Atomic absorption monitor for deposition process control of aluminum at
394 nm using frequency-doubled diode laser
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A monitor for Al vapor density based on atomic absorpti@®?) using a frequency-doubled
external-cavity-diode-laser source at 394 nm has been demonstrated in both evaporation and
sputtering processes. Closed loop operation was achieved for electron-beam evaporated aluminum
in a vacuum chamber using the AA signal for feedback. A series of runs in a dc sputtering chamber
at the deposition rate of 900 A/min illustrates the system reproducibility and the possibility of
controlling the sputtering process and measuring the spatial distribution of the sputtered atoms with
the AA monitor. Coherent light in the blue-UV regid880-430 nm using quasi-phase-matched
lithium niobate waveguides was demonstrated with efficiencies of 25-150%/W, a range of
wavelengths that covers many technologically important elements in physical vapor deposition
processes. €1996 American Institute of Physid$S0003-695(96)00906-4

The use of atomic absorptioAA) as a monitor for The AA monitor, consisting of the UV laser source and
thickness and composition control in physical vapor deposiother components such as an optical isolator, housing for the
tion processes offers the possibility of improving film and waveguide, beam delivery optics, and a reference HCL, was
device characteristics in a wide range of industrial applicaintegrated onto a 12 iX18 in. plate. Figure 1 shows the
tions. Unlike conventional rate monitors, such as quartz crysschematic configuration of the experiment using the UV-
tal monitors(QCM), quadrupole mass spectrometévs), laser-based system to probe vacuum deposition chambers
ion gauges, and electron impact emission spectrometettsed for either evaporation or sputtering.

(EIES), monitors based on optical absorption can be simul-  The UV laser for the AA monitor consisted of a com-
taneously highly sensitive, noninvasive, and species specifi€hercially available external cavity diode las¢ECDL)

They are also unaffected by high or low background pres{NewFocus 6100operating near 788 nm and a quasi-phase-
sures, and can operate in unusual geometric configuratiofgatched lithium niobate waveguide for frequency doubling
such as the parallel plate sputtering systems commonly usedf the fundamental laser radiation to the UV region. The
for high-throughput metallization in the semiconductor in- ECDL was continuously tunable over 20 nm and had a nar-
dustry. Process monitors using AA spectroscopy with incofOW linewidth (<1 MHz), ideal for spectroscopic applica-
herent hollow cathode lamp&HCL) have been demon- tions. Typical output powers were 15 mW at operating wave-
strated, but suffer from some inherent limitatidrfs. lengths near 800 nm. Quasi-phase-matched second harmonic

Diode-laser-based monitors offer various advantagedJeneratiofQPM-SHQ in LiNbO; waveguides was used for
The narrow spectral linewidth and tunability allow a range ofth€ @dvantages of both high nonlinear optical conversion ef-

advanced spectroscopic techniques to be employed for ir{i_ciency and the capability of operating at any desired wave-

creasing sensitivity, correcting system drift, and mapping théength within Fge transpe;r%nicy ra(;\ge.of the_cryjé&\lel;f/l- .
atomic velocity distribution. The high optical power allows SHG waveguides were fabricated using a titanium diffusion

the use of solid state detectors, and in principle allows muli[echrélqbue for ferroeileactrlctdomalnhlnversmr; pitt?mm?' fol-
tiplexing the laser to multiple locations in the deposition sys- owed by an annealed proton exchar@&E) technique for

tem for tomographic imaging.

We have previously demonstrated the monitoring and ] ¢
control of electron beam evaporated yttrium using a diode- Isolator !
. . N _ | Diode ( A
laser-based AA monitor operating at 668 Antowever, £ [=1- 1 e i aem
many technologically important elements have relatively ! Ll
. . . . . |
strong absorption lines in the blue-UV region, which are not S-Ed--A=3~- ‘H‘ - - ]
. . . . . QPM-SHG HCL
directly accessible with available near-IR diode lasers. Fre- Waveguide Detector
guency doubling of near-infrared diode lasers is an alterna- —— oo Aperture
tive for obtaining coherent radiation in the blue-ultraviolet ] eeneratorl_’ Amplifier [
region. In this letter, we demonstrate a tunable frequency- { af
doubled-diode-laser-based atomic absorption monitor operat- Feedback g"apma“""
. . . . Controller \. ource J
ing at 394 nm for Al in both evaporation and sputtering [ T
processes. Closed loop operation was achieved. Reproduc-
ibility of the AA monitor was also investigated. FIG. 1. Schematic of the frequency-doubled-diode-laser-based atomic ab-

sorption monitor used for deposition processes, shown here withbaam
evaporation system. HCL, hollow cathode lamp; CIG, chopped ion gauge;
3E|ectronic mail: wwang@loki.stanford.edu QCM, quartz crystal monitor.
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waveguide formatiofi. The FWHM phase matching band-
width for QPM-SHG in a LiNbQ waveguide is 0.5 A cm at
788 nm, providing tunable radiation over about 50 GHz in
the UV with a 3-dB variation in output power for a 1-cm
device. The QPM-SHG waveguide employed for aluminum
spectroscopy had a 2/n domain grating period, a 4.0-mm
wide, 1-cm long waveguide, and generated radiation at 394
nm with an efficiency of about 70%/W. The output power
from the waveguide was about 3 mW with 2.1 mW of fun- o 1 2 3 4 5 & 7 s
damental radiation exiting the waveguide. The near-infrared Time (min)
output from the ECDL was passed through a 30-dB optical o
. . . . FIG. 2. Evaporation signals from the laser system under open and closed
isolator and_ coupled '_nFO the QF_)M'SHG Wavegwd? usmgoop control along with the independent signal from the chopped ion gauge.
the conventional endfiring technique. The waveguide was
mounted inside a compact, temperature controlled housing
complete with lenses for coupling the light into and out of frequency dither and etalon effects arising from the wave-
the waveguide. Stable coupling efficiencies about 30% werguide endfaces. The increased noise on the CIG, which is
obtained. presumably the actual evaporation rate, was observed during
The HCL was used as a reference to test and characterig®en and closed loop operation and was probably due to
the monitor. The UV radiation passed through the 100% amtime-dependent variations in the evaporation plume at the
plitude modulated lamp, and was detected using a photodéocation of the CIG.
tector with a transimpedance amplifier in a phase-sensitive The application to sputtering processes and the present
detection scheme. By sweeping the laser frequency, the lingystem reproducibility of the UV-laser-based monitor were
shape of the absorption was obtained. Aluminum exhibitdnvestigated by monitoring the deposition of aluminum in a 2
strong absorption in theR;,,—4S,,, transition at 394.4 nm. in. diam dc magnetron sputtering system. The AA monitor
There exists a hyperfine splitting of 1.5 GHz in the groundconfiguration was similar to that used in the evaporation
state (,,,). The hyperfine splitting was not resolved in the chamber. The UV radiation passed betwes 2 in. diam
HCL because the Doppler broadened width of each of th&@luminum target and a substrate which were separated by 2
overlapping sublevels was wider than the splitting. The meain. The absorption path length was about 5 cm. The sputter-
sured width of the overlapped line shape in the HCL was 6.5ng condition included a power of 160 W, an argon pressure
GHz. Aluminum also has another transitiorPg3,—4S;,,  of 2.2 mTorr, and a background pressure of ¥0~° Torr,
(396 nm. Calculations of the Boltzmann distribution gov- resulting in a deposition rate of about 900 A/min and an
erned population variations of the two manifolds show thatabsorption of 20%.
for the vast majority of deposition conditions monitoring one  Two different sets of experiments were performed to as-
of these transitions is sufficient. certain the utility of the optical probe to monitor and control
To apply the present system to the evaporation processf the sputtering process. First, we compared the film thick-
the UV radiation was delivered directly into the vacuum ness with the overall, line-integrated AA signal; second, we
deposition chamber as shown in Fig. 1. Derivative spectroscompared the film thickness with the local AA signal using
copy was employed, in which the frequency of the funda-an aperture with a diameter of 1 cm placed between the
mental laser was dithered &t 170 Hz with an amplitude of target and the substrate and above the laser beam. Presput-
0.6 GHz, and the foutput from a lock-in amplifier was tering was always performed to remove the possible oxida-
used for obtaining the absorption signal. The detected signaion layer on the aluminum target. Prior to each deposition,
on line center is proportional to the atomic density. The corthe optical monitor was configured to yield the same signal
relation between the AA signal and the deposition rate waamplitude as observed from the reference HCL. Film thick-
measured by a quartz crystal monitor placed directly above@esses were measured by masking a portion of the substrate
the frequency-doubled laser beam path. The absorption atand performing postdeposition profilometry. In each set of
deposition rate of 2 A/s was measured to be 3% for an abexperiments the only independent variable was deposition
sorption path length of 10 cm. time. Figure 3 shows the relationship between the time-
Closed loop operation was demonstrated in the electronintegrated 2AA signal and the thicknesses of the film with
beam evaporation chamber at a rate of 2.5 A/s. The AA sigand without the aperture. The expected linear behavior for
nal was used in conjunction with a simple variable-set-pointoth data sets indicates that the local density of atoms in a
comparator and proportional control for feedback. The deposputtering system is correlated with the absorption, and the
sition rate was also compared with a chopped ion-gaugéne integrated absorption can be used as a control variable
(CIG) monitor placed above the beam path. The time confor thickness. The relative standard deviation of the mea-
stant of the lock-in amplifier was 100 ms. Outputs from thesured thicknesses was about 6% for both sets of data.
AA signal and the CIG are shown in Fig. 2, showing control One source of the variation in the data arises due to long
of the deposition rate using the AA monitor. The signal-to-term drift in the AA monitor; another source are the difficul-
noise ratio obtained in the experiments indicates that a depdies encountered in depositing reproducible metallized alumi-
sition rate control accuracy of 1% at such a low rate is posaum films in the available sputtering system. The long term
sible if a reference detector placed before the vacuundrift in the current AA monitor stems from frequency excur-
chamber is used to normalize the amplitude variations due tsions in the ECDL and the etalon effects in the QPM-SHG
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FIG. 4. (a) Measured phase matching wavelength vs QPM grating period-
Waveguide. The former can be corrected by Iocking the |aSéFity in different waveguides(b) Measured phase matching wavelength vs
. . temperature in a single waveguide.

frequency to the absorption peak or by sweeping the laser
frequency over the entire line shape, and the latter can be ) )
eliminated by wedging the waveguide endface. Because n%_u_in the abs_,orpt_lon resolution of the system. When the depo-
attempt was made in this work to control the reproducibility Sition rate is high enough~1 um/min) to produce an
of the deposition growth morphology, the nonuniformity of opaque vapor, simply det‘%”'”g th.ellaser freq.u.e.ncy frgm the
the sputtered film hindered reproducible film thickness mealin® Center may not provide sufficient sensitivity; suitable
surements, although we attempted to configure the targef‘-Ch_emeS for operating in this regime are current research
aperture-substrate-film thickness measurement location idef2P!CS- have develoned a f doubled
tically for each deposition. By improving both the stability of In isummary, We have developed a requfency- oubled-
the monitor and the quality of the sputter coating, thicknes§j'°de' aser-pased AA s_pectrosco_p_y system for monitoring
control with a relative accuracy better than 1% can be ex@nd controlling for thin-film deposition. System demonstra-
pected, suitable for controlling metal deposition, and also fofloNS Were carried out for aluminum at 394 nm in both
measuring the spatial distribution of the sputtered atoms. €lectron-beam evaporation and sputtering processes. Closed

Coherent radiation with different wavelength in the loop operation was achieved in an .e\./q.poratlon cham.ber. We
blue-UV region, suitable for AA spectroscopy of many otherhave also demonstrated the possibilities of employing the
elements such as tungsté385 nnj, titanium (391 nn), alu- laser-based system for controlling the thickness of the sputter
minum (394 nm), gallium (403 nm’ yttrium (408 nm) ' etc coated films. Measuring the spatial distribution of sputtered
is also available by using the present techniques. Fig(ae 4 2©°0MS should also be possible. By using quasi-phase-
shows phasematching wavelength,) versus domain- matched lithium niobate waveguides, blue-UV coherent light

grating period measured with a widely tunable Ti—sapphireat 380-430 nm becomes available, and useful for many tech-

laser. The domain-grating period, controlled by the Iitho_nologically important elements in physical vapor deposition
graphically delineated Ti film, allows SHG throughout the proc_lt_ai?ses. K tunded by ARPA th h N F
blue-UV region. Different widths or APE fabrication param- I IS work was funded by through New Focus,
eters for waveguides with a given domain-grating period ¢
havel , differing by 1-2 nm, and the temperature tuning rate
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