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1. Introduction

Optical emission spectroscopy (OES) provides a non- uitous and has yielded a great deal of information about
evasive probe to investigate atoms, ions and moleculesthe properties of materials within the plasma. Its appli-
within a plasma. It can provide information about prop- cation in plasmas that are appropriate for processing of
erties, such as (excited state) species densities, electronmaterials, such as semiconductor etching, is widespread
atom, atom-atom and ion-atom collisional effects, en- and has been used, along with other diagnostics, to
ergy distribution of species, charge transfer between direct researchers and engineers in a pursuit of ever
plasma constituents, and electric and magnetic fields to smaller features in semiconductor devices. Examples of
name a few. Its use as a diagnostic tool for emitting the use of OES to understand the plasma processing of
media has led to a greater understanding of very com- semiconducting materials can be found in Ref. [3].
plex phenomena such as the evolution of stellar atmo-
_spheres a_nd the study of fuspn plgsmas. Because thel.l OES on the Gaseous Electronics Conference
interpretation of OES observations is dependent on the

. : . (GEC) RF Reference Cell
source of emission and the understanding of the physical
processes occurring within the source, care must be The topics to be discussed in this paper will be lim-
taken in the interpretation of these observations, e.g., seeited to those that deal with OES as applied to the GEC
Ref. [1] and Ref. [2]. The use of OES in the diagnosis rf Reference Cell [4]. Other optical measurement meth-
of low density, low temperature plasmas has been ubig- ods pertaining to the reference cell, such as laser
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induced fluorescence, are presented in articles within sion, absorption and induced emission (negative absorp-
the present journal volume. The topics to be discussedtion), then over a lengthg] the equation governing the
here include: OES measurements concepts, details ofradiative transfer can be written as
OES experiments, spatially and temporally resolved ex-
cited state atom and ion distributions; the correlation of diy/ds=[n, Ay — 1, (nBw — nBuw)]h c PA)/A (1)
semiconductor material etch rates with radial atomic
distributions; the use of OES as a teaching tool; the usewhere |, is the radiant power per unit area per unit
of Abel inversion algorithms to invert OES line-of-site  wavelength-band (spectral irradiancg)s the emission
measurements and their comparison with laser inducedlength, n, and n, represent the upper and lower state
fluorescence; and studies of multiple velocity distribu- population densities of the atomic medium respectively,
tions of atoms within the reference cell. Ay, By, and By, are the atomic state’'s Einstein coeffi-
Some of the results presented here use the referencecients for emission, induced emission and absorption
cell as an experimental platform with gases other than respectively [8,9]h is Plank’s constant; is the velocity
the reference gas, argon, e.g., helium, oxygen, nitrogenof light, A is the emission wavelength af{\) is the
and etching gases as well as non-reference conditions.spectral line shape factor. The integralR{ ) over all
This demonstrates the cell as a useful and versatile wavelengths is defined equal toB,, andB,, are related
device. Also, the optical emission results have been ob- by their respective statistical weights and g, [6] as
tained along with other diagnostic techniques, such as follows, g, X By =g X By. In the case of many dis-
ion energy analyzed mass spectrometry observationscharges the density of the lower states are usually signif-
and detailed electrical measurements. This is done in anicantly larger than the upper states because of the rela-
attempt to find correlations between various measure- tive low temperature of the medium or the lower state is
ment methods. metastable. In the case of the reference cell discharge,
this is generally true of the excited states that are not
1.2 Characteristics of the GEC RF Reference Cell metas_table. This means that the solution of Eq. (1) can
be written as
The GEC rf Reference Cell is described in detail in
Ref. [4] as well as in Ref. [5]. The physical and electrical L=1(s=0)e"s+n,Ayhc/Ak[l—e ] (2
characteristics that are presented in these references de-
fine this experimental platform as a system for the study wherek, is the atomic transition’s absorption coefficient
of asymmetrically driven, rf powered, parallel plate and
plasma discharges. The cylindrical vacuum chamber is
constructed of stainless steel and has eight radial cop- k,=nBy,hcP\)/A. 3)
per-gasketed flanges centered at the electrode midplane.
Two 203 mm diameter flanges are fitted with 136 mm When the upper state densitk B,) is of the same
diameter quartz windows for OES observations. This order as the lower state densit 8,), the general
allows the emission from the discharge to be observed solution of Eq. (1) must be used to define the radiative
beyond the 102 mm diameter electrodes throughout the transfer and must include induced emission. Under these
ultraviolet, visible and infrared regions of the spectrum. conditions the medium could be so reabsorbing that
interpretation of the OES signal would be difficult [1].
For OES observations in the reference cell, usually
2. OES Measurement Concepts there is no external radiation field $p(s=0) = 0. For
an optically thin medium, i.ek,s<< 1 and no external
In this section the concepts that are utilized in making radiation field, Eq. (2) can be reduced to
OES studies of any emitting or absorbing medium are

reviewed as well as thenethod of quantifying these Ih=nAqshcdA. (4)
measurements so absolute comparisons can be made in
OES measurements and models. There are cases where there is radiation from outside

the emitting atomic medium, therefolg(s= 0) # 0.

An example of this would be an external source, such as

a lamp or a laser, directed along the line-of-sight of the
If we assume there is an atomic medium in a radiation observation to make absorption measurements within

field, and that the energy of the medium is affected by the medium. If this source has a known spectral irradi-

collisions of particles (atoms, ions, molecules, electrons) ance, i.e., a calibrated source, then it can be used to

and the radiation field itself, through spontaneous emis- determine absolute population densities of the lower

2.1 Fundamental Concepts [6,7]
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atomic states of the emitting medium. Another example an integrated radiance. Care has to be taken that the
of an application where there is an external radiation other nearby spectal lines from the emitting medium do
field is the use of a concave spherical mirror positioned not interfere with the measurement. The second way is
behind the emitting medium, along the line-of-sight, to to have the entrance slit of the spectrometer wider than
reflect the emitting medium’s own radiation field back the bandwidth of the source spectral line so at the exit
onto itself. This example is typically used to measure the focal plane the spectral line is integrated. Therefore, the
medium’s optical depthk,s. exit slit width should have a bandwidth that is the same
or smaller than the entrance slit. Again interference
from other spectral lines is a potential problem. In either
of these cases the narrow bandwidth of the spectral line
It is important to define the quantities involved in the is integrated so it can be compared to the continuum
use of OES as a diagnostic tool. We normally deal with standard source. The bandwidth associated with this
volume emitters when observing OES signals, e.g., the comparison is the convolution of the entrance and exit
reference cell has volume between its electrodes of ap-slit bandwidths. If the spectral line bandwidth is larger
proximately 206 cri A portion of this volume emission  than that of the spectrometer, then a point-by-point
is focused onto the slit of a spectrometer via a lens or wavelength scan of the spectral line must be accom-
mirror optical system. The calibration of the detected plished and the spectral radiance can be determined by
signals are normally done by substitutingsarface a direct comparison with the standard.
emittingcontinuum source of known spectral radiance,  The integrated radiance in any of these cases is deter-
like a calibrated tungsten strip lamp, in place of the mined by integrating the calibrated spectral line data, so
volume emitting source. This calibrated lamp is posi- the signal from the continuum standard source can be
tioned at the focus of the emission optical system and the compared directly to the signal from the observation of
amount of its radiation per unit time per unit solid angle the integrated spectral line in the following way:
per unit wavelength-band per unit area element is accu-

2.2 Radiance Calibration

rately known. Thus, the signal from the spectrometer Lspec= Lajamp AA Signalped Sighakmp @)
and detection system is calibrated [10]. The spectral
radiance of any emitteL,,, is given in units of radiant In all the above cases the resultant integrated radiance

energy per unit time per unit area per unit solid angle of the spectral line is obtained from Eq. (7), whe\#
per unit wavelength-band, e.g., watts per sec pénen is the spectral bandwidth of the standard source inte-

steradian per nm. grated by the spectrometer’s bandwidth. This multipli-
cation byAA is necessary because the continuum emis-
L, = EJ/(dA dw dA). (5) sion of the calibrated source is given in units such as

watts per crper steradian per nm, while the spectral

If this spectal radiance is integrated over its wavelength- line is usually integrated in some fashion by the spec-
band, one obtains the total spectral radiance or inte- trometer, so its units are watts percper steradian. In
grated radiancd, in watts per crhper steradian. the case where the power density in watts pef @m
required, e.g., to compare with model calculations, the
realization of this quantity can be accomplished only if
the volume of the emission is known. To obtain the
power per unit volume of the emissioly,. of Eq. (7)

The realization of the calibration of the radiance of a must be multiplied by the ratio of the observed area of
spectral line emitted from a volume source using a sur- the surface of the standard emitting source (the spec-
face emitting continuum source requires some clarifica- trometer slit widthX slit height X optical magnifica-
tion. Most often in the case of low temperature, low tion) divided by the plasma volumeewed by thesame
density plasmas the bandwidth of the spectral line is optical system. In the simplest case this is just the vol-
small compared to the bandwidth of the dispersive ume defined by the cone of the slit being imaged
device that is used in the observations. This will happen through the emitting medium. This is not however a well
in different ways. When the entrance slit width of the defined quantity because of the possibility of optical
spectrometer is much narrower than the exit slit width aberrations and complex geometry [11]. It is just for this
and the exit slit bandwidth (slitwidth< spectrometer  reason that the volume emission from a spectral line is
reciprocal linear dispersion) is much larger than the calibrated as an equivalent surface radiator utilizing a
spectral line bandwidth, then under these conditions the surface emitting standard source integrated over the
spectrometer integrates the line spectral radiance to givewavelength-band of the detecting system.

szLA da. (6)
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3. Experimental this manner the spectra from three axial locations be-
tween the reference electrodes are observed.

This section deals with the specific equipment that  The optics used in the experiments of Ref. [13] shown
has been utilized with the various reference cells to in Fig. 2 consist a series of lenses and a h0® diame-
obtain current OES data. ter pinhole to image only parallel light from the emis-
sion between the cell electrodes with an image reduction
of approximately 1/6. A prism is utilized to rotate the
image, thus allowing a narrow horizontal sheet of radia-

The optical setups used in various reference cell OES tion to be imaged onto the spectrometer entrance slit.
experiments presented here [12—15] consist of an initial The spectrometer used is a stigmatic 1 m focal length
optical system, either lenses or mirrors, a spectrometerscanning vacuum monochromator-spectrograph which
and a detector system, including computer control. imaged the emission. Because of the parallel rays and

The optics utilized in Ref. [12] and depicted in Fig. 1  the stigmatic spectrometer, the emission from the refer-
are comprised of three quartz lenses used to focus theence cell was imaged across its diameter at one wave-
radial center of the electrode gap of the reference cell length. The optics were translated vertically to collect a
emission onto three 200m diameter 1 m long quartz ~ two-dimensional view of the emission at one wave-
fibers. Lens-fiber 1 is focused approximately 4 mm length.
from the upper electrode, lens-fiber 3 is focused approx-  The optics to image the plasma onto the monochro-
imately 4 mm from the lower electrode and lens-fiber 2 mator slit in Ref. [14] (see Fig. 3) are front surface
is focused at the center between the two electrodes. Themirrors. A concave mirror is positioned so that the
fibers direct the emission from the plasma into a solid plasma image is demagnified onto the entrance slit by
angle matching optical interface located at the entrance approximately a factor of 2. The mirrors are arranged to
slit of the grating spectrometer. A torodial mirror grat- act as a periscope bringing the level of the plasma emis-
ing spectrometer is utilized as the dispersive device. In sion to the same height as the monochromator, as well

3.1 Optical Equipment

GEC
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COLLIMATING
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Fig. 1. Schematic diagram of optical layout of Ref. [12].
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Fig. 2. Schematic diagram of optical layouif Ref. [13].

as rotating the image of the plasma by’98By this

files. The arrangement of Ref. [12] permitted the dis-

rotation, the electrode surfaces are imaged parallel to persed, wide bandwidth (~ 300 nm) spectral data to be

the long dimension of the entrance slit, thus permitting
observations close to the surface and providing higher
spatial resolution of the plasma along the vertical axis.
The spatial resolution was 0.5 mm vertically and 4 mm
horizontally. Because of the periscope, scanning of the

obtained from three different positions between the
electrode, depending on where each fiber optic was set
to view (see Fig. 1). The array detector system in Ref.
[13] was arranged in such a way that a horizontal radial
profile could be gotten in a narrow wavelength band-

plasma emission between the electrodes can be accomwidth, and the imaging optical system was moved verti-

plished by translating one of the mirrors (see Fig. 3).

cally to different portions of the axial profile (see Fig.

The scans of the emission radial cross section are ac-2), allowing a two-dimensional view of the emission.

complished by a computer controlled, motorized trans-
lation of the entire optical system with respect to the
stationary reference cell. The spectrometerlim in
focal length with parabolic mirrors and a quartz prism
predispersor. A tungsten ribbon filament lamp cali-
brated for spectral radiance: (2 % uncertainty) by the
Radiometric Physics Division at NIST [10], is mounted
on the optics table and is substituted for the plasma
source by rotating one of the flat mirrors to image the
lamp filament onto the slit (see Fig. 3). This lamp is

A photomultiplier with associated electronic equip-
ment comprised the detector system of Ref. [15].

The detector system of Ref. [14] consisted of a photo-
multiplier and was operated in two modes. A detailed
schematic diagram depicting these modes is shown in
Fig. 4. In mode 1, the output from the photomultiplier
was coupled to a digital pico-ammeter, which in turn
sent the digitized signal to a PC based acquisition system
to provide time-integrated data. The second mode is
discussed in the section on temporally resoled OES and

used to calibrate the optics-monochromator system to involved recording the time-varying output from the

obtain absolute spectral radiance measurements.
The optical system of Ref. [15] is not described in
detail.

3.2 Detector Systems

The detector systems for Ref. [12] and Ref. [13] uti-
lized array detectors to get spatial resolved OES pro-
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photomultiplier used in single photon counting with a
system utilizing a time-to-amplitude converter (TAC)
and a multi-channel analyzer (MCA).

! Certain commercial equipment, instruments, or materials are identi-
fied in this paper to foster understanding. Such identification does not
imply recommendation or endorsement by the National Institute of
Standards and Techlogy, nordoes it imply that the materials or
equipment identified are necessarily the best available for the purpose.
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Fig. 3. Schematic diagram of optical layout of Ref. [14].

4. Spatially Resolved OES Experimental 4.1 Experimental Techniques

Results Radial distributions were accomplished in general by

two different methods. One utilized translating the en-

There are two different types of spatially resolved tire detector system, including the spectrometer, with a

observations made on the reference cells. Since the con- : )
! . . T N computer controlled motorized system. This was ac-
figuration of the cell is cylindrical, one type is in the

o ; . complished in Ref. [14] and Ref. [16] where the current
axial direction between the electrodes, while the other is P . ; [14] . [16]
) ) mode, described in the section on detector systems, was
a radial scan. The data obtained from both these types . . ;
. . used in the OES scans across the diameter capturing the
of scans are line-of-sight OES measurements. The de-

: . . L line-integrated spatial distribution of the emission with
convolution from line-of-sight or line-integrated,y,z) . ) .
. " N, . a 0.5 mm vertical and 4 mm horizontal resolution. It was
data to point-specific or radial distribution,0) data is

. Loon . : noted in these observations that the plasma extends well
discussed in this section. The axial OES measurementsb . .
. . eyond the 10.2 cm diameter of the electrodes, showing
are presented here without any deconvolution proce-
dure the current flow from the powered electrode to the
' ground shields and the chamber walls as shown by the
electrical measurements of Ref. [17]. In order to convert
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Fig. 4. Schematic diagram of the detector and data acquisition system
of Ref. [14], showing the two modes of data acquisition.

this line-integrated observations into a radial distribu-
tion, the data had to be Abel inverted [1]. The other
method [13,18] to determine the radial optical emission
utilized a diode array detector where a thin slice of the
horizontal plasma emission was stigmatically imaged
onto a 1m spectrometer slit and the optical imaging
system was moved from point to point along the vertical
axial emission, thus capturing both vertical and horizon-
tal line-of-sight measurements. In Ref. [12], the spectra
were recorded by the two dimensional CCD array for
three different axial positions of the cell emission. No
specific radial data was obtained from this experiment,
only vertical axial information.

Plasma source
cross section

4.2 Abel Inversion

Plasmas of cylindrical or near cylindrical symmetry
that emit radiation that are observed along a chordal
line-of-sight must have the cylindrical measurement
transformed from the two dimensionaly plane to the
two dimensional -6 plane in order to interpret the ra-
dial distribution of its properties. The process by which
this is accomplished is called the Abel inversion. The
mathematical formulation of this process is covered in
many text books, e.g., Ref. [1], and is summarized as
follows. If the plasma emission,, is integrated along
the y direction for a distance (see Fig. 5) then an
equation can be written to express this line-integrated
emission in terms of the radial distribution of this emis-
sion as follows:

y

L(x) Ax Az= Ax Azf e(r)dy
y

(8)

where Ax is the observation length\z is the plasma
layer thickness, which is determined by the experimen-
tal aperture, e.g., the spectrometer slit height and width,
and £(r) is the local plasma emissivity at a distance
from the center of the cylinder. There are some assump-
tions that are usually made in reducing the complexity
of this problem. The first assumption is that the variation
in emission, d (z)/dz, along the cylindrical axis direc-
tion, z, is small for the lengtiAz. A second assumption
defines the value foe(r) =0 for r = R. Another as-
sumption often made is that the plasma is symmetric so
L(— x) =L(x), so Eq. (8) can be written as

L(x) = 2f (r)dy. )

0
Using the substitutiom? = x + y2, Eq. (9) becomes

: e(r)r dr

H00=2) Ve

(10)

Diaphragm

Monochromator
entrance slit

Intensity
distribution

L(x)

Fig. 5. Diagrammatic representation of Abel inversion geometry for observations of plasma

sources with cylindrical cross section.
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This is a special form of the Abel integral equation and fitting methods as well, but it is particularly difficult to
if L(x) =0forallr = R, Eg. 10 can be inverted analyt- know what order of polynomial to choose to do this to
ically [1] into have the most confidence in the Abel inversion process.
For example, in the reference cell there exists plasma
radially outside the dimensions of the cylinder defined
by the electrode diameter. Under certain conditions of
pressure and voltage, this requires scanning the plasma
emission all the way to the maximum of the observation
ric, another approach must be used [19]. window diameter. Observation at the window edge is
In the experiments on the reference ckllx) is a set complicate by emission entering the observation accep-
of time-integrated values measured at discrete values oftance solid angle through reflections off the walls show-

)= v [ L0

whereL '(x) = dL (x)/dx. If the emission is not symmet-

11)

x. If L(x) is in a functional form, Eq. (11) can be solved
analytically, if not, the integral must be solved numeri-
cally. In practice the measured valuesldi) are ap-
proximated by an analytical function or set of functions,
symmetric or non-symmetric. If any method presup-
poses d(x=0)/dx=0 because of plasma symmetry,
then this must be an additional constraint in the Abel
inversion method and only symmetric functions should
be used.

ing a “bump” in the plasma emission that may not be
real. Making the solid angle of the observation smaller
may allow one to approximate the true emission distri-
bution outside the electrode diameter, but this reduces
the signal as well. Another observed fluctuation in the
emission that can interfere with the inversion procedure
is the effect of the observation window’s surfaces acting
as a low finesse interferometer. This effect has been
observed by eye in the reference cell as well as in the

There have been a number of techniques developed toscans of the emission. It results in a wavelength depen-
solve the Abel integral equation, some graphical, some dent modulation on the optical emission signal and will

numerical and others analytical. Using a polynomial

be exhibited in its Abel inverted radial distribution. The

least squares fitting procedure for the experimental data, effect can be eliminated by increasing the spectrometer
L (x), to produce an analytical inversion was suggested bandwidth by opening one of the slits.

by Ref. [20]. Similar methods were used by Ref. [21],
Ref. [22], and Ref. [23]. Another method employing sets
of orthogonal polynomials of arbitrary order have been
used for the analytical fit. Examples of such solutions
include Zernike polynomials in Ref. [24], Gegenbauer
polynomials in Ref. [25], Hermite polynomials in Ref.

[26], Gram polynomials in Ref. [27], and a general set
of orthogonal polynomials in Ref. [28]. Spline fits have

The Abel inversion algorithms require a zero value
along the scan axis of the function to be inverted. Often
this has to be artificially produced. In the case of the
reference cell and most radially distributed plasma
emission, this problem is not serious, since the magni-
tude and length of the emission is small compared to the
maximum emission. However, it can be a problem if the
plasma emission has a substantial dip in its central re-

also been popular to use to fit the experimental data and gion. The absolute magnitude of the dip in the emission
then perform the Abel inversion process. Authors em- will have a larger uncertainty under these circumstances.
ploying such methods include Ref. [29], Ref. [30], Ref. Another concern in the Abel inversion process is the
[31], Ref. [32], Ref. [33], and Ref. [34]. Another re- possible absorption of the emission under observation,
cently developed method has been the use of fast Fourieri.e., an optical depth problem. This is of general concern
transforms to perform the Abel inversion [35]. This is in discharges especially involving optical transitions
particularly appealing when the transformed data shows where the lower state is the ground state or a metastable
a distinct separation of low frequency components asso- state. Thus, emission from these type of transitions must
ciated with the real spatial emission distribution and be checked for optical depth to determine if this is a
high frequency components that can be assigned to ex-problem. In the section on fundamental concepts, the
perimental noise or plasma fluctuations. If this distinc- radiative transfer equation [Eq. (1)] addressed this prob-
tion does not occur in the transformed data, this method lem with a term corresponding to reduction of the emis-
is equivalent to the others in performing an Abel inver- sion. As suggested in this section, the optical depth can
sion of the experimental data. There are many more be tested for and actually its effect observed by placing
methods that have been used, but their premisses area concave mirror located along the line-of-sight of the
essentially the same as the ones already listed. observation at a distance equal to twice its focal length.

Noise and fluctuations can present a problem in the This in effect focuses the emission back onto itself. The
Abel inversion process. In the fast Fourier transform correction for the optical depth can be included in the
method, a filtering algorithm can be applied to take out Abel inversion process but will not be discussed here.
the unwanted components if they can be identified. One This procedure has been treated by Ref. [1] and Ref.
can choose smoothing factors associated with analytical [20].
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4.3 Experimental Results 1s3d 3D

4.3.1 Comparison of Radial Abel Inverted OES
and LIF Measurements For comparison of the Abel
inversion process, two different methods are used as
examples to provide radial emission distributions for
some conditions in the reference cell. These Abel in- / 1s2p 3P°
verted radial profiles are also compared with radial dis- / p
tribution data at the same conditions obtained from the
laser induced fluorescence (LIF) method. The experi- 1083 nm
ment was performed in helium because of its simple
spectrum [36]. Also the comparison had to be made 3
using the same atomic level that was probed by both 1525 °S
methods. Therefore, the following scheme was chosen
(see Fig. 6). For this experiment the LIF was performed Fig. 6. Partial energy level diagram showing the LIF pumping wave-

. length at 588 nm and the OES from 588 nm and 1083 nm.
using a wavelength of 588 nm to pump the electron-col-
lisionally populated 42p P° lower state to the<3d D
upper state and observing the fluorescence at 588 nm
The OES was done by observing the optical transition
from the k2p °P° to the 1k2s3S metastable state at
1083 nm. The two methods for the Abel inversion com-
parison use 1) the Chebyshev polynomial of 8th order to
fit the experimental data and then the inversion of this
analytical function and 2) a spline fit to the experimental

Fiata with an averaging method o .symmetrlze the exper tion for this was postulated to be due to the cylindrical
imental profile before Abel inversion. These two meth- . ;

. C : ground shields that surround the electrode insulators.
ods were equivalent and showed no significant differ-

. . g . These shields were originally included in the design of
ences outside the experimental fluctuations as seen in L )
the reference cell when preliminary experiments

Fig. 7. In the application of the Abel inversion, there had . S
. . showed unstable plasmas without them. A particle-in-
to be a small correction for the optical depth of the 1083 . . . ; !
cell code was applied to this region and it predicted a

nm emission line. This correction was accomplished by !
. : ; .7 strong effect that drove high energy electrons thus creat-
the method outlined above using a concave mirror which : . C ; "
ing a nonuniform electric field to increase the excitation

is translated as the spectrometer-detector system ,
. . of argon near the powered electrode region. These pro-
scanned across the plasma diameter and a convolution;. T
iles were compared to radial distribution of etch rates

method outlined in Ref. [1]. This correction was small I ) ) .
X . i . of a silicon wafer. The etching was accomplished in a
for the Abel inversion and the comparison between this . :
plasma with 30 crhper minute flow of CFand 76 mm

method and the LIF data shows agreement well within 7. o
diameter silicon wafers. The wafers were patterned

the ex_penmental uncertainty as shown in Fig. 81 In this prior to etching to enable the etch rate to be determined.
experiment levels were chosen to compare Abel inverted . L .
The optical emission from the reference cell waswed

OES and LIF so that there was a common level to be across the diameter of the discharge, parallel to the

probed, i.e., the lower level for the absorption in the L.”: electrodes and at various heights between the electrodes.
was the same level a the upper state for the optical ol etch distributi IS0 | : ith
emission. The error bar in Fig. 8 in the horizontal direc- Radia e_tc distributions were also lnvest_lgated wit

) ' OES by using Ar + Clrand Ar + Ck + O, etching plas-

tion represent th_e minimum spatial resolution of th_e mas under various conditions [13,37]. The OES profiles
overlap of the optical system and the laser beam, while . ST
were compared to radial distributions of etch rates of

the vertical error bar represents an estimate of the uncer-_. .
) . . silicon wafers. The wafers were patterned prior to etch-
tainty (1o) from the fluctuations in the data due to the - . .
ing to facilitate the measurement of etch uniformity.

non-reproducibility of the laser’s output. A :
432 Correlation of OES With Etching Pro- _The res_ults are shown in Fig. 9 where the nonunlfor_m_
increasing etch rate away from the center of the dis

gﬁig;?ﬁi;?ﬂf? +rgglhaal1v2raolfslfiec;fn t:k?s:rl\)/ggii:n charge corresponds to the Abel inverted OES profile.
This distribution in the radial etch rate, shown by the

the reference cell [18]. The discharges were investigated .~~~ —. . .
at the different reference conditions and the OES from points n Fig. 9, was obse_rved with both a 76 mm Si
wafer directly on the aluminum electrode as well as a

the 750 nm Ar | and 428 nm Ar Il lines were recorded. ..
similar wafer separated from the electrode by a quartz

588 nm

The optical emission from the reference cell wasved
‘across the diameter of the discharge, parallel to the
electrodes and at various heights between the electrodes.
The method of analysis utilized a polynomial fit to the
OES data and the subsequent inversion of this analytical
function to perform the Abel inversion. The profiles of
the OES were found to extend radially well beyond the
electrodes for certain plasma conditions. The explana-
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Fig. 7. Comparison of two different Abel inversion techniques. Abel (asym)-(—) represents an algorithm that fits the OES data with a 8th order
Chebyshev polynomial, but does not assume radial symmetry at the electrode center. Abel {sym)-{) represents an algorithm which
symmetrizes the OES data ( ) and defines a new emission center. The normalized OES signal is also shown for comparison. All data were
obtained in a He discharge Bt= 67 Pa and an applied peak-to-peak rf voltage) ©f 200 V.

plate. Since the etch rate was the same both with andpresent. The two spectra were compared and the change
without the quartz plate, this indicates that the etch rate in peak signals of reactant gas spectral line as well as the

was not due to a fluorine loading effect in the plasma.
In Ref. [12] 102 mm patterned silicon wafers with

830 nm of oxide were etched with a GEHF; dis-

charge. Etch rates from 8.5 nm/min to 60 nm/min were

peak signal in etchant product spectral line were
recorded. Three different etching processes investigated
in this manner were, 1) photoresist stripping with a pure
oxygen plasma, 2) silicon etching with a $i6, mix-

observed depending on the operating parameters. OESure, and Si@ etching with a Freon 14-Hmixture.
was performed using the fiber optic imaging system of These investigations also included selectivity and etch
Ref. [12] and the oxide etch rate was compared to the rate ratios of common etchant processes for oxide and
univariate correlation as a function of the spectral data polysilicon. Wafers coated with 400 nm of polysilicon
from 178 nm to 482 nm. The spectral range from 190 over 100 nm of oxide were used. The polysilicon and
nm to 300 nm was noted to show the largest variance oxide were exposed alternately across the wafer using
and this was associated with the ,Getchant species  conventional lithographic methods. Then a layer of pho-
whereas this spectral range showed the lowest univari- toresist was patterned onto the wafer such that all three
ance correlation to the oxide etch rate. These experi- films (oxide, polysilicon and photoresist) are exposed.
ments indicate that OES can be used in multivariate The patterned wafer is then placed into the reference
analysis to predict oxide etch rates. cell and about 25 % of the film is removed. The thick-
In Ref. [15] the OES from the discharge containing nesses of all films are then measured and the etch rate
reactant gases was used to monitor the etching end-and uniformity are determined. This process is repeated
point. This was accomplished by recording the OES of until the film is nearly or completely removed and the
reactant gases without the presence of a Si wafer in theselectivities and etch rate ratios are thereby determined.
cell. Then the same spectrum was recorded with a wafer
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Fig. 8. Comparison of the radial distribution of the emission from the spatially resolved LIF measurements at 588 nm (——-) and the Abel inverted
OES at 1083 nm (—) using the asymmetric algorithm obtained in a He dischdPge@f Pa and &,; = 200 V. The OES Abel inversion process
included the fact that the 1083 nm line was corrected for optical depth. These radial distributions are.

charge. Some discharges are maintained by stochastic
heating of the electrons at the sheath boundary. Under

200 L L certain conditions most of the ionization in the plasma
®  EtchDepth 1 comes from the electrons created by ion impact on the

160 - ©  Emissivity i electrode. These electrons are multiplied by ionizing the
i gas in the glow region at the edge of the sheath where

* they are accelerated in the electric field of the sheath.
120 ¢ { $ 1 These and other different sources of energetic electrons,

ions and atoms lead to different shapes of the spatial
profile of emitted radiation for different species and

Emissivity (Arb. Units) and Etch Depth (nm)

S of correspondingly of the ionization. Therefore, the spatial
° 9 profiles have been used to gain some understanding of
40 F° wafer N the sustaining mechanisms in many rf discharges.
electrode ] OES from certain emission lines with the highest
0 —_— excitation energy, i.e., a higher threshold for excitation,
5 50 -25 0 25 50 75 have been noted to appear closer to the electrodes when
Diameter (mm) electrons are accelerated in the sheath and make a sig-

nificant contribution to excitation [14]. When this is not
Fig. 9. Comparison of etch depth in patterned silicon and Abel in- the case, it is also expected that the lines with lower
verted OES from Ref. [37]. threshold energies will occur over a broader spatial re-
gion around the sheath boundary where electrons are
4.3.3 Axial Scans of OES One of the problems in  accelerated. In a recent experimental study [38] results
understanding rf discharges has always been the identifi-of spatially resolved optical emission of neutral and
cation of the basic mechanism that sustains the dis-ionic argon lines from pure argon rf discharge along the
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axial direction between the electrodes in the reference shot method, for an apparatus to provide real temporal
cell show the spatial distribution of emission where the resolution, the time-aperture must be short compared to
lines with highest upper energy level appear closest to the OES signal variations over one rf cycle. None of the
the electrode (see Fig. 10). Since the emission distribu- experiments reported here used this later technique.
tion is used in experiments to determine the sheath ki-
netics, it is important to understand why the spatially
resolved profiles of different ions have such different
shapes and positions of their spatial maximum emission.
For example, some diagnostic technigues, such as acti- The multiple point observation method over at least
nometry, should be used with caution because of the one period of the rf cycle was the only method used to
different spatial distributions of the lines used for this temporally resolve OES in the reference cell. In mode 2
technique. of Ref. [14], the time-varying output from the photo-
multiplier used in single photon counting was recorded
with a system utilizing a time-to-amplitude converter
5. Temporally Resolved OES Experimental  (TAC) and a multi-channel analyzer (MCA). A detailed
Results schematic diagram depicting this mode of data acquisi-
tion is shown in Fig. 4. The timing cycle of the TAC is
The method of temporally resolving OES data on the initiated by a fast pulse derived by a discriminator from
time scale of the 13.56 MHz rf frequency applied to the a probe attached to the bottom of the powered electrode.
reference cell is either to measure the OES signal as aThe timing cycle is stopped by a photon-initiated pulse
function of time over one or more periods (73.75 ns) or from the photomultiplier system, or by the ending of the
to take a snapshot of the temporally resolved OES signal preset TAC timing period. The maximum time mea-
[39]. The first method requires a detection-acquisition sured by the TAC was set to 200 ns (slightly less than 3
apparatus capable of taking multiple observations over rf cycles). The photon count rates were kept low
the time interval selected. Such an apparatus is de-(< 10° s by placing calibrated neutral density filters
scribed in the section on detector systems. In the snapin the optical path for the measurement of the most

5.1 Temporally Resolved OES in Ar | and Ar Il
Discharges

20—~ x 1
Arl +  Arll
'811.5 nm |
5oL 750.4 nm ]
| J7 47(19 o 3440 1fm 427.8 "M 405 3 nm
y v L L

10- = e -

‘ B ]
X \.\7‘~—.
n \X\\% i 13.33 Pa

Maximum Intensity Position (mm)

— - 33.33 Pa

e * 66.67 Pa.
0 L L | I 1 | L [ L | L | |
12 14 16 18 20 22 24 26

Upper Energy Level (eV)

Fig. 10. Plots of the maximum intensity position of various spectral line of Ar | and Ar Il as measured from the powered
electrode as a function of the excitation energy of their OES upper states for different pressures.
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intense optical signals. On average fewer than one pho-spatially and temporally resolved OES (see Fig. 12). The
ton is detected for each timing cycle (<*0' X 74 first was correlated with the excitation of H atoms at the
ns < 7.4 X 1072 counts/cycle), therefore, there is no beginning of the cycle of the rf power due to dissociative
discrimination against photons detected later in the tim- electron-impact excitation of thermal lesulting in H
ing cycle. atoms with thermal energies < 0.2 eV, while the inter-
The output pulses from the TAC, whose voltage am- mediate component is due to dissociative ionization of
plitudes are proportional to the time between the trigger H,. The third component was associated with H atoms
from the rf waveform and the detection of the photon, streaming across the interelectrode space at high veloc-
are sorted into channels by the MCA. This accumulated ity far exceeding energies possible from electron-im-
spectrum represents the time-resolved optical emissionpact. The fast H atoms are formed near the powered
signal for a single spatial location. The MCA was set to electrode and are detected throughout the entire plasma
record 256 channels providing a timing resolution of volume with kinetic energies in excess of 100 eV. These
0.78 ns for each channel. measurements also indicate that the velocity distribution
The radiometrically calibrated temporally resolved of H atoms is anisotropic, with the highest velocity
optical emission from Ar I, 750.4 nm and Ar 1l, 434.8 component along the axis of the electrodes, in contrast
nm is presented in Ref. [14] for all of the reference cell to the velocity perpendicular to this axial direction.
reference conditionsThis was accomplished over ap- Temporally resolved measurements indicate that the fast
proximately two rf cycles (147.5 ns) and for the space H atoms are a result of backscattering of neutral H from
between the electrodes along the central axis. These twothe surface of the powered electrode due to bombard-
spectral lines were chosen because they were among thenent of that electrode surface by fast H ions and neu-
strongest signals and their upper state atomic lifetimes trals formed in the discharge. Discharges with volume
were among the shortest, thus allowing the maximum fraction mixtures of 90 % argon and 10 % hydrogen
flexibility in observing the temporal evolution of the have also been investigated [42] by spatially and tempo-
optical emission. These radiometrically calibrated re- rally resolved OES and mass-resolved measurement of
sults under reference conditions allow cell-to-cell and ion kinetic energy distributions at the grounded elec-
model-to-cell comparisons. trode. By measuring kinetic energies of mass-identified
ions striking the grounded electrode of the reference cell
it was possible to determine the dominant ion species
present in the discharge and to infer the most likely ion
The evidence of multiple velocity distributions of formation processes for each species.
atomic species in the reference cell has been investi- Another phenomenon observed in studies of the opti-
gated using hydrogen and hydrogen-argon mixtures cal emission from rf discharges in hydrogen is the pres-
plasmas. The methods of investigation include OES ence of a “double sheath.” This has been observed
[40,41] and ion-energy mass spectrometry (IEMS) in previously in rf discharges for time averaged [43] and
conjunction with OES measurements [42]. By investi- time resolved investigations [44]. The formation of these
gating the spectral line profiles of hydrogen Balmer double sheaths have been attributed to the faster electron
lines, H, and H; [40] unique effects on the shape of and ion drift in hydrogen, which contributes to the for-
these line profiles were associated with hydrogen atoms mation of an electric field in front of the powered elec-
with distinct velocity distributions strongly effected by trode during the positive portion of the voltage wave-
admixtures of argon. Similar effects have been observedform. This electric field allows the acceleration of
in discharges in pure Hlischarge in the reference cell electrons toward the powered electrode, which subse-
[41]. Here the H profile showed three distinct velocity — quently excite H emission and the formation of a second
distributions, one associated with the bulk low tempera- region of emission.
ture plasma, a second, very small concentration associ- This double sheath behavior has also been investi-
ated with an intermediate temperature, and a third veloc- gated for hydrogen discharges generated in the GEC rf
ity distribution correlated to very high energies (see Fig. Reference Cell. The temporally and spatially resolved
11). These velocity distributions were correlated with emission from hydrogen discharges as a function of
I pressure and voltage are presented in Figs. 13 and 14,
2t should be noted here that the units used in Ref. [14] were given in respectively. The signal is shown for a time range of
units of W/cn? (irradiance). The results of the calibration of these slightly more than two rf periods, the applied rf voltage

spectral lines did not include the spectral bandwidth. Therefore, the . — . .
values of all the figures should be multiplied by #@m, the spectral peaks at timet=0, andd is the distance from the

bandwidth of the observation, to give the results in WAersr) (radi- grounded electrode.
ance).

5.2 Determination of Velocity Distributions
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Fig. 11. Linear (a) and semi-log (b) plots of the,ldpectral line profile emission for a 33.3 Pa,

Vs = 350 V hydrogen discharge, demonstrating the three velocity components of the hydrogen
atoms in then = 3 state. The pointa; and A, indicate the wavelengths at which the temporal
resolved data presented in Fig. 12 were obtained. The upper scale indicates the perpendicular
velocity component to the Doppler shifiA, from the line center at 656.3 nm.

The conditions for the data in Fig. 13%{(= 200 V, comparison. This is in agreement with the explanation
P =133.3 Pa) are nearly the same as the conditions for of Ref. [44], since higher applied voltages will produce
the data presented by Ref. [44], and the data are in higher energy electrons in the sheath region during the
agreement. The double sheath is evident by the pair of positive portion of the rf cycle, and thus contribute to
peaks that appear near the electrodes. At lower pressureshe emission of the “second sheath.”
(Fig. 13a) the peaks occur only near the powered elec-
trode. The large peak is due to the normal excitation that
is observed in an rf glow discharge, similar to that ob- 6. Other Experiments Utilizing OES
served in argon [14]. The smaller peak that occurs closer
to the powered electrode, and precedes the larger peak Although the experiments described in Refs. [45] and
is the “second sheath” that is unique to hydrogen and [46] utilize the GEC rf Reference Cell as an experimen-
electronegative gases. As the pressure increases théal platform, they are performed with the cell in a mod-
magnitude of the smaller peak remains constant, while ified configuration. However, OES was performed as a
the intensity of the larger “glow” peak increases. At probe in these experiments, therefore, a summary of
133.3 Pa, the discharge becomes sufficiently symmetric them is included here for completeness. In the experi-
that the double sheath behavior is also observed near thanents of Refs. [45] and [46] OES was utilized to detect
surface of the grounded electrode (Fig. 13c). and quantify the presence of “dust” particle traps in the
As the rf voltage is increased for a constant pressure plasma. The experiments are performed by observing
(see Fig. 14), the intensity of both peaks increases sub-the OES above a grove cut into a square Al plate, 10 cm
stantially, but the magnitude of the peak closest to the on a side, placed on the cell’s lower electrode. The ob-
powered electrode increases much more dramatically by servations were cylindrical line-of-sight measurements,
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spatially resolved by collimating apertures. The OES
was performed on the (420.1, 451.1, 592.9, and 604.3)
nm Ar | lines and all observations showed the same
behavior. The optical emission was found to vary spa-
tially due the presence of the electrostatic traps formed
by the grooves, thus their positions were quantified.

7. Concluding Comments

This review of the OES experiments utilizing the
GEC rf Reference Cell, combined with the others within
this volume, has demonstrated its use as versatile tool to
compare experimental as well as model investigations
with one another. It was found that the use of a multiple
of different observational techniques can be correlated
with one another. In the case of temporally resolved
OES and IEMS investigations, a correlation has been
found to uniquely describe three velocity components of
H atoms and their origins. Also correlation between
Abel inverted spatially resolved OES and etch rates in
silicon has been demonstrated, thus providing a poten-
tial tool for possible etch uniformity measurements. Ex-
periments have also been performed that indicate that
OES can be used in multivariate analysis to predict
oxide etch rates. Experiments with etching gases have

also demonstrated the use of the reference cell as teach-
ing tool.
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