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A major objective of the microelectronics industry is to perfect methods for controlling dimensional
accuracy during plasma etching of submicron features in wafer substrates. Optical sensors as
monitors of gas phase etch chemistry are attractive because they offer the potential of nonintrusive
in situ measurements for use as real time inputs to process control. In this study, infrared lead-salt
diode lasers are used to probe fluorocarbon-based plasmas used for etching of silicon and silicon
dioxide in a gaseous electronics conference reference cell reactor. The diode laser sensor is used for
in situ measurements of neutral Ckeactive intermediates and &F etch product. Possible
correlations between etch process outcomes and parameters measured by diode laser absorption are
identified. The diode laser measurement of, €encentration is found to be possibly useful as an
indicator of etch rates or selectivity. In addition, diode laser monitoring gfdCé#uring etching of

SiO, is potentially useful as an end point monitor. Further research and development based on these
results are expected to lead to new process control strategies for improved reliability and product
yield in plasma etching. ©€1995 American Vacuum Society.

[. INTRODUCTION excited state species that may not be relevant to process
chemistry.

The development of real-time process control for semi- |n our initial research, we have focused on fluorocarbon-
conductor device fabrication is critical to advancing the stateygsed plasmas such as those used in the etching of silicon,
of the art in manufacturing microelectronic circuits. In the gxides, certain metals, and silicides. A prototype diode laser
area of plasma etching and related technologies, the corrgensor is used fdn situ measurements of GFand CEO in
sive environment of the plasma reactors and the need faf reference plasma reacfthe “gaseous electronics confer-
real-time response suggest the application of nonintrusivence(GEC) reference cell reactolf” Measurements of car-
optical monitors of plasma parameters might offer promisingbonyl fluoride (CF,0) are made to study possible end point
approaches for achieving process control. Optical emissiofetection in etching SiQover poly-Si. The CF measure-
spectroscopy has been used with some success, in that appajents are compared with SjGnd poly-Si etch rates and
ent correlations between atomic emission intensities andtch selectivity.
macroscopic etching characteristics have sometimes been |n situ measurements in low pressure process plasmas us-
found. Some laser-based monitoring techniques have beefg diode laser absorption have been reported previously.
used in plasma etching research, but most of these teclGas temperature and absolute concentrations of atomic chlo-
niques(such as laser induced fluorescenaee too expensive rine in Cl, discharges were measured by Wormhoetial.
and limited in application to see practical widespread use agsing lead-salt laser absorption near 882 &mThis tech-

a process monitor. nigue was used by Richar@s al. to investigate the utility of

This study exploits recent improvements in tunable diodeoptical emission actinometry for measuring Cl atom concen-
laser operating characteristics and advances in technologyations by comparison with direct diode laser measurements
for measuring small absorbances with these lasers to implef CI.2 A particular result of their work was the finding that
ment compact and cost effective instrumentation for plasmactinometry cannot be used to measure trends in atomic cho-
process monitoring. Specifically, single mode liquid-nitrogenrine concentration in Glplasmasg. To obtain adequate sen-
cooled lead-salt lasers, combined with high frequency wavesitivity in this previous work, multiple pass optics internal to
length modulation spectroscopy, provide a means for quantihe reactor were used to achieve a total absorption path
tative, real-timein situ detection of important plasma spe- length in the discharge of about 250 cm. By contrast, the
cies. By selectively using the diode lasers to detect plasmhigh sensitivity achieved in the present work using high fre-
parameters that are inaccessible to optical emission spectroggency wavelength modulation spectroscopy eliminates the
copy, and combining this information with optical emission need for multiple pass optics and permits the use of a single
data and measurements of plasma electrical characteristiagptical pass.
we believe that more effective means of process control can Diode laser measurements of C&nd SiH, radicals in
be devised. In particular, diode laser absorption can measutew pressure plasmas have been reported by researchers at
ground state species, while optical emission measures onljagoya University.® The absolute concentrations of radical

954 J. Vac. Sci. Technol. B 13(3), May/Jun 1995 0734-211X/95/13(3)/954/8/$6.00 ©1995 American Vacuum Society 954



955 Oh et al.: In situ diode laser absorption measurements 955

collimated into a relatively wide diametdr-1 to 2 cm
beam using a ZnSe aspheric lens. Aside from this lens, only
reflective optics are used in the system. A system of mirrors
is used to condense the collimated beam to a diameter of
about 1 to 2 mm and direct it across the plasma reactor in a
single optical pass. The transmitted beam is focused onto a
fast photovoltaic HgCdTe detectdiquid-nitrogen coolegl
The system is designed so that the line of sight can be posi-
tioned at various locations across the 2.5-cm interelectrode
| gap in the reactor by translation of mirror “D” as shown in
Fig. 1. The detector and final focusing mirror are mounted on
, o _ __a platform that can be translated vertically into alignment
Fic. 1. Optical setup foin situ measurements in the plasma reactor using _ . . . . .
the diode laser sensor. A: Liquid,NDewar/diode laser; B: ZnSe collimating with the transmitted diode laser beam. A co-allgned helium
lens; C: focal length200 cm mirror; D: focal lengtk15 cm mirror; E:  neon laser is used to set and verify the position of the ab-
GEC Reference Cell Etching Reactor; F: HgCdTe detector. sorption line of sight. For these initial experiments, the diode
laser probes a line of sight approximately 3 mm above the
wafer (powered electrodesurface.
and product species, including &Rn low pressure rf plas-  This simple single pass design is possible because of the
mas have been measured by Wormhoudt using diode las@gry high detection sensitivity that can be achieved using
absorptior?. In all of these studies internally mounted mul- high frequency laser wavelength modulation techniques,
tiple pass mirrors are used to attain very long absorption patfyiefly described below. As a consequence, no multiple pass
lengths.In situ measurements in process plasmas using leadmirrors are required which would otherwise need to be
salt diode lasers are also in progress in at least two othghounted inside the reactor. Substantially improved spatial
research group’” In particular, diode laser measurements ofesolution is possible when the diode laser sensor is config-
relative concentrations of Gfand CF in low pressure 09:6 ured for a single optical pass. Also, the single frequency
discharges have been reported recently by Stal™® A (single longitudinal modecharacteristic of the lasers over

single pass optical configuration is used in their work. much of their operating ranges eliminates the need for a
monochromator to filter unwanted wavelengths, and the
Il. EXPERIMENTAL METHODS compact, inexpensive liquid-nitrogen Dewar replaces the
] . costly and bulky closed cycle helium refrigerator that was

A. Diode laser detection system required to cool older lead-salt laser devices.

The lead-salt diode laser system has been used in several High frequency laser wavelength modulation spectros-
prior studies at Southwest Sciences Inc., which have focuseePpy (WMS) is used to process the absorption signals ob-
on optimization of detection methods for trace gases in atserved in these experiments. We have described this tech-
mospheric chemistry and combustidt? The diode lasers nique in considerable detail in two recent publications,
are mounted on a temperature-controlled copper block in #cluding comparisons with other high frequency diode laser
commercially available liquid-nitrogefLN,) Dewar (Laser ~ detection methodgée.g. one- and two-tone frequency modu-
Photonic$. The laser optical output is transmitted through alation spectroscopy':'® Briefly this method, which is an
barium fluoride window mounted on the Dewar housing.extension of diode laser “derivative spectroscopy” tech-
Four diode lasers may be mounted in the Dewar at the sanféiques, widely used at kHz frequenciésnvolves superpo-
time. A resistive heater bonded to the copper block is used teition of a small sinusoidal modulation on the diode laser
heat the lasers above LNemperature for coarse tuning of injection current. Typically, the amplitude of the current
the laser wavelength, with temperature control provided by amodulation is chosen so that the induced wavelength modu-
commercialp-i-d controller (Lakeshore CryotronigsHigh  lation is comparable to the width of the spectral feature un-
resolution tuning of the laser wavelength is provided by ader study. Phase-sensitive electronics are then used to de-
low-noise battery powered current supglizX Lightwave). modulate the detector photocurrent at the modulation

Two diode lasers, both buried double heterostructure defrequency,f, or a harmonicnf. By implementing this tech-
vices (Fujitsu manufactured by liquid phase epitaxy, are nique at sufficiently high frequencies, laser noise is minimal
used in this study. One of these lasers may be temperatusnd detector-limitedideally, shot noise—limitedsensitivity
tuned from approximately 1200 to 1300 ¢t which is a  can be achieved. Our studies have shown that detection fre-
spectral region appropriate for detection of CEF;, CF,  quencies as low as 100 kHz are often sufficient to achieve
(1, band, CF, and CRO. This laser is used in the present these objectives, although the optimum frequencies are laser
work to detect CFO. The second laser is tunable from 1040 dependent. The distinction between WMS and frequency
to 1120 cm™. This laser accesses the stronggabsorption modulation(FM) spectroscopyas described, for example, in
band of Ck and is used for the GFmeasurements in this Ref. 19 is mostly semantic—FM spectroscopy is defined as
study. using modulation frequencies comparable to or greater than

The optical setup for thén situ measurements in the the absorption linewidth€60 MHz or greater for the present
plasma reactor is shown in Fig. 1. The diode laser outputexperiment, whereas WMS uses modulation frequencies
which is highly divergent as it emerges from the Dewar, ismuch smaller than the absorption linewidths.
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In the present work, we use 50 kHz modulation with sec-electrodes{4) symmetrical pumpout of the inlet gas through
ond harmonic detection. The 50 kHz sine wave for lasera dual exhaust manifold5) ability to ground, float, or bias
current modulation is generated by a Wavetek Model 19%ach electrode independentls) movable electrode assem-
signal generator and fed to the external modulation input obly allowing 0.5- to 2.5-inch interelectrode spacings; &nd
the ILX laser current controller. The detector output isUHV flange construction to insure base pressure less than
bandpass-filtered and amplified and sent to a Stanford Re&t0 ' Torr. A standard configuration with 4-inch diameter alu-
search Systems SR530 lock-in amplifier operating in the 2 minum electrodes, Teflon insulators, and a 1-inch interelec-
mode. The lock-in amplifier is specially modified to bypasstrode spacing is used for all of the experiments reported here.
the usual time constant filtering and exhibits an effective Prior to these studies, the University of New Mexico
time constant ok<5 us. This arrangement allows us to take (UNM) reactor was equipped for electrical characterization
advantage of the optimized mixer and low noise narrowof the plasma as part of an interlaboratory comparison study
bandwidth amplifier in the SR530. The 50 kHz modulationon the electrical characteristics of processing plasthakis
frequency is the highest frequency accepted by the SR538quipment was designed to analyze the entire rf waveform
for 2f operation. The lock-in analog output is low pass—driving the plasma, including higher harmonics of the 13.56-
filtered (Stanford Research Model SR560 low noise preampMHz applied rf voltage. A complete description of the elec-
lifier) before digitization. trical characterization of the plasma can be found

The microcomputer-based data acquisition system usesedsewheré®-?2These same electrical characterization proce-
high speed analog-to-digit&h/D) converter boardAnalog  dures are followed in the present experiments.

Devices RTI-860 to digitize the lock-in output. The laser The UNM GEC Reference Cell Reactor is also equipped
wavelength is repetitively scanned with an analog voltageyith a spatial and spectral imaging system for optical emis-
ramp generated by a programmable waveform synthesizefion measurements. This system comprises a Princeton In-
board(QuaTech WSB-1D Each A/D cycle is synchronized struments thermoelectrically cooled charge-coupled device
with the repetitive scanning of the laser wavelength for rapidCCD) detector matched to a Chromex 250IS toroidal mirror
averaging of the £ signals. Typical parameters for a single jimaging spectrometer. Coupled to the entrance slit of the
scan are 512 or 1024 data points, with a dwell time of80  spectrometer is a bundle of 2Qn diameter quartz optical
per data point. For most data taken in this study, 1000 sucfipers each fitted with a quartz focusing lens to collect optical
scans are co-added. The effective measurement bandwidthdgnission from the plasma. In this system, light from the
given by the product of the dwell time and the number ofgischarge is sampled along parallel paths at different posi-
scans and is 50 Hz for these experiments. Ideally, measurgpns between the electrodes. The emission is collected
ments made using longer averaging times should show syghrough one of the 8-inch optical ports on the reactor, which
tem noise decreasing with the square root of the integratiof fitted with a quartz window for transmission down to 190
time. In the present instance, however, sensitivity is limited,y, Light collected from each fiber is dispersed in the spec-
by accidental etalon effects arising due to optical interferencg.ometer and imaged on parallel strips of diodes on the uv-
of scattered laser light with the primary beam, and no advansensitive CCD detector. In this fashion, spatially resolved
tage is gained by using longer signal averaging times. Thgytical emission from various heights across the interelec-
etalon effects are substantially reduced in the time-averageg,qe gap is collected and analyzed. The CCD camera and
signals by using low frequendy-25 H2) translation of some  gpectrometer are both controlled by a microcomputer. Opti-
of the mirrors in the optical train for asynchronous variation 5| emission data from the CCD detector are updated every
of the optical path differences that give rise to the etalomg ms so that the emission is both time and space resolved.
fringes?® Several other methods for reducing the undesireq resolution, 150- line/mm gratings are used for these
etalon fringe effects in d|<_)1(jge laser experiments have beegygies in order to maximize the wavelength range of optical
described in the literaturt’ emission collected during a plasma etch cycle.

In the present experiments, optical emission and diode
laser absorption data are collected simultaneously as illus-
The plasma etching reactor used in these studies is baséwted in Fig. 2. Three of the optical fibers for the emission
on a “reference cell” concept developed at a 1988 Gaseousystem sample emission through the 8-inch port, while the
Electronics ConferencéOctober 18—22, Minneapolis, MN  single pass diode laser absorption measurements are made

workshop on the “Design, Calibration, and Modeling of Re- using two opposing 2.75-inch optical ports fitted with IR-
search RF Plasma Processing Systems.” The objective in efransmitting barium fluoride windows. The diode laser sys-
tablishing a reference cell design is to facilitate comparisortem is aligned to probe a line of sight on the same horizontal
of research results obtained in different laboratories, suclplane as one of the optical emission channels, approximately
that processes or diagnostics can be easily transferred froBimm above the wafer, as verified by the helium neon align-
one system to another. These “GEC Reference Cell Reaanent lasers used for both optical systems. With the exception
tors” are currently in use in several industrial, government,of data relating to end point detection, the optical emission
and academic research laboratofi®s. data are not presented here. A separate publication reporting

The GEC Reference Cell Reactor design features includehe results of a chemometrics-based analysis that relates the
(1) two 8-inch, two 6-inch, and four 2.75-inch ports for op- optical emission and diode laser absorption data to process
tical diagnostic measurement®) gas injection through a parameters is planned.
showerhead electrode(3) interchangeable water-cooled  The reactor gas handling system includes, GEH, Ar,

B. Reference cell reactor
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Fic. 3. Absorption spectra of GRunder three different rf discharge condi-

Fic. 2. Schematic diagram of the diode laser and optical emission diagnogions in the GEC Reference Cell Reactor; R6n33.3% CRH/66.7% Cf,
tics in the GEC Reference Cell Reactor. One of the optical emission probe300 mTorr, 500 V peak-to-peak rf voltage; r(r®) 4.8% CRH/95.2% Ch,

is aligned to sample the same horizontal plane that the diode laser beagP0Q mTorr, 500 V peak-to-peak rf voltage; ritv) 4.8% CRH/95.2% CF,
probes, which is about 3 mm above the wafer. 700 mTorr, 700 V peak-to-peak rf voltage. See Table | for the summary of
experimental conditions of 15 runs.

and G feed gases. All gases are high purity electropig gradefers (15) were prepared to conduct a 3-factor, 3-level Box
Gas flow rates are controlled by thermal andUCF'V'tY'typeBehnken factorial designed experiment. The experimental
mass flow controllers and constant pressure is maintained By, oqsing conditions were chosen to define a wide range of
an autom_atlc throttling valve on the pumpout line controlledthe potential reactor operational space, and hence, a signifi-
by capacitance manometer pressure transducers. The réaciafy range of response in the observed plasma chemistry and
is designed to accommodate up to 4-inch wafers for singley ., outcomes. Factors included in the design were percent
wafer plasma etching. The lower electrode where the wafe&F3H in the CR/CF:H feed, peak-to-peak applied rf voltage,
is located is the powered electrode for these studies, so th%d total chamber pressure.
processing conditions are typical o_f the reactiv_e ion etching Figure 3 shows three GRabsorption spectra taken situ
(Rl.E) mode. Wafgrs are etched in gEFH (.j|scharges. under different discharge conditions in the GEC Reference
while the process is probed simultaneously with the optical~o|| Reactor. The spectral region scanned is inRheranch
emission and diode laser absorption sensors. Between etchy the v band of CF near 1101 cm'2324 The absorption
ing cycles, the chamber is subjected to anplasma clean  (oqyres are recorded using the 100-kHiziBtection method
cycle in order to restore the chamber condition to its Or'g'naldescribed earlier. The advantages of this technique, which
state. . : can be readily extended into the MHz regime by using dis-
Two typ_es of wafers were _used n th_|s s_tudy, a blank‘atcrete rf componentgmixers, filters, etg. in place of the
thermal oxide wafer for endpoint determination, and a halfy, oy in ampiifier, are that detection occurs at frequencies be-
and-half OX|de/_pon—S| wafer fo_r selectivity determlnatllon. yond significant “1f” laser noise, and the signal baseline is
The bIanket oxide wafers were lightly dopétDQ N-type Si Hat The two prominent Cfabsorption features in Run 14 of
wafers with 8,000 to 10,000 A of a thermal oxide layer. TheFig. 3 correspond to a peak absorbance of about @3

selectivity wafers Were'lightly doped.00 p-tyge with half while the regular, high frequency features in the signal base-
of the wafer coated with 8,000 to 10,000 A of a thermaljinag arise from unintended etalon fringes. In addition to the
oxide layer and the other half with a poly-Si over oxide gng apsorption features due to LRhere are hints of
layer. The selectivity wafers were also coated with a Very, e er absorption features that may correspond to other spe-
open patterned layer of photoresi&000 A). Film thick- cies present in the plasma including CF

nesses for the selectivity wafers were measured before and The experimental conditions and resulteeasured etch
after etching with @ Nanospec interferometer accurate0 4104 for the 15 etching experiments are listed in Table I.

A. The blanket wafers were etched to endpoint. Shown in Figs. 4 and 5 are plots of the observed,3i6d
poly-Si etch rates versus the diode laser, @6sorption fea-

[ll. RESULTS AND DISCUSSIONS ture intensity(proportional to Ck concentratiopfor each of
) the conditions listed in Table I. A°-branch line of CF,
A. In situ measurement of CF , which we identify as the 14y 15;, transition near

To investigate the possible application of iarsitu diode ~ 1101.68 cm?, is used for monitoring CFconcentration in
laser measurement of Gkn monitoring etch rate or etch these measurements. The spectroscopic identification of the
selectivity, a set of 4-inch selectivity wafers was prepared foICF, absorption line is made by comparing the observed spec-
processing in the GEC Reference Cell Reactor. Enough wara with tabulated line positions provided by Burkholder.
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TaBLE |. Summary of experimental conditions, measured DC bias, and measured etch rates for the etch selectivity experiments.
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Run Pressure Peak-to-Peak Percent FI@@E/CFH) Calculated DC self- Cfsignal Oxide etch Poly-Si etch  Oxide/poly-Si
No. (mTorr)  voltage(V) CRH (sccm power(W) bias(V) (arb. unit3 rate(nm/min) rate (nm/min) selectivity
1 500 504 33.3 40/20 26.2 —154.3 17.2 9.28 1.30 7.2
2 300 900 21.6 40/11 58.3 —403.1 6.64 914 59.0 1.6
3 700 508 21.6 40/11 32.8 —1453 14.1 10.3 3.70 2.8
4 500 900 4.8 40/2 740 —399.0 4.66 98.3 94.1 1.1
5 500 508 33.3 40/20 26.3 —152.8 17.2 11.2 3.67 3.1
6 300 504 21.6 40/11 23.3 —-176.3 14.9 17.4 10.8 1.6
7 500 704 21.6 40/11 50.6 —256.2 11.4 44.5 30.5 1.5
8 300 712 33.3 40/20 389 —289.2 105 46.4 25.1 19
9 700 912 21.6 40/11 1205 —350.4 2.88 177 115 15
10 700 704 33.3 40/20 60.4 —226.4 12.4 41.8 17.9 2.3
11 300 704 4.8 40/2 41.2 —-271.1 7.27 47.0 47.6 1.0
12 500 504 4.8 40/2 30.5 —139.9 9.41 15.4 16.8 0.9
13 500 900 333 40/20 84.8 —-357.3 5.47 114 61.0 1.9
14 700 704 4.8 40/2 57.5 —243.2 6.66 47.1 50.5 0.9
15 500 704 21.6 40/11 526 —243.9 7.27 47.9 325 1.5

Figures 4a) and Fa) show that the etch rates for both films 4(b) and 5b), we again plot Si@and poly-Si etch rates, but
have a generally inverse correlation with the,@Bncentra- now versus the CfFsignal normalized by DC self-bias. A
tion as measured by diode laser absorption. Scatter in bogbhysical basis for this normalization may be rationalized by
sets of data is largely attributable to the simultaneous variathinking of CF, as an inhibitor to etching through polymer
tion of each of the experimental factors in this factorially formation?® while DC self-bias may be viewed as an indica-
designed experiment. For example, different combinations ofor of ion bombardment energywhere higher etch rates are
CF, density and DC self-bias may lead to essentially theexpected under conditions of higher DC self-bias. We find
same etching rate for either substrate. The DC bias is a fundhat plotting etch rates versus this normalized parameter pro-
tion of all three controlled variableCF;H percent, applied duces a steepdat higher etch ratgsand smoother correla-
voltage, and pressurén this study. tion that may be more suitable for use in process control
The apparent inverse correlation between etch rates arapplications.

CF, concentration is interesting, but it is clearly not suffi- Perhaps a more important parameter from the process
cient in itself to serve as a basis for process control. In Figscontrol perspective is etch selectivity. The present data indi-

200
a
. 6ol ® (a) e 1200 o (a)
- ]
51 4 ®
S8 8 53 %
SE o, e E
S8 g0 = E o
Y- AE 4 @
Q& 40 ® o ) o o0
= Z
0 . oL & 0 M,
0 2 4 6 8 0 2 4 6 8
CF, 2f Signal CF, 2f Signal
(arb. unit) (arb. unit)
200
160|® (b) . 120, b)
2 £
S z 1200 o & gl ®
==
TE % SE |
=g =g 4 @
o g 40| @ee 25 ...
z 0 20 %0 5 0 *t e
0 2 4 6 0 2 4 6
CF, 2f Signal / DC Bias CF, 2f Signal / DC Bias
(arb. unit) (arb. unit)

Fic. 4. Etch rates of SiQplotted againsta the Ck absorption signal
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Fic. 5. Etch rates of poly-Si plotted againg) the CF, absorption signal
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bias. The CEconcentration is directly proportional to the absorption signal. bias.
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cate a small but suggestive increasing trend toward highgulasma based on diode laser measurements of the relative
selectivity in etching Si@(as quantified by the ratio of SJO intensities of several CF lines originating from different ro-
to Si etch ratesat higher Ck concentrations. While many tational state$® In the present study, the limited single mode
details of the fluorocarbon discharge etch mechanism remaituning characteristics of the diode laser used for G&tec-
unknown, a widely accepted qualitative description of thetion did not permit a sufficiently extended wavelength scan
process has emergé¥Etching of SiQ appears to occur as a for measurement of Giotational temperature. Although we
result of a thin fluorocarbon filni<10 A) which is formed  did not measure the GRabsorption linewidths, thef2line
on the substrate surface from impinging unsaturateq CFshapes did not appear significantly broadened in the dis-
radicals. As fresh CFradicals are continuously added to the charge spectra compared to the line shapes observed in pre-
film from the gas phase, material from the carbonaceouiminary spectra taken of GRyenerated in a microwave dis-
layer is gasified by ion-induced reactions with the underlyingcharge. In these latter experiments, measurements were made
SiO, substrate. Naturally, fluorocarbon layers also form onwell downstream of the discharge where the discharge prod-
exposed Si during etching, but since no oxygen is present incts were thermalized with a room temperature bath gas. For
the substrate, a fairly thick~100-A) film accumulates on present purposes of estimating CEoncentrations, we be-
the Si, blocking the etch process and producing a selectiviieve a reasonable approximation is to ufe-300 K in
etch?® High selectivity in the Si@etch is generally believed evaluating the CF cross section. We note that even at a
to require high Ck concentrations, but high GFEoncentra- temperature of 500 K, the line center absorption cross sec-
tion alone may not necessarily result in high selectivity. Thetion for the CF line that we measured is reduced only by a
range of etching conditions in this study did not clearly es-factor of 2 relative to its room temperature value.
tablish the transition from low to high etch selectivity, and From Beer’s law, the Cfconcentration is
additional experiments are planned to address this point [CFy]= aloyl, @)
more clearly.
We are also exploring chemometrics-based analyses twhere « is the measured absorbanes, is the line center
identify correlations between process outcomes and diodeross section estimated above, dnid the absorption path
laser or optical emission measurements. Our preliminary eflength. Gas phase reactions for removal of, @Rder the
forts in this area are encouraging in that stronger correlationsxperimental reactor conditions are very slow, so that we
with selectivity are obtained by utilizing spectral information expect that significant GFeoncentrations are present outside
from extended wavelength scans of the diode laser that maghe active plasma region. Taking=45 cm (the spacing be-
include absorption features of other species besidgs\WE  tween the reactor windowsthe line-of-sight averaged GF
plan to describe these analyses in a separate publication. concentration i$CF,]=7.9x10'. From the observed absor-
The absolute number densities of {tRhat we observe in bances, we estimate that the Gfoncentrations in the series
these experiments can be estimated from the measured abf 15 etching experiments ranged approximately from
sorbances given knowledge of the absorption path length, thex 102 cm 3 to 3x10* cm ™3,
temperature, and the absorption cross section for the particu- Although relative CF, concentrations in low pressure
lar CF, line. Experimental values for the Ghnfrared band fluorocarbon process plasmas have been measured in a num-
strengths are availatff&3! which can be used to derive a ber of previous studies using laser induced fluorescence
reliable estimate of the absorption cross section for a givefLIF), absolute number densities have rarely been assigned
line. The strength of an individual absorption line may bedue to the experimental difficulties in calibrating LIF signals.

estimated from the relation Buchmannet al. estimate a C§ concentration of~2.5%
10" cm ™3 from LIF measurements performed in a 40-mTorr
Siine/ Soand™AINKEXP — Erot/KT)/Qrot, (1) CF/0, rf plasma, with 2% @ in the feed gad* Kinetic

modeling calculations by Ryan and Plumb predict, €bn-
centrations in the range of ¥bcm™3 for 500-mTorr CF

5 . .
the rotational partition function. Using the classical approxi-plasma§' Wormhoudt reports Cji (?on(?ent.ratlons ranging

: : : from about 24 10*to 1.5x10" cm 2 in his diode laser stud-
mation for Q,,; and assuming the symmetric rotor value for '

7
the Hinl—London factof? we obtainS;,/ _ =0.0021 for ies of a low pressure GHf plasma; and Ck number den-

the 14 ;—15, ;5 transition atT =300 K. Suto and Steinfeld Sities in the high 1&-cm° range in a GF; plasma are esti-

have obtained an experimental value S, ~2.8 X10 %7 mated by Suret al. from their diode laser measuremeiis.

cm? molecule em? for the v band of &F 31 Thys we contrastto the relatively high concentrations estimated in the
3 2"

estimateS”ne:5.8><10’21 e molecule em* at T=300 present work and in these prior studies, Hargis, Light and

K for the CF, line monitored in the etching experiments. The Gee report much Iowgr gl%oncentratlgns in their LIF mlea-
absorption cross section at line center for this line undefUréments in Cffi discharges, ranging from about to
room temperature Doppler-broadened conditions iem “to 1.6x10" cm ™
0,=2.8x10"" cn? molecule ™.

From prior studies of low pressure discharges, the .
translatior?al—rotational temperatur[‘)e is expected to %e somg' Etch product detection
what elevated above room temperature in the discharge re- We also searched for diode laser absorption features that
gion. For example, Maruyama, Sakai, and Goto report a CIEould be attributed to gas phase etch products. This search is
rotational temperature of 3510 K in a low pressure GH made by examiningn situ spectra taken in various wave-

where A is the Hml-London factor,gyk is the lower state
degeneracy, E; is the energy of the lower state, aQy, is
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Fic. 6. In situ detection of CEO product in etching of SiQ a) discharge  Fi6. 7. Comparison of the time dependence of Gnission(486 nm and

absorption spectrum with no wafer Spectrum with SiQwafer present,c ~ CFO absorption during etching of an Si@afer. The etching conditions
laboratory spectrum of GB. are 4.8% CEH/95.2% CR, 500 mTorr, 700 V peak-to-peak rf voltage.

length regions accessible within the temperature/current opdependence of the C@mission signal, which is often used
erational space of the two diode lasers. Absorption spectras an end-point monitor in selective oxide etching, monitored
obtained under etching conditiofwith a wafer presentare  at 486 nm using an optical emission spectrometer as shown
compared with spectra obtained when the discharge is opein Fig. 2. The CO emission profile shows a generally de-
ated with no wafer present. Absorption signals that appeatreasing trend, leveling off to a constant emission level due
only when etching occurs are indicative of an etch productto the background continuum emission of the plasma. The
Such a comparison is presented in Fig. 6, which shows ab=F,0 absorption signal shows a similar trend, indicating that
sorption spectra taken in the 1230-chregion. Tracda)isa  both the CO and CRO signal are generally following the
spectrum taken with no wafer present, whereas tfages  evolution of etch products. The absence of a sharp drop in
taken under etching conditions. Except for the addition of thantensity for either signal at the end point reflects the poor
wafer, the reactor operating conditions are identical for thespatial uniformity of the GEC Reference Cell Reactor etch-
two traceq13% CRH/87% CF,, 500 mTorr, 700 V peak-to- ing characteristics. This nonuniformity is attributed to the
peak rf voltage 1-inch electrode gap and the nonuniform pattern of gas flow
We identify the product detected in this manner as@F which results in a bulls eye pattern of wafer etching. A strong
(carbonyl fluoride. This species is known to be a product of clearing of the oxide film was observed first at the perimeter
SiO, etching in fluorocarbon discharg¥sWe have con- of the wafer followed by slower clearing toward the center.
firmed this identification by measuring absorption spectra in  The similarity in the time dependence of the JOFab-
a sample of CFO obtained commercially and comparing sorption and CO emission signals indicates that theQCF
these spectra with the etch product spectra observed in thegnal could be useful as an end point detector in situations
reactor. Tracdc) in Fig. 6 is a laboratory diode laser spec- where simply following optical emission might fail. Such a
trum of pure CEO (~0.5 Torr, 11 cm path lengithThe same  situation might arise in a real manufacturing environment
pattern of prominent absorption features is evident in bottbecause other additives may be included in the feed gas mix-
the etch product spectrum, tra@d®, and the laboratory G  ture. Such additives can lead to additional emission features
spectrum, trace(c). Weak absorption lines that may be that may obscure the features due to etch products or con-
present in tracéa) of Fig. 6, where no wafer is present, are tribute to the underlying emission continuum. If the contrast
likely due either to CF or CF;, or possibly Ck feed gas. between the CO(or other etch produgemission signal and
The carbonyl fluoride lines shown in these experimentathe underlying continuum emission is insufficient, the moni-
spectra are in th&-branch region of the,, band of CFO.  tored emission signal can level off before the end point is
We have been able to assign these lines by comparison witteached. Although contrast may be enhanced by improving
the tabulated CJO spectra contained in the HITRAN infra- resolution, such enhancement comes at the expense of signal
red line parameters compilatidh.These tabulated spectra level.
are based on the high resolution Fourier transfrom IR data of The considerations that apply to diode laser-based end
Camy-Peyreet al 3 point monitoring are different. Here, the very high inherent
The possible utility of CFO absorption as an end-point spectral resolution of the technique and the availability of
monitor is indicated in Fig. 7, which shows a plot of the numerous candidate absorption lines of molecular etch prod-
absorption intensity versus time of a £F absorption line ucts like CEO virtually guarantee that suitable interference-
(1229.2219 cr') as a blanket SiQwafer is etched through free monitoring lines can be identified even when other dis-
to clearing of the film. Also shown in Fig. 7 is the time charge species have overlapping absorption bands. Thus,
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