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Evaporation Rate and Composition Monitoring of Electron Beam PVD Processes**

T. M. Anklam¥, L. V. Berzins, D. G. Braun, C. Haynam, T. Meier, M. A. McClelland
Lawrence Livermore National Laboratory
P.O. Box 808, L-460
Livermore, CA 94550

Abstract

Lawrence Livermore National Laboratory (LLNL) is developing sensor and control
technology to improve the quality and range of applicability of electron beam PVD. The
approach being developed uses tunable lasers to measure the density and composition of
the vapor plume. This paper reviews the principles of operation of laser based sensors
and discusses data from experiments in which titanium and niobium are co-vaporized.
Laser data agreed well with deposited film compositions and spatial variations in
deposited film cross sections. Laser based vapor monitoring appears to have broad

applicability and has the potential to extend the use of high rate electron beam PVD.

* Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under Contract W-7405-ENG-48.

*® A portion of this work was supported by the ARPA Metal Matrix Composite
Model Factory Program.

+ Author to whom correspondence should be addressed.
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1.0 Background

A primary limit to the full exploitation of electron beam PVD is difficulty in controlling
evaporation rate and, for alloy coatings, vapor composition. A rule of thumb is that
control of vapor composition is difficult for alloys with constituents differing in vapor

pressure by more than about 100x[1]. This greatly limits the applicability of electron

beam PVD and forces the use of lower throughput coating methods such as sputtering.

In low evaporation rate applications a variety of techniques are available for monitoring
deposition rate and vapor composition. Thin film crystal monitors are common in
semiconductor manufacturing and electron impact fluorescence devices and hollow
cathode lamp based spectroscopy can provide both density and composition information.
However, in high rate vapor manufacturing applications, hundreds of kilograms of
material may be evaporated in a single production run. Under these conditions, thin film
crystal devices and electron impact fluorescence monitors have inadequate life. Hollow
cathode lamp monitors tend to saturate at high vapor densities and are susceptible to loss
of calibration due to condensate buildup. Techniques such as emission spectroscopy are

difficult because of extremely high background light levels and tend to provide only

relative measures of density and composition.

Lawrence Livermore National Laboratory, 3M Corporation, New Focus Lasers Inc. and
the Stanford University Center for Materials Research are participants in an Advanced
Research Projects Agency (ARPA) sponsored collaboration to develop non-intrusive,
laser based sensors and control technology needed for high rate vapor manufacturing
applications. This paper reviews the principles of operation of laser based sensors and

discusses data from experiments in which titanium and niobium are co-vaporized.



2.0  Principles of Operation

Principles of operation for a laser absorption spectroscopy vapor monitor have been
previously reported[2]. Figure 1 schematically illustrates the technique. Light from a
diode laser is frequency scanned over an atomic absorption line in the species to be
monitored. The light is then acousto-optiéally modulated to improve noise rejection and
to permit multiple lasers (each modulated at a different frequency) to be co-propagated
along the same optical path. This permits simultaneous monitoring of multiple species.
A portion of the light is split off from the beam and goes to a reference detector. This
permits compensation for laser intensity fluctuations during the scan. The balance of the
light enters the vapor, is partially absorbed and finally is detected at the exit from the
vacuum chamber. The vapor density along the path of the laser is related to the

attenuation of laser light by Beer's law,

I=Ipenol

where I and I are input and output laser intensities, n is vapor atom density, o is the
absorption cross section for the selected transition and 1 is beam pathlength through the
vapor. Berzins discusses the methodology for transition selection and cross section

measurement in a related paper in these proceedings[3].

A typical absorption waveform, in this case for the ground state of iron vapor, is shown
in Figure 2. The waveform in Figure 2 is actually much broader than the natural line
width of the iron transition. This is due to a Doppler broadening of the absorption line
caused by the expansion velocity of the vapor. The laser can be scanned over all the

vapor along the laser path, including that which is Doppler shifted. By scanning the laser



past the absorption line, a new baseline is established for each scan. This reduces the

sensitivity of the monitor to window darkening caused by vapor deposition.

The actual device is shown in Figure 3. The light source is a New Focus external cavity
tunable diode laser. The optical transport, signal detection and signal processing systems
were designed by LLNL. Proceésing of the waveforms is currently done on an IBM PC.
Density sampling rates up to 4 Hz have been demonstrated. In our installation at LLNL,
the diode laser is in a different room from the vaporizer. Light is carried to the vessel by
fiber optics. All optical transport and detection hardware are outside of the vaporizer
vacuum vessel. Optical windows on the vessel are protected from vapor deposition by

proper placement and by gas scattering cells.

3.0  Application to High Rate Vapor Phase Manufacturing

Figure 4 summarizes the laser requirements needed to monitor the elements of the
periodic table. Most of lanthanides and actinides can be monitored with lasers that
operate at wavelengths greater than 6500 A. Off-the-shelf diode lasers can be purchased

that operate in this wavelength range.

Extending this monitoring technology to elements such as titanium and aluminum
requires lasers that operate at shorter wavelengths than available from commercial
tunable diode lasers. Numerous coating applications would benefit from the shorter
wavelength vapor monitors: metal matrix composite manufacturing (Ti, Al, Nb, Mo),
high temperature superconductors (Cu, Ba), thin film photovoltaics (Cu, In, Se) and
turbine coatings (Cr). New Focus Lasers is developing the frequency doubling methods

to extend the wavelength range available from diode lasers.



AtLLNL, experimental work has concentrated on demonstrating the feasibility of
monitoring the relevant elements and on developing evaporation control techniques.
Feasibility demonstrations are performed using tunable light from argon ion pumped dye
lasers and frequency doubled titanium sapphire lasers. These lasers provide a very broad
wavelength range but are more difficult to operate than diode lasers in an industrial

monitoring system.

Figure 5 shows laser data from an experiment in which titanium wire was fed into a
niobium pool. Because the titanium vapor pressure is roughly four orders of magnitude
greater than niobium, the titanium flash evaporates from the niobium pool. Evaporation
rate of the titanium should closely track its feed rate. Figure 5 confirms the tight coupling

between the titanium wire feed rate and the titanium density in the vapor.

Several frozen film samples were analyzed to illustrate the temporal variations in niobium

and titanium vapor concentrations. Figure 6 illustrates the correlation between the Auger

scan over the indicated feature in the micrograph and the laser data taken during the
corresponding time during the run. The peak Ti vapor density was scaled to match the
peak in the Auger scan and the distance scale in the Auger scan is set to match the time

scale of the Ti vapor density plot. Therefore it is the comparison of the shapes of the two

curves which is significant not the absolute correspondence between the curves.
Nonetheless the match is impressive and leaves little doubt that the diagnostic laser

provides a good indication of the concentration profiles in the deposited film.

Figures 7 and 8 pertain to an experiment with separate vapor sources for the titanium and
niobium. Figure 7 shows the configuration. Relative evaporation rate for the two sources

was varied and vapor deposits were collected on a movable wheel which was indexed

each time the evaporation rates were changed. Titanium and niobium vapor densities



were monitored throughout the run. This allows a comparison between the chemistry of

the deposit collected on the wheel with the composition measured by the vapor monitor.
The vaporizer was equipped to wire feed aluminum into the titanium pool. However,

aluminum density was not monitored during these experiments.

Figure 8 shows the Ti/Nb atomic ratio as a function of the power split between the
titanium and niobium vapor sources. Deposit chemistry and laser measurements are both
shown on the plot. In most cases, the agreement between the laser and the deposit
chemistry is quite good. The data covers a very broad range of atomic ratios. Ina
practical control application, the dynamic range of atomic ratios would likely be much

less. This would permit precision calibration of the vapor monitor.

4.0 Summary

We believe that we are well along the path toward developing a practical, laser based
vapor rate and composition monitoring system for electron beam PVD. LLNL has
demonstrated monitoring feasibility for titanium and niobium and New Focus Lasers is
developing the laser technology needed to monitor a broad range of commercially
relevant materials. A goal of the ARPA sponsored program is to eventually make this
technology commercially available as a fully integrated vapor monitoring system. A

vapor monitoring demonstration at a commercial site is planned for 1995.

If successful, the development and commercialization of this technology can have far

reaching benefits to the high rate PVD community.
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Figure Captions

Figure 1
Schematic illustration of vapor density monitoring technique.

Figure 2
Typical absorption waveform.

Figure 3

Prototype of diode laser based vapor monitor.

Figure 4
Wavelength requirements for laser based vapor monitors.

Figure 5
Measured titanium vapor density compared to relative titanium feed rate.

Figure 6
Comparison of frozen film titanium concentration profile and titanium vapor density

history.

Figure 7 _
Configuration for two vapor source experiments.

Figure 8
Comparison between laser and deposit chemistry as a function of power split to titanium

vapor source.
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