32 is collected by optic fiber 36, with fiber
input end 38. The light split into the signal arm 34 is
collected by optic fiber 40, with fiber input end 42. The optic
fibers 36 and 40 are multi-mode and have a 1 mm core
diameter with numerical aperture (NA)=0.16.

The reference arm 32 (which is what makes this a dual
beam system) is used to compensate for drifts in light source
intensity. The three bandpass outputs in the combined beam
of the reference arm 32 are detected by the detector 44. In
the preferred embodiment the detector 44 comprises a
collimating lens, filter, photomultiplier tube (PMT) and
three phase sensitive lock-in amplifiers. The PMT measures
the intensity of the bandpass outputs. The phase sensitive
lock-in amplifiers are used to demultiplex the modulated
bandpass outputs measured by the PMT. The detector 44
produces a plurality of reference signals, each reference
signal corresponding to the intensity of a demultiplexed
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