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ABSTRACT
A comparative analysis of two popular spectroscopy techniques is conducted in a coaxial cylindrical capacitively coupled discharge designed
for the plasma processing of superconducting radio frequency (SRF) cavities. The density of the metastable and resonant levels in Ar is
measured in both Ar and Ar/Cl2 discharges to properly characterize the unique discharge system and aid in the development of a cavity
etching routine. The ﬁrst method, deemed the “branching fraction method,” utilizes the sensitivity of photon reabsorption of radiative decay
to measure the lower state (metastable and resonant) densities by taking ratios of spectral lines with a common upper level. This method
has been gaining popularity as it does not require any a priori knowledge about the electron energy distribution. The second method is a
tunable diode laser absorption spectroscopy technique that measures the thermal Doppler broadening of spectral lines, from which the
neutral gas temperature and lower state density of the transition can be evaluated. The two methods were conducted in tandem, while
external parameters that were empirically determined to be important to the etching mechanism of SRF cavities are varied. Relationships
between the excited state densities and the external parameters are presented for both spectroscopy methods and conclusions about the
eﬀects of these parameters on the discharge are stated when appropriate.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5115043
I. INTRODUCTION
Metastable and resonant states of excited Ar atoms play an
indirect but important role in the interaction of rf discharges with
solid surfaces. One aspect of this interaction, in general, is the
direct or indirect role in the ion assisted reactive ion etching
(IARIE) of metallic surfaces in increasing the population of both
assisting and reactive ions, modiﬁcation of the electron energy distribution function (EEDF), and in the chemical kinetics of the
etching process.1,2 Ionized mixtures of reactive and noble gases are
the natural medium for IARIE, and their application to chemical
kinetics is not very well documented. This situation aﬀects the
understanding of surface phenomena of practical interest in the
processing of large metallic surfaces, such as the rate of material
removal, surface roughness, and electron ﬁeld emission from nanoscale particulates.
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IARIE techniques have entered competitively into the development of resonant superconductive radio-frequency (SRF) niobium
(Nb) cavities used in high energy particle accelerators.3–9 The aim
is to complement or replace the “wet” acid processes that are commonly used to remove surface impurities that limit the performance of the bulk superconductive medium and to create a
smooth surface with the reduction of grain boundaries and pits.10
By adopting the same basic principles used on the semiconductor
nanotechnology, IARIE shows promise in the preparation of SRF
cavities for use in particle accelerators by potentially achieving
similar or better superconducting properties as compared to
current methods while decreasing costs, processing time, and
manpower.
Much of the work done in the adaptation of the IARIE technology to SRF cavities has been to prove that this process is viable and
controllable for etching concave cylindrical surfaces.3–9 While it has
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shown some success, the work has left signiﬁcant information
missing about the plasma parameters and dynamics within the
etching reactor. The plasma etch process uses a mixture of Ar and
Cl2 (85%/15%) to remove surface layers from bulk Nb. Ar/Cl2 mixtures are commonly used for etching polysilicon, but characterizing
the plasma chemistry remains elusive as the discharge is inherently
electronegative. The addition of another negative species (Cl ions)
makes particle and energy balance analysis diﬃcult, as the theoretical
description of the discharge is much more complicated.11
Conversely, electropositive pure Ar discharges have been extensively
studied.12–21 Furthermore, the radial cross section of the accelerating
SRF cavity inner surface is elliptic, which complicates the characterization of the discharge and direct comparisons to a simpler planar
geometry cannot be made. The coaxial conﬁguration used for cavity
etching is an asymmetric discharge due to the diﬀerent surface areas
of the two electrodes. This is unfavorable for the etching of the larger
electrode due to the large negative self-bias voltage on the smaller
powered electrode. The discharge asymmetry is, therefore, reversed
with a positive dc bias and a corrugated inner electrode.6 In order to
reduce the complex reactor geometry and make the discharge more
suitable for characterization, without aﬀecting the plasma parameter
distribution, a three-step transformation had to be made to simplify
the reactor into a closed cylinder-to-disc generic electrode conﬁguration that could support spectroscopic observations.
This work uses optical absorption and emission spectroscopy
to measure plasma properties of the discharge. Quantities like electron density, electron temperature, ion and neutral densities can be
evaluated from the recorded spectra. The densities of Argon’s ﬁrst
four excited states in Ar and Ar/Cl2 discharges are among those
with particular importance. These include the two resonant (1s2
and 1s4 in the Paschen notation) and two metastable (1s3 and 1s5 )
levels. The two long-lived metastable levels, with a relatively large
stored energy, have a strong inﬂuence on the excitation and chemical processes. One of the main goals of this paper is to inspect a
possible inﬂuence of these states on the etching chemistry.
A signiﬁcant goal of this work is to explore the spectroscopic
technique now known as the optical emission spectroscopybranching fraction method (OES-BFM).12,17,22,23,32 This technique
uses the intensities of partially self-absorbed spectral emission lines
from 2p!1s transitions to determine the amount of reabsorbed
photons (the photon escape factor). This optical emission spectroscopy technique is essentially nonintrusive and dependent on the
distribution of the lower state density of the transition. A set of
simultaneously recorded line intensity pairs is chosen so that they
involve densities of all 1s states from a single broad range calibrated
spectrum. Ratios of the escape factors (or modiﬁed branching fractions) of those lines with densities as free parameters are adjusted
to the ratios of recorded spectral lines. Thus, the whole set of 1s
densities at a particular location is obtained from a single emission
spectrum in the 650–1000 nm range.
The OES-BFM technique is compared to tunable diode laser
absorption spectroscopy (TDLAS) to obtain directly the absorption
coeﬃcient of a single transition 1s ! 2p.22–25 The Doppler broadened line proﬁle allows one to evaluate the kinetic gas temperature
of atoms in the particular 1s state. This value is necessary in all
evaluations of the absorption coeﬃcients for all transitions involved
in the two techniques.
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This paper is organized as follows. In Sec. II, the two techniques for evaluating the 1s densities are reviewed separately and
discussed. The analysis includes the cross-reference between the
two techniques. In Sec. III, we describe the experimental chamber,
equipment used, and method of the observation for both techniques. Section IV contains results pertaining to the neutral gas
temperature measured using TDLAS for both Ar and Ar/Cl2 discharges. In Sec. V, we present the experimental results in the form
of the density dependence upon external discharge parameters.
Furthermore, we discuss comparatively the values and uncertainties
of 1s densities obtained with the two techniques and interpret the
results in terms of the plasma kinetics and the consequences
thereof. Section VI contains a short discussion of the signiﬁcant
eﬀects of dc bias on the discharge, particularly as it pertains to
etching. In Sec. VII, we underline a general overview of the results
of this work.
II. EVALUATION METHODS OF Ar 1s STATE DENSITIES
The signiﬁcant advantage of using optical diagnostic methods
is the nonintrusive nature of these measurements, while Langmuir
probes have a direct inﬂuence on the discharge. Line ratio techniques utilizing the transitions of the ﬁrst 14 excited states of Ar
are popular, but many require prior knowledge of the electron
energy distribution fuction (EEDF) and collisional cross sections.
The line ratio technique used in this study is based on the work by
Schulze et al.12 and does not require any prior knowledge about
the discharge, and thus, can be used without needing to make a
great deal of assumptions. This method is still rather new and its
validity needs to be tested for a variety of discharge conﬁgurations.
In order to properly use OES-BFM, the gas temperature (Tg )
of the discharge must be known, as is explained in Subsection II A.
Oftentimes, this can simply be approximated as it does not have a
drastic eﬀect on the ﬁnal values of the densities. However, since a
coaxial cylindrical capacitively coupled plasma (CCP) is not a
typical discharge chamber, a direct measurement of Tg was necessary. This is commonly done by using a tunable diode laser to
measure the Doppler broadening of a 2p!1s spectral line and
ﬁtting the corresponding signal to a Gaussian. The full width half
maximum (FWHM) of the Gaussian proﬁle can be used to calculate the corresponding Tg . However, this measurement has the
added beneﬁt of additionally providing a way to calculate the lower
state density of the measured transition line with no additional
experimental cost. Therefore, the densities measured by the two
spectroscopic methods can be compared depending on the transitions that can be measured by the tunable laser. In this work, we
used a laser diode tunable to transitions at 810.37 nm and
811.53 nm to excite the 1s4 !2p7 and 1s5 !2p9 transitions,
respectively, thereby allowing the measurement of the 1s4 and 1s5
level densities. The mathematical details of the two methods are
given below.
A. OES-branching fraction method
Assuming a homogeneous distribution of excited atoms and
excitation sources in the bulk of the cylindrical capacitive discharge,
the spectral line intensity of a transition i ! j as recorded with a

126, 103302-2

Journal of
Applied Physics

ARTICLE

scitation.org/journal/jap

detector can be expressed as
I ij ¼ cγ ij (nj )Aij ni ,

(1)

where I ij is the line of sight averaged spectral line irradiance from a
given observation column, c is a constant which deﬁnes the geometry of the observation column, γ ij (nj ) is the radiation-reducing
Holstein’s26 escape factor, nj is the average density of atoms in the
lower, 1s state, Aij is the transition probability, and ni is the density
of atoms in the upper, 2p state. The use of the line irradiance from
rf discharges avoids the eﬀect of Doppler, instrumental, and Stark
broadening. The irradiance depends on the densities of both states
in the transition and increases with the density of emitters, ni (2p
state), and decreases with the density of absorbers, nj (1s state).
Therefore, there are two unknown variables in the nonlinear equation (1) for every 2p!1s transition. In the branching fraction
method, the irradiances from a pair of 2p!1s transitions with the
same upper level are divided to eliminate the density of the 2p state
and the geometric factor. This leads to12,17,22
I ij Aik γ ij (nj )
I ik Aij  γ ik (nk ) ¼ 0,

(2)

where the ratio of irradiances is measured, the ratio of transition
probabilities are known, and the ratio of escape factors depends on
the unknown densities of the corresponding two 1s states, which
have to satisfy Eq. (2). The escape factor in its most accurate form
is evaluated from the integral of the photon transmission coeﬃcient
over the plasma volume and is dependent on the distribution of
emitters and absorbers along the observation column.26–28 A more
complete investigation of the photon escape factor and its application to low temperature plasmas can be seen in the work by Zhu
et al.29 There are, however, several approximations that can be used
in measurements with various levels of accuracy.22,26,30–32 For this
work, we follow the case of a homogeneous distribution of emitters
and absorbers proposed by Mewe,30,31
γ ij ¼

2  exp(  τ ij =1000)
,
1 þ τ ij

τ ij ¼ kij l,

(3)

where τ ij is the optical thickness of the observed plasma column at
the center of the spectral line corresponding the i ! j transition.31
The value l is the eﬀective plasma length deﬁned as the radius of
the cylindrical plasma for a volume averaged escape factor.29 In this
work, this is equivalent to the radius of the discharge chamber. The
reabsorption coeﬃcient kij (nj ) is given by
λ3ij gi
kij (nj ) ¼ 3=2 Aij nj
8π gj

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
M
¼ αij nj ,
2kB Tg

(4)

where λij is the center wavelength of the transition, gi and gj are the
statistical weights of the the upper and lower states, respectively, M
is the atomic mass, kB is the Boltzmann constant, and Tg is the gas
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FIG. 1. Various forms of the photon escape factor as a function of optical thickness found in the literature.

temperature. All known quantities are grouped in αij , which is calculated for every measured spectral line.
For the range of densities found in capacitive discharges, an
even more simpliﬁed version of the escape factor was used,22
γ ij 

1
:
1 þ τ ij

(5)

Figure 1 shows the escape factor values evaluated from
Refs. 22, 26, 30, and 31 plotted against the optical thickness corresponding to the lower state density range of 1015 –1018 m3 . The
escape factor values are distributed over two orders of magnitude,
depending on the approximation. The diﬀerence between Eqs. (3)
and (5) is negligible in the optical thickness range of this work as
outlined in Fig. 1. Within the conditions of this experiment, we
have deemed that Eq. (5) is suﬃcient for our purposes.
The densities of the four Ar 1s states can be evaluated using
Eq. (2). The density of atoms at each level was calculated using a
nonlinear least square method to minimize the sum of a set of ﬁve
transition pairs

5 
X
I1 A2
m¼1

I2 A1

  2
γ
 1
:
γ2 m
m

(6)

The Ar 1s densities (and, therefore, the photon escape factors) were
iteratively adjusted so that the above sum is minimized below 1%.
With four unknowns (the 1s state densities), ﬁve density pairs are
used as in Ref. 12 to overconstrain the system and reduce errors.
B. Tunable diode laser absorption spectroscopy
Using an external light source emitting at a wavelength of a
transition 1sj !2pi in a discharge, one can measure the absorption
of this light and determine the density of the absorbing 1sj states.
Provided that the absorbers are uniformly distributed in the discharge, the intensity of transmitted light is described by the
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the gas temperature is evaluated from23–25,33

Beer-Lambert law as
I(ν) ¼ I0 (ν)ekij (n j )l ,

(7)

where ν is the frequency of the transmitted light, I(ν) is the intensity of the incident light, l is the length of the observation column
(equal to the diameter of the plasma cylinder), and kij (nj ) is the
absorption coeﬃcient of the 1sj ! 2pi transition. As deﬁned in
Eq. (3), kij (nj )l ¼ τ ij (ν) is the optical thickness. Frequency and
wavelength domains are conveniently interchanged in the case of
narrow incident light and a narrow line proﬁle, which is interrogated by scanning the incident light about the line center in the frequency domain and recording the transmitted intensity. The
iIncident light was provided by a laser diode tunable around the
center of the absorption line. The transmitted and incident intensities are deﬁned by four distinct measurements, required for each
scan,
I(ν) ¼ L(ν)  P(ν),

(8a)

I0 (ν) ¼ L0 (ν)  B(ν),

(8b)

where L(ν) is the detected intensity when both the discharge and
laser is on, P(ν) is the detected intensity when the discharge is on
and the laser is oﬀ, L0 (ν) is the detected intensity when the discharge is oﬀ and the laser is on, and B(ν) is the detected intensity
when both the discharge and laser are oﬀ.
The absorption line proﬁle is dominated by the Doppler
broadening due to the kinetic motion of absorbers. The Doppler
broadening is the only signiﬁcant broadening mechanism for the
parameters of this work. The typical line proﬁle is 800–900 MHz,
while Stark and natural broadening are of the order of tens of
megahertz. The absorption coeﬃcient has the general
form12,17,23–26,33

kij (Δν) ¼

λ2ij
8π

gi
Pij (Δν) nj Aij ,
gj

(9)

where Δν ¼ ν  ν 0 and ν 0 is the central frequency of the transition
line, and Pij (Δν) is the Doppler broadened (Gaussian) line
proﬁle12,23,26
Pij (Δν) ¼ P0 (λij )e[P0 (λij )Δν] ,
2

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
M
P0 (λij ) ¼ λij
:
2πkB Tg

(10a)

(10b)

In the ﬁrst step of this method, the full width of the scanned
absorption proﬁle at half maximum, Δν(FWHM), is measured and
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Tg ¼



λij Δν D (FWHM) 2
M
:
2
2kB ln (2)

(11)

In the second step, the lower state density nj is evaluated by
using the Beer-Lambert law from the full absorption coeﬃcient of
the state j,23,25,33
ð1
0

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

λ3ij Aij nj gi
I0 (ν)
M
dν ¼ S ¼
ln
l
,
I(ν)
8π 3=2 gj 2kB Tg


(12)

where S is the area of the Gaussian spectral proﬁle.
III. EXPERIMENTAL SETUP
A. Discharge chamber and experimental conditions
The experimental setup closely resembles that of the previous
work reported by Upadhyay et al.3–9 The main diﬀerences are
upgrades in the pumping system. The plasma chamber is evacuated
using a combination of a Pfeiﬀer/Adixen ATH-500MT turbomolecular pump and a Leybold Trivac D65 BCS PFPE rough pump.
Since the apparatus is so large and long, the pressure is monitored
by two Agilent FRG-700 Pirani gauges at either end of the experiment, both upstream and downstream of the gas ﬂow. The pressure
of the plasma processing area is then calculated to be the average of
these two readings.
A schematic of the modular discharge chamber is shown in
Fig. 2. The chamber is a stainless steel cylinder with eight miniconﬂat ports extending from the sides. The cavity has a length of
26.5 cm and a diameter of 10.0 cm. The powered electrode has a
corrugated structure and is made of niobium with a length of
8.2 cm and a diameter of 5.1 cm.6 The corrugated structure is used
to increase the surface area and help with the reversal of the
plasma asymmetry to aid in etching the surface of the cavity/
chamber.6 The discharge gases (either Ar or Ar/Cl2 ) are fed into
the chamber through a Nb conical showerhead to ensure that the
gas is distributed evenly. The conical gas inlet was biased to the
same positive dc voltage as the powered electrode to avoid etching
of the showerhead.
In order to properly characterize both Ar and Ar/Cl2 discharges in this conﬁguration, each potentially important external
parameter must be studied independently. The array of external
parameters was empirically established in previous work for the
best etching outcome, with the Nb etch rate between 60 and
200 nm/min for the range of these parameters in this work.3–7,9 A
summary of external parameters is given in Table I. In particular,
the eﬀect of dc bias on the 1s densities and gas temperature is
important as it is necessary for the etching of bulk niobium, but
there is little known information about its eﬀect on these plasma
parameters.
It is important to clarify the given values for the dc bias
parameter as it can easily be misconstrued. Self-bias refers to the
powered electrode having no positive bias added to the electrode,
so it only has the negative self-bias that develops due to the plasma
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FIG. 2. Sketch of the discharge
chamber. Spectral measurements can
be taken in positions A, B, and C,
although only measurements from
position A are presented in this work.
The laser is blocked for spectral measurements in position A.
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asymmetry. The other values indicate a total dc bias (self-bias +
added bias) of 0 V, 50 V, or 100 V. For example, a dc bias of 50 V
indicates that a positive bias has been added to the powered electrode to bring the total bias to +50 V. The self-bias on the powered
electrode will change depending on the experimental conditions,
and, therefore, the amount of external bias that needs to be applied
to reach these values will change accordingly. Throughout this
work, the absolute value of the self-bias is not used or quoted to
more eﬀectively present results. This is because, as will become
evident, the transition from “negative” total bias to “positive” total
bias is seemingly more important than the “magnitude” of the total
bias. The dc power supply used for providing the external bias is
single sided, meaning that eﬀects of an external bias can only be
measured at values 0 V. This is not a problem for etching but is a
limitation in the scope of this work.

angle of the ﬁber optic, as well as ensure the ﬁber took measurements in a consistent line of sight through the plasma chamber.
The ﬁber optic has a natural acceptance angle of 15o in all directions, and the aperture limits this acceptance angle to below 5o ,
allowing for a more accurate line of sight measurement. The miniconﬂat ports allow for spectral measurements at various locations
in the chamber; however, only results measured from position A
are discussed here.
An example of an optical emission scan used for OES-BFM
can be seen in Fig. 3 and the transitions used for this analysis are
outlined in Table II. The spectral lines of interest are all within the
650–900 nm range and are paired as follows: 696.54/826.45
(n1s5 =n1s2 ), 840.82/738.40 (n1s2 =n1s4 ), 738.40/706.72 (n1s4 =n1s5 ),
706.72/840.82 (n1s5 =n1s2 ), and 852.14/794.82 (n1s2 =n1s3 ). Using ﬁve
ratios overconstrains the system and allows for a further reduction
in errors. The 727.29 nm line was considered for the analysis, but

B. Optical methods

1. Setup: OES-branching fraction method
The emission spectra are measured using an Ocean Optics
HR4000CG-UV-NIR spectrometer, capable of measuring spectral
lines from 200 to 1100 nm in a single scan with a 1 nm resolution.
The spectrometer was calibrated using an Oriel Quartz-Tungsten
Halogen blackbody lamp source (Model No. 63358). A 600 micron
ﬁber (OceanOptics P600-5-VIS-NIR) was used for each measurement along with a 3D printed aperture to limit the acceptance

C:

N§

826.45 :

0.4

~
:

: 852. 14

0.3

g

.!!! 0.2
,:,

TABLE I. The external parameters studied. The * indicates that these values are
not present for all data sets due to experimental limitations.

840.82

'E 0.5

70~ 72 738.40
696.54.

\

794.82

-, \

~

-=

0.1
0.0 +--+~ ~ . . . / ! - l J , - . ~ ~ ~

Parameter
Pressure
f power
dc bias
Cl2 concentration

Value

Unit

10*, 25, 50, 75, 100*
25, 50*, 75, 100*, 150
Self-bias, 0, 50, 100
0, 1, 5, 10, 15*

mTorr
W
V
%
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650 675 700 725 750 775 800 825 850 875 900
Wavelength (nm)

FIG. 3. Example of optical emission spectra of an Ar discharge. The signal has
been calibrated and data are in units of irradiance. Pertinent transitions are outlined in Table II.
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TABLE II. Atomic data of argon transitions used in this work.34

λ (nm)

Paschen
2p2 →
2p2 →
2p3 →
2p3 →
2p3 →
2p4 →
2p4 →

826.45
696.54
840.82
738.40
706.72
852.14
794.82

1s2
1s5
1s2
1s4
1s5
1s2
1s3

gi–gj

Russell-Saunders
0

−1

0

4p0 [1/2]1 → 4s [1/2]1
4p 0[1/2]1 → 4s 0 [3/2]2
4p0 [3/2]2 → 4s [1/2]1
4p0 [3/2]2 → 4s [3/2]1
4p 0[3/2]2 → 4s 0 [3/2]2
4p0 [3/2]1 → 4s0 [1/2]1
4p [3/2]1 → 4s [1/2]0

Aij (s )

3−3
3−5
5−3
5−3
5−5
3−1
3−1

1.53 ×
6.40 ×
2.23 ×
8.50 ×
3.80 ×
1.39 ×
1.86 ×

107
106
107
106
106
107
107

the low intensity of the line prevented it from being useful in the
system of equations. Once the spectral lines are measured, they are
ﬁt to a Gaussian and integrated using the Origin ﬁtting software.
The resulting integrated value for each peak, which is in units of
radiance (μW/cm2 ), is used for the reduction of Eq. (6). The
expected and calculated error for OES-BFM is higher due to the
low resolution of the spectrometer, the extended calibration
required, and the acceptance angle of the ﬁber. The error for each
measurement was calculated from standard error calculations of
two sets of measurements taken on separate days under the same
conditions. Data points that do not have multiple measurements
for those speciﬁc conditions due to experimental errors are given a
statistical error of 30% as a default.

2. Setup: Tunable diode laser absorption spectroscopy
An external cavity diode laser was built using a 150 mW
Sanyo semiconductor diode with a nominal free running wavelength of 808 nm in a Littman-Metcalf conﬁguration.35 This laser
was capable of scanning both the 810.37 nm and 811.53 nm transition lines after proper tuning to measure the gas temperature and
the 1s4 resonant and 1s5 metastable level densities. The laser can be
tuned to a transition by a coarse adjustment of the grating in the
cavity, along with temperature and laser current adjustments. Once
the laser is tuned to a transition, the laser is able to scan over the
line by using a piezoelectric device to adjust the mirror in the

cavity by small amounts. In addition, a feed-forward circuit, which
allows the current to be adjusted simultaneously with the piezoelectric, was built to increase the scanning capabilities of the laser. The
feed-forward circuit was built based on a simpler version of the
design by Doret.36 The combination of the piezoelectric and feedforward allowed for a mode-hop free scan of 4 GHz, which is more
than suﬃcient with an expected ν (FWHM) of approximately
1 GHz.
The laser is guided through an optical isolator into a beam
splitter that allows a portion of the beam to be sent to two diﬀerent
Fabry–Pérot Interferometers (FPIs). One is a ThorLabs SA200-7A
with 1.5 GHz Free Spectral Range (FSR), and the other is a homemade low ﬁnesse parallel mirror interferometer with a calibrated
FSR of 303 MHz. Due to the piezoelectric and feed-forward circuit
required to get the laser to sweep over a large enough frequency
range, the resulting scan signal has a nonlinear scan rate that propagates throughout the scan. Since the laser can only scan 4 GHz
mode-hop free, the 1.5 GHz FSR of the ThorLabs is too large to
properly detect and account for this nonlinearity. The lower FSR of
the homemade interferometer allows for this nonlinearity to be
seen over the length of the scan, and the scan can be calibrated
accordingly.
The other half of the beam is then split again to be sent to a
low pressure Ar reference discharge cell for wavelength conﬁrmation and laser tuning. The other part of the beam is sent to a ﬂip
mount that can either send the beam to a Burleigh WA-20VIS
wavemeter or to a ﬁber launcher which sends the beam to the
plasma chamber. The laser is sent through an unobstructed area of
the plasma chamber in front of the powered electrode by passing
through two miniconﬂat ports. The beam is collected on the other
side of the chamber by a ThorLabs DET100A photodiode and sent
to a 4-channel oscilloscope that measures the laser absorption, the
two FPIs, and the piezoelectric voltage signal (which shows the
bounds of the scan).
Using the Beer-Lambert law, the absorption signal is converted into the signal shown in Fig. 4 and ﬁt to a Gaussian. The
resulting Gaussian ﬁt yields all the pertinent information to calculate the gas temperature and density.
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Each measurement consisted of three scans, which were ﬁt
and then averaged, to ensure that the scans are consistent and reliable. The error in TDLAS measurements is calculated from a combination of the error in the Gaussian ﬁts of the proﬁle and the
frequency calibration. The error in these measurements is very
small compared to OES-BFM with an average error of +3%.
C. Comparison of TDLAS and OES-BFM
A signiﬁcant motivation for this work is to validate the feasibility of using OES-BFM to accurately measure the Ar 1s densities
in Ar and Ar/Cl2 discharges. Based on published work, there is no
reason a priori as to why it could not be used in the cylindrical
capacitively coupled plasma (CCP) discharge, but as this system is
distinctly unique, and since there are no published works to directly
compare, the OES-BFM results must be compared to a more accurate method of measurement. Therefore, the densities evaluated
from OES-BFM are compared to those measured from TDLAS.
Since TDLAS has the distinct disadvantage of only being able to
measure one transition at a time, and the need for a laser that can
be tuned to particular wavelengths, only certain densities could be
compared. However, the closeness of the 810.37 nm and 811.53 nm
lines allow for a measurement of both the Ar 1s4 and 1s5 densities
with the same tunable laser. OES-BFM has the advantage of being
able to calculate all four lower level densities simultaneously by
using an array of measured spectral lines from a low resolution,
high speed spectrometer.
In general, a direct comparison of densities measured using
TDLAS and OES-BFM shows consistency within a factor of eight,
with the largest discrepancy stemming from the measurements
conducted at lower pressures, most prominently those at
10 mTorr. At 25 mTorr and above, TDLAS and OES-BFM are
consistent within a factor of three for all measured parameters,
with a vast majority of those results well within a factor of two.
Published work outlining OES-BFM in comparison to TDLAS or
other experimentally measured results show consistency usually
within a factor of two.17,22 Indeed, Li et al. have shown signiﬁcant
improvements of OES-BFM results with the use of a monodirectional escape factor instead of the volume averaged escape factor
commonly associated with this method.32 While this is a promising modiﬁcation to the method, we have elected to remain consistent to the original technique and explore the use of a
monodirectional escape factor in future work. As it stands, the
results are suﬃciently consistent to make signiﬁcant qualitative
observations, as both sets of measurements vary similarly as a
function of external parameters. This is particularly true for
results pertaining to the Ar 1s5 densities as they are more consistent than the 1s4 densities as a whole. These observations are
pointed out throughout the analysis to provide an argument of
OES-BFM as a reliable diagnostic technique.
While OES-BFM is a fast and convenient method, it has a
number of limitations that are being discovered as attempts are
made to extend this technique to diﬀerent types of systems, particularly in mixed Ar discharges. It was the goal of this work to use
OES-BFM in Ar/Cl2 discharges, but there was little to no success.
The limitations and proposed reasons why this technique is not
eﬀective in Ar/Cl2 discharges is discussed in Subsection III D.
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D. Limitations of OES-BFM
In principle, OES-BFM should work as long as there are
enough metastable atoms to produce measurable changes in the
eﬀective branching fraction (for more information on the eﬀective
branching fraction, see Ref. 18). With that being said, the method
can fail if there are not enough metastables in the discharge or if
the changes in the branching fractions due to reabsorption cannot
be measured. In the case of this work, there is most likely a combination of both of these problems. Metastable level densities measured using TDLAS show a drop of upwards of two orders of
magnitude when Cl2 is added to the discharge, depending on the
concentration. This is not unexpected as the addition of another
species, especially one that creates an electronegative discharge,
would reduce the energy and collisions required to populate Ar
metastables. In addition, the quenching rate of Ar metastables due
to Cl2 is rather high at 71  1017 m3 =s.37 For context, this is about
twenty times higher than N2 and three times higher than O2 , two
other common plasma discharge additives.37 Wang et al. has
shown that OES-BFM can be eﬀective in a 15 mTorr Ar/O2 inductively coupled plasma (ICP) discharge in concentrations up to
50%.38 For our case, the partial pressure of Cl2 in our discharge is
comparable to Wang’s for many of our measurements, particularly
those that are closest to previously established etching conditions
(15% Cl2 at ¿50 mTorr). The combination of high partial pressures
and the metastable-Cl2 quenching rate makes OES-BFM a diﬃcult
measurement technique for the Ar/Cl2 discharge. At those conditions in which the partial pressure was very small (1% concentration of Cl2 ) OES-BFM managed to produce some reasonable
results, but not enough to make clear conclusions.
The necessity of having enough metastable atoms to modify
the eﬀective branching fraction naturally leads to an investigation
of the lower limit of the density in which OES-BFM can be useful.
This is not easy to estimate, but the limitations can be illuminated
by considering the form of the photon escape factors for the transitions used in the analysis. A plot of the photon escape factor for a
number of spectral lines used in the analysis is shown in Fig. 5.
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FIG. 5. Calculated photon escape factors using Eq. (5) vs Ar 1s population
density.
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Figure 5 shows that below 1016 m3 , the change in the photon
escape factor for transitions involving the Ar 1s5 metastable level is
quite small compared to the other transitions. Below 1015 m3 , the
photon escape factor is approximately 1 for all transitions. In addition, it is pertinent to point out that for the condition of this discharge the Ar 1s5 density is consistently the highest of the four 1s
levels, sometimes by almost an order of magnitude. Therefore, even
if the Ar 1s5 density is in the low to mid 1016 m3 , the other densities may be so much lower that OES-BFM cannot properly work.
The combination of these two issues better explains the reason why
realistic results for Ar/Cl2 discharges were seemingly unattainable.

V. RESULTS
We present the 1s4 and 1s5 excited state densities of Ar in
both Ar and Ar/Cl2 discharges as a function of external parameters.
As stated in Sec. III, the range of external parameters is deﬁned
based on empirical results of previous etching experiments.
Statistical error bars are included on all presented plots, however
the error is oftentimes smaller than the plot symbol size. The 1s2
and 1s3 densities are not presented here, but on average we have
seen n1s4  3n1s2 and n1s5  6n1s3 . Due to the limitations outlined
in Sec. III D, all presented results involving Ar/Cl2 discharges were
measured using TDLAS.
A. Pressure

IV. GAS TEMPERATURE
The gas temperature is a necessary quantity for OES-BFM,
and it was measured for the array of external parameters outlined
in Sec. III. Overall, the gas temperature did not vary signiﬁcantly as
a function of the external parameters. In a pure Ar discharge, the
gas temperature is consistently in the 370–420 K range with only
a few instances of Tg dropping below 370 K. The average gas
temperature for the Ar discharge across all external parameters is
391 (+15) K, which was rounded up to 400 K for all calculations
presented here. This value for Tg is lower than the temperature in
analogous works, but those experimental conﬁgurations use inductively coupled plasmas in a much smaller conﬁguration.17,12,25
Sushkov et al.22 conducted similar OES-BFM/TDLAS measurements in a parallel-plate CCP and measured Tg in the range of
320–410 K, which closely matches the Tg range of this work and
has the most similar experimental conditions.22
The Ar/Cl2 discharge has a larger range of measured values,
but, in general, Tg remained between 350 and 450 K. Once again,
for ease of use in the OES-BFM data analysis program, the gas temperature was approximated to 400 K since the average Tg across all
external parameters is 423 (+24) K. The gas temperature has been
measured previously for Cl2 containing plasmas and typically show
an increase in Tg as the rf power is increased.39 However, this is
once again an ICP reactor with much higher rf power upper limits,
so we are conﬁdent that the values found for Tg in this work are
appropriate.
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1. Ar discharge
The eﬀects of increasing pressure on the 1s4 and 1s5 levels are
well established in the literature, particularly for rf ICPs in pure
Ar.17,12,25,40 In general, there is an initial increase in both density
populations as pressure is increased, with an eventual plateau and
decrease as pressure is increased further. This eﬀect can be
explained in terms of the dominant creation and loss mechanisms
of the excited levels in the discharge. At lower pressures, the metastable atoms are primarily lost to diﬀusive and collisional losses to
the resonant levels, while the resonant density is mainly lost to radiative decay to the ground state. An increase in pressure facilitates an
increase in the electron density, which leads to an increase in the
excited state density as more electron-atom excitation collisions take
place. Eventually, the electron density reaches a point where decay
from electron-atom collisions (of excited atoms) becomes signiﬁcant
enough to lead to a total decrease in the population density. While
the eﬀect can be seen for both populations, the 1s4 density typically
shows the eventual decrease at a higher pressure due to the eﬀects
of radiation trapping. Since the only radiative decay channel for resonant level atoms is to the ground state, the VUV (Vacuum
Ultraviolet) light that is emitted for this transition is reabsorbed by
ground state atoms, repopulating the resonant levels. The amount of
ground state atoms increases with pressure, but eventually this radiation trapping reaches a saturation point, and the previously outlined quenching mechanisms take over.17
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FIG. 6. Density of Ar 1s4 and 1s5 states vs pressure at
150 W and with no added bias. Solid lines are for visual
guidelines.
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The results from TDLAS and OES-BFM in pure Ar, as
shown in Fig. 6, show the expected behavior as the discharge
pressure is increased. Both measurement techniques show an
increase in the 1s4 density as a function of pressure up to
75 mTorr and begins to saturate. It is important to point out the
diﬀerences in pressure ranges between this work and that of the
known literature. Since most of the cited work operate in an ICP
conﬁguration, the pressure ranges are much lower, typically up
to 25 mTorr to observe the full eﬀect.17,18,40,12 However, the
work done by Sushkov et al. in a parallel plate CCP has very
similar experimental conditions.22 Sushkov shows similar eﬀects
at comparable pressures to our work, with an extension that
shows the decrease in both the 1s4 and 1s5 densities after 75–
100 mTorr, the upper pressure limit of this work.

2. Ar/Cl2 discharge
The relationship between the Ar 1s5 density and Cl2 concentration is shown for diﬀerent rf powers in Fig. 7 as obtained by
TDLAS measurements. An increase in concentration accelerates the
expected trend of the initial rise, then fall of the density as pressure
is increased. This is most evident in the comparison between the
1% and 10% concentrations, as the 1% shows a very similar result
as the pure Ar discharge, while the 10% shows a maximum at
25 mTorr, and a decrease as pressure is increased. The results for
25 W power show a much more pronounced fall as pressure is
increased past 25 mTorr. This could be due to an increase in the
electron density as power is increased, leading to more
electron-atom collisions that could sustain the production of
metastables.
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B. RF power

1. Ar discharge
An increase in the rf power while the pressure remains constant serves to increase the plasma density.18 While the plasma
density, and, therefore, the electron density, is expected to increase,
the electron temperature Te is expected to remain roughly constant
as the mean free path of the species in the plasma remains the
same. This increase in the plasma density facilitates an increase in
the resonant level densities through electron-atom collisions from
the ground state, and electron-atom collisions of the metastable
levels, forcing a population transfer into the resonant levels. An
increase in the metastable level density as a function of power can
be expected for many of the same reasons, however to a much
lesser extent. There is evidence of an increase of the 1s5 metastable
level with power in the literature, but there are also cases where the
density remains constant.18,25,22,12 The most analogous literature
source to this work, Sushkov, shows an increase and then leveling
oﬀ of the 1s5 and 1s4 densities, although the trend for the metastable level is much less pronounced.22
In general, the 1s4 density increases with power at a constant
pressure, while the 1s5 density typically initially increases, then
decreases. This is particularly true at lower pressures where the
eﬀects of increased pressure, as outlined in Sec. V A, are not as
prominent. Figure 8 shows the eﬀect of increasing power on the 1s4
and 1s5 densities at 50 mTorr for both TDLAS and OES-BFM measurement techniques. The 1s4 densities increase with power as measured by TDLAS and OES-BFM, which is expected. Additionally,
the similarity in trends for the 1s5 density is encouraging. Both
show a slight yet consistent decrease in the density as the power is
increased, and this trend is consistent within all studied pressures.
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2. Ar/Cl2 discharge
The addition of Cl2 in the discharge is expected to show an
increase in the Ar metastable level density as the rf power is
increased.41 When the rf power is increased, the plasma density,
and, therefore, the electron density, will increase, but not necessarily the negative ion density.41 Low energy electrons are lost to the
negative ion formation in an Ar/Cl2 discharge, while the electron
density increases with power. The increase in the electron density
facilitates high energy electron collisions with ground state atoms
to produce Ar metastables, while the decrease in low energy electrons reduces the amount of metastables that are lost to low energy
electron mixing.40
Indeed, there is a general increase in the Ar metastable density
as the rf power is increased for discharges without added dc bias as
shown in Fig. 9. The concentration of Cl2 added to the discharge
does not have a direct eﬀect on the increasing trend of density with
power, but it is important to keep in mind that the increase in concentration causes a drastic decrease in the Ar 1s state population, in
general. As the Cl2 concentration is increased, the electron density
will decrease to maintain quasineutrality. Increasing the concentration will also cause more low energy electrons to be lost to the creation of negative ions, although this will once again not increase as
the power is increased. Although data for only one pressure are
shown here, the trend is consistent across the pressure range
studied, with higher pressures typically having higher densities.
C. DC bias
The negative dc self-bias that forms on the powered electrode
due to the blocking capacitor in the rf power circuit leads to a
larger potential drop between the plasma bulk and the powered
electrode across the corresponding sheath. In semiconductor processing, this can be an advantage as the substrate can be placed on
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the powered electrode to take advantage of the high ion acceleration energy. In our case however, the goal is to etch a large
grounded outer surface. This is not possible without the use of a
positive dc bias on the powered electrode due to the asymmetric
discharge conﬁguration.5 The positive dc bias essentially serves to
ﬂip the discharge asymmetry that causes a larger voltage drop
between the plasma bulk and the smaller powered electrode, thus
making the larger grounded electrode the surface with the largest
voltage drop. This leads to larger ion energy and ion ﬂux into the
grounded surface and provides the physical energy component of
IARIE. Further explanations of the eﬀect of positive dc biasing on
etching mechanisms and results can be found in previous work.4–6
The eﬀect of dc biasing on rf CCP etching reactors has been
studied by a number of research groups, both experimentally and
with particle-in-cell simulations.42–47 However, a majority of this
work was done to study the addition of a negative added bias on
either the powered or grounded electrodes, rather than a positively
added bias. While these works are useful for gaining a general
understanding of the eﬀects of dc bias on the discharge, the complete picture for the purposes of SRF cavity etching remains incomplete. Understanding the relationship between the Ar 1s states, and
later Te and Ne , and total positive dc bias will provide better insight
into the eﬀect of dc bias on the plasma dynamics.

1. Ar discharge
The eﬀects of dc bias on the 1s5 densities can be seen in
Fig. 10. The introduction of a positive dc bias causes a decrease in
the 1s5 density, with a larger drop as the pressure is increased. For
most cases, increasing the bias has no signiﬁcant eﬀect on the
density, with the exception being when the pressure is higher.
Although an increase in 1s5 density with dc bias is seen for
100 mTorr, the overall increase is rather small. A subtle drop in
density can been seen for 75 W and 150 W, particularly for the
higher pressures, but the eﬀect is essentially within the statistical
error.
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A comparison of TDLAS and OES-BFM for the 1s4 densities
(not shown) show similar trends as seen in Fig. 10, and results
from OES-BFM show an overall drop in density as a positive dc
bias is introduced for each 1s density (including the 1s2 and the 1s3
densities). Both measurement techniques show essentially the same
trends, including the increase in density with dc bias at higher
pressures.
The decrease in the 1s densities as positive bias is introduced
could be due to an increase in the ionization of these states and a
total increase in the plasma density. Indeed, there are multiple
studies that show an increase in the ion/electron density as bias
becomes more positive.46,47 As the powered electrode becomes positively biased, the electron current increases through this surface
with an increased energy. This eﬀect was recorded by measuring
the current through the dc power supply that provides the positive
bias. These electrons then cause high energy secondary electron
emission from the powered electrode that can eﬀectively ionize
neutral atoms in the discharge. In addition, the larger electric ﬁelds
in the rf sheath and the bulk result in more forced ionization processes.47 The total positive dc biases serve to increase the plasma
volume inside the discharge chamber, while total negative biases
restrict the discharge to the smaller region between the two electrodes.47 The positive bias eﬀectively “pushes” the discharge
throughout the chamber as the entire grounded surface (with a
much larger surface area) becomes the most attractive surface for
ions in the discharge, and the powered electrode becomes the least.
This expansion of plasma volume is conﬁrmed qualitatively by the
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observation of the discharge as positive bias is added. In addition, a
measured increase in the electron current as a positive dc bias is
introduced and then increased means that an equal ion current
must be ﬂowing through the grounded surface due to the conservation of current.

2. Ar/Cl2 discharge
In general, the behavior of the Ar 1s5 density as a function of
bias in Ar/Cl2 discharges is similar to the relationship outlined in a
pure Ar discharge. This is particularly interesting because of the
large diﬀerence in the densities as the addition of Cl2 reduces the
density by two to three orders of magnitude. However, the relationship between density and dc bias changes as other external parameters, most particularly pressure and power, are varied.
Figure 11 shows the relative Ar 1s5 density as a function of dc
bias for 25 mTorr and 100 mTorr. The trends for the 25 mTorr set
show very similar behavior as in pure Ar as the density drops when
a positive bias is introduced and remains relatively constant as the
bias is increased. For higher pressures however, it seems that the
increase in bias does much less to decrease the density, particularly
for higher powers. In addition, the increase in bias also has an
eﬀect in increasing the Ar 1s5 density, even to the point in which it
surpasses the value for self-bias. No explicit explanation for this
behavior can be oﬀered at this time, but forthcoming analysis of
the electron temperature, electron density, and EEDF will serve to
help provide answers.
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electronic collisions will decrease. In addition, there are a number
of new electronic excitation channels involving Cl2 , such as molecular and atomic ionization, dissociative attachment (Cl formation), and dissociation (molecular splitting).2 As previously
mentioned in Sec. III B, the Cl collisional quenching rate of Ar
metastable and resonant level densities is quite high compared to
other commonly used molecular gases in discharges.37 With all of
these new processes in mind, it should not be surprising that the
Ar 1s4 and 1s5 densities are expected to decrease as Cl2 is added to
the discharge. Indeed, there are a number of sources that have
shown theoretically and experimentally that this is the case for
diﬀerent types of discharges.2,48,40 While the general eﬀect of Cl2
concentration on the Ar 1s densities is known, the experimental
conﬁrmation between this work and outside sources is important.
It is also pertinent to study the eﬀects of Cl2 concentration as it
pertains to the other external parameters, particularly dc bias, for
etching experiments.
The eﬀect of increasing Cl2 concentration on the Ar 1s5
density for diﬀerent pressures is shown in Fig. 12. In all cases, just
a 1% concentration of Cl2 signiﬁcantly decreases the Ar metastable
density, with an eventual leveling oﬀ as the concentration is
increased. This relationship matches very closely to previously published work involving the study of Ar metastable density and Cl2
concentration, as well as relationships established with other molecular gases.48,23 The comparison to the work done by Scheller et al.
is quite intriguing, with the data trend being almost identical.48
However, Scheller does show an initial increase in the Ar metastable density at very low concentrations of Cl2 in Ar.48 This increase
was not seen for any of the measurements made in this work, but
this is most likely due to experimental limitations as very low Cl2
concentrations (,1%) are required. Scheller explains that the initial
increase in metastables at low Cl2 concentrations is due to a
decrease in metastable relaxation as low energy electrons are
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D. Cl2 concentration
The addition of Cl2 in an Ar discharge adds a great deal of
complexity to the kinetics and charge particle balance of the
plasma. An Ar/Cl2 plasma is electronegative, which means that
there is an additional negatively charged species, namely, negative
Cl ions in this case, in the discharge. However, the quasineutrality
condition does not change and the total amount of positive and
negative species in the discharge (macroscopically) must be equal.
With an additional negative species in the discharge, the amount of
electrons will naturally decrease, and, therefore, the amount of
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consumed by attachment processes of Cl2 .48 As the concentration
increases, the collisional quenching processes quickly become dominant and the Ar 1s5 density decreases accordingly.
The amount of Ar metastables that are lost when Cl2 is added
is signiﬁcant, with a typical drop of two orders of magnitude as the
concentration is increased from 0% to 15%. This large drop in Ar
metastable density as measured by TDLAS gives additional credence to the limitations of OES-BFM outlined in Sec. III. Typical
values of the Ar metastable density at concentrations above 5% are
in the 1014  1016 m3 range, with the larger values attributed to
the self-bias results.

decreases when the positive dc bias is implemented, thus pushing
the EEDF toward energies that are more suitable for the ionization
of already excited states (1s and 2p states). In addition, adding dc
bias increases the amount of secondary electrons that are emitted
from the powered electrode as electrons are quickly accelerated into
the positively biased surface. High energy secondary electrons contribute greatly to the ground state ionization as they traverse the
plasma chamber. These secondary electrons are not included in the
CRM, so they would have no eﬀect on the thermal electron energy
(Te ). Further study of these eﬀects and their consequences is left to
future work.

VI. DISCUSSION

VII. CONCLUSIONS

Among the external parameters studied in this work, the
external dc bias is arguably the most important as it is directly
related to the eﬀectiveness of the etching of niobium and SRF cavities. In many cases, a negative external bias is added to either electrode to increase the ion energy into that surface and to assist in
etching. As the desired surface to be etched is the inside surface of
a grounded cylinder, a positive dc bias is added to the powered
electrode to ﬂip the natural asymmetry caused by the unequal
surface areas and force ions into the grounded surface. When a
positive dc bias is added to the powered electrode, the density of all
1s states drops signiﬁcantly but does not necessarily continue to
change as bias is increased. Studies conducted on the eﬀect of dc
bias have shown that the plasma density increases as the dc bias on
the powered electrode becomes more positive.43,44,47,46 A drop in
Ar 1s densities as the plasma density increases is indicative of
increased ionization of the 1s states and the 2p states that populate
them. Indeed, preliminary results using a collisional radiative
model (CRM) based primarily on the work of Zhu et al.49,50 show a
decrease in the electron temperature and an increase in the electron
density as the positive dc bias is introduced.
Figure 13 shows the drop of Te with the introduction of the
positive dc bias calculated using the CRM outlined in the previous
paragraph. This indicates that the average thermal electron energy

Two diﬀerent noninvasive spectroscopy techniques were used
to measure the density of the ﬁrst four excited states of Ar in a
coaxial cylindrical rf CCP designed for the plasma processing of
SRF cavities. These excited state densities were measured for both
Ar and Ar/Cl2 mixtures of varying concentrations as the Ar/Cl2
mixture is necessary for etching of these cavities. The two measurement techniques, TDLAS and OES-BFM, were conducted in
tandem as pertinent external parameters were varied to develop a
working model to describe this particular discharge. While TDLAS
is a much more accurate measurement technique, it requires the
use of a tunable diode laser. In addition, TDLAS can only measure
one density at a time as it requires the laser to be tuned to a
speciﬁc atomic transition. OES-BFM has gained popularity since its
introduction by Schulze et al.12 and further implementation by
Boﬀard et al.17 This optical method is advantageous due to its
ability to measure all four Ar 1s state densities simultaneously
using inexpensive low-resolution spectroscopy systems. Similar to
the TDLAS method, OES-BFM avoids any requirement that knowledge of the EEDF must be known a priori as the method does not
require the use of any collisional cross sections. However, this
method is not nearly as accurate as TDLAS and the use of a lowresolution spectrometer in favor of speed can be a detriment when
using a variety of strong and weak lines in the analysis. In addition,
OES-BFM is limited in its ability to measure these densities for
multigas discharges, especially when Cl2 is involved, due to much
lower excited state densities and much higher photon escape
factors.
As a direct comparison, TDLAS is much more eﬀective than
OES-BFM at measuring the excited state density with accuracy and
consistency. The results of this work show agreement between the
two methods up to a factor of three for the vast majority of the
external parameters studied, which is consistent with other
studies.17,22,32,23 At a minimum, OES-BFM is eﬀective in modeling
qualitative relationships between the excited state density and the
external parameters, especially in regard to pressure and dc bias.
This can be quite useful to gain a quick yet eﬀective understanding
of a discharge.
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