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Abstract. The plasma chemistry of fluorocarbon–oxygen–argon discharges and its influence on prominent

oxygen triplets are studied. The oxygen 777 triplet is very important for the measurement of atomic oxygen

in low pressure plasmas, since the 777.417 nm spectral line is frequently used for actinometry. In this paper

we identify changes in the individual 777 triplet lines arising from cascade effects from higher energy levels

of oxygen, and from resonant energy transfer from energetic carbon atoms in carbon-rich plasmas. The

lower energy levels of three oxygen triplets (544 nm, 616 nm, 645 nm) are the upper states of the 777

triplet. Increased emission intensity from the 544, 616, and 645 triplets result in changes to the relative

intensity of the individual lines of the 777 triplet, and this can lead to errors in using the 777 triplet, e.g.

for actinometry. Also, in operational conditions with strong carbon emission (around 601 nm), the relative

intensity of the individual oxygen 777 lines is affected. The upper energy levels of these carbon lines is close

to the oxygen 777 upper energy levels, suggesting that resonant energy transfer between the carbon and

the oxygen is occurring. The experiments are performed in a commercial semiconductor dielectric etcher

operating with dual rf frequencies of 2 MHz and 27 MHz. Pressure (13-19 Pa), rf power (200-1200 W), and

gas mixtures (argon with addmixtures of 5-13 % oxygen and C4F8) are typical in application to dielectric

etching.

PACS. 32.70. Jz Line shapes, widths, and shifts – 52.25. Ya Neutrals in plasmas – 52. 70. -m Plasma

diagnostic techniques and instrumentation
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1 Introduction

Plasma deposition, etching, and surface modification are

an integral part of modern technologies and pose many

new challenges in the control of plasma chemistry. In con-

trast to the past, when mainly noble gas discharges were

studied, the present interests are spread over a large vari-

ety of complex chemical systems.

In particular electronegative gas (like oxygen) plasmas

attract much attention, in applications related to surface

processing [1], at atmospheric pressure [2], environmen-

tal studies [3] for disposal gas cleaning and many others

[4]. Oxygen plasmas have found numerous applications in

plasma processing such as reactive sputtering, dry etching

of polymers, oxidation, and resist removal in semiconduc-

tor manufacturing (ashing). Especially an oxygen plasma

generated with RF discharges [5] has been found to be very

effective for plasma etching, surface activation, cleaning,

and oxidation of different materials.

Oxygen plasma is thermodynamically in a non–equilibrium

gas phase, excited particles tend to de–excite, often by

photon emission. Optical emission spectroscopy (OES) can

be a powerful tool for plasma diagnostics [6,7]. The emit-

ted radiation intensity depends on the nature of the ex-

cited states. Radiation from metastable states, for instance,

is usually not observed, while the strongest emission is of-

ten observed from atomic transitions. Oxygen atoms are

formed in oxygen plasma primarily by two competing pro-

cesses; electron impact dissociation and dissociative at-

tachment. The density of excited atoms depends on the

Send offprint requests to: A. R. Ellingboe (be@physics.dcu.ie)

production and loss rates. While the production rate de-

pends only on the electron temperature and density, the

loss rate depends on numerous parameters, including the

pressure, the characteristics of the discharge chamber, and

the material properties of the plasma boundary.

Optical actinometry is an OES technique which is widely

used for in–situ monitoring of spatial and temporal varia-

tions of atomic and molecular concentrations [8–11]. This

technique uses the addition of a small amount of gas in the

discharge e.g. noble gas where the intensities of its spec-

tral lines are known to be representative of the excitation

mechanism. To determinate the density of oxygen in the

plasma, argon is frequently chosen as the actinometer gas

because the transition 3s23p54s–3s23p54p from multiplet

2[1/2]o1–
2[1/2]0 at 750.387 nm is insensitive to two step ex-

citation [12]. The excitation of the 2[1/2]0 4p level in Ar I

is 13.48 eV [13] which is higher than the excitation thresh-

old for the 4So 3p level in O I of 10.74 eV. A well known

condition for actinometry is that the excited state of the

actinometer (in this case argon) should have nearly the

same energy as the excited state of the species of interest

(i.e. oxygen). However there is a 2.7 eV difference between

oxygen and argon electronic thresholds and thus it is clear

that this condition is not satisfied. Nevertheless, if the re-

maining conditions for actinometry are fulfilled [14], then

a difference between the energies of the excited states of

argon and oxygen is not so critical and therefore Ar I

750.387 nm and O I 777.417 nm can be used for acti-

nometry purposes [15,16]. Comparison of the emitted line

intensity for the desired species under examination (O,
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O2) with the intensity of an emitted line of argon, allows

one to eliminate the influence of line intensity changes due

to excitation conditions and evaluate the real behavior of

the emitted line intensity due to the changes in the species

ground state concentration. The relative density of atomic

oxygen can be monitored by calculating the ratio of the

3s–3p line intensity at 777.417 nm for O I and the 4s–4p

line intensity at 750.387 nm for Ar.

Previous work [9] showed that the actinometric line

from the 845-oxygen triplet is better suited than the 777-

oxygen line. They show that the cross section for exci-

tation by molecular dissociation is lower for the 845 line

resulting in reduced signal masking. However, many spec-

trometers have very low quantum efficient for wavelengths

of 800nm and above [17]. Therefore the oxygen 845 triplet

can result in low signal intensity compared with the 777

oxygen spectral lines, and this can cause problems when

developing applications based on actinometry. This fact is

very important and often neglected in theoretical/practical

comparison between the 777 and 845 oxygen triplets.

There are, however, other issues in the application

of actinometry. For example, 777.417 nm atomic oxygen

(O I) spectral line is part of an oxygen triplet, each has

the same transition probability and many spectral devices

cannot separate these spectral lines and therefore they

record them as single line, i.e. ”777” O I spectral line. In

many technological plasma, also, a noble gas is a buffer

gas and therefore the actinometric applications of the 777

spectral lines are even more challenging [18,19].

The conclusion of this work is that there are regions

of operational space where the unresolved 777 oxygen line

can be used as a substitute for the real oxygen actino-

metric line (777.417 nm) [20] but care must be taken. We

demonstrate that the upper energy level of the 777 oxygen

spectral lines can also be populated by cascade radiative

emission from other oxygen triplets (e.g. 544, 616, and

645 O I triplets) and we establish the cascade dependency

among those energy levels and external experimental con-

ditions. Complexity of plasma chemistry is also investi-

gated in this work, in particular the link between emission

of several atomic carbon lines (600.113 nm, 600.603 nm,

600.718 nm, 601.068 nm, 601.322 nm and 601.484 nm)

and the oxygen spectral lines from the 777 triplet. The

upper energy levels among these spectral lines of oxygen

and carbon are very close to each other, and we conclude

that non–radiative transfer of energy between these car-

bon and oxygen energy levels occurs.

Our main motivation for this work is to (1) emphasize

the influence of radiative emission from oxygen triplets at

544, 616, and 645 nm to the intensities of (one of most

important) oxygen spectral lines at 777 nm, (2) present

a non–radiative energy transfer between oxygen and car-

bon energy levels and the impact to spectral line emission

of the 777 oxygen triplets, (3)study the influence and im-

portance of quantum efficiency of the spectrometers to

measurement of spectral intensity of the 777 ”line”, and

(4) establish a criterion when it is suitable to use a low

resolution spectrometer instead of a high resolution one

for recording spectral lines at 777 nm.
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2 Experimental setup & Diagnostics

techniques

The experiments are performed in a modified Exelan r©

chamber (with Lam’s proprietary DFC r© technology). The

experimental setup is shown schematically in Figure 1[21].

The topology of the plasma source is that of a parallel

plate system with a 13 mm gap. The grounded upper

electrode is made from a 6 mm thick single crystal sili-

con plate. The lower electrode consists of an electrostatic-

chuck (ESC) which holds a 200 mm diameter silicon wafer

with a 20 µm thermal oxide coating as the plasma facing

boundary. The radial boundary of the plasma is formed by

a set of quartz confinement rings. The net result of these

boundary conditions is a symmetric plasma independent

of the rf power and resultant plasma density.

The radio-frequency power delivered to the lower elec-

trode of the system is a true summation of 2 MHz and

27 MHz signals (current and voltage). Typical values are

2 kVpp (2.5 Amps) and 250 Vpp (25 Amps) for the 2 MHz

and 27 MHz signals into the plasma, respectively. In com-

bination with the symmetric plasma system, the plasma

potential (Vp) oscillates predominantly at the 2 MHz rf

voltage with an associated high frequency oscillation at

27 MHz [22,23], with the mean time–averaged Vp reach-

ing several hundreds of volts above ground. The advantage

of dual-rf-frequency power is that it provides independent

control of the ion current and ion energy onto the bound-

ary [24,25]. For the capacitive plasma configuration the

high (low) frequency sees a low (high) impedance, result-

ing in high (low) current and low (high) voltage. The rf

current results in ohmic heating of the plasma electrons,

thus the high frequency power is principally responsible

for power deposition into the electrons. The rf voltage on

the electrode results in sheath voltage (the plasma bulk

being highly conductive), thus the low frequency power

is principally responsible for ion power delivered to the

boundary and the ions gain the average sheath voltage

when they cross the sheath. In this way dual-frequecy

provides separate “control knobs” for ion current (pro-

portional to density) and ion energy.

The gas is introduced into the chamber through a

showerhead in the top (grounded) electrode. Gas flows

through the plasma chamber radially and is pumped out

between “confinement rings” into a pump channel which is

connected to a helical–groove pump via a high–conductance

pumping plenum. Constant plasma area pressure under

varying reactive gas flows is achieved by varying the con-

ductance of the confinement rings.

For the work presented here, the operating conditions

involve a working gas containing a mixture of argon (Ar),

oxygen (O2), and cyclic–octafluorocyclobutane–RC318 (c

-C4F8) in a flowing regime. The operating pressure of the

plasma volume varies from 13 to 19 Pa (97 to 130 mTorr),

while the corresponding Argon flow is constant all the time

at 130 sccm. Gas flow of O2 and C4F8 each range from

7 to 20 sccm, the gas flows being controlled by massflow

controllers. Helium pressure of 1.33 kPa (10 Torr) is main-

tained on the backside of the wafer, resulting in a small

(3-5 sccm) helium flow into the plasma volume. The RF
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Fig. 1. Schematic diagram of the EXELAN chamber and associated diagnostics.

power of the lower frequency (2 MHz, P2) generator is

varied from 200 to 600 W, and for the higher frequency

(27 MHz, P27) generator the power is varied from 600 to

1200 W.

To collect OES data covering the multivariate process

space (Oxygen flow, C4F8 flow, P2, P27, Pressure) and

evaluate the cross-dependencies of the measured outputs,

a “design-of-experiment” (DOE) approach has been taken.

Eighteen different combinations of experimental parame-

ters were selected to characterize the use of the oxygen-777

actinometry line. Details of the 18 operational points are

given in table 1. To collect each emission spectra the sys-

tem is sequentially operated in each of the 18 operational

points, with dwell times at each point of 30 seconds. The

sequence is run separately for data collection from each

of the two spectrometers (described below). In this way

long-time-scale chamber drift due to build-up and etching

of the fluorocarbon films on the plasma boundaries that

can occur for some operational points do not affect the

data sets. Cleaning of the plasma-volume with a pure oxy-
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Table 1. Process space DOE which approximates the oper-

ational region used in development of generic dielectric etch

recipes.

P2 P27

2 MHz 27 MHz O2 C4F8 Total

Operating power power flow flow Pressure

point (Watts) (Watts) (sccm) (sccm) (Pa)

1 600 1200 20 7 19

2 200 1200 20 7 13

3 600 600 20 20 19

4 600 1200 7 20 19

5 600 1200 7 7 13

6 600 600 7 20 13

7 200 600 7 7 13

8 600 1200 20 20 13

9 200 1200 7 20 13

10 200 1200 7 7 19

11 200 1200 7 7 13

12 200 1200 20 20 19

13 200 600 20 20 13

14 200 600 7 20 19

15 200 600 20 7 19

16 600 600 7 7 19

17 600 600 20 7 13

18 200 1200 7 7 19

gen plasma from time-to-time ensures a stable discharge

condition.

All optical observations were carried out using one of

two spectrometers. The first spectrometer is a 2 m focal

length Carl Zeiss PGS-2 spectrometer with a 1302 lines/mm

grating which operates from 200 to 1400 nm and has an

ICCD camera system, which is sensitive from 190 nm to

900 nm, positioned at its focal plane. The PGS-2/iCCD

optical system has very high resolution of 9.17 pm/pixel at

λ=200 nm and 7.5 pm/pixel at λ=900 nm at the optimum

entrance slit width of 15 µm. Although the PGS-2/iCCD

optical system has very high resolution, it is bulky, diffi-

cult to operate and align and covers just 5 nm spectral

region across the CCD detector at any one time. The sec-

ond spectrometer is an Ocean Optics USB2000 fiber optic

spectrometer which is a low resolution spectrometer with a

focal length of 42 mm, a 600 lines/mm grating which oper-

ates from 200 to 875 nm. The resolution of the USB2000

is 0.555 nm/pixel at λ=200 nm and 0.536 nm/pixel at

λ=875 nm [6]. This compact spectrometer is easy to op-

erate with no optical alignment required and can display

the entire spectrum from 200 to 875 nm at any one time.

Light from the plasma passes through the quartz con-

finement rings and through a large window in the side of

the vacuum chamber. A 20 mm diameter lens collects light

from a column across the diameter of the chamber and fo-

cuses onto a 200 µm multi-mode fiber. The other end of

the 2m long fiber is selectively connected to either of the

two spectrometers.

The intensity of each spectral peak is determined by

calculating the area under the line of interest as summed

over a spectral region from -2.5 full width half maximum

(FWHM) step size up to +2.5 FWHM step size from the

spectral line peak central position. If the spectral line is

clearly isolated from other emission lines, then the inten-
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sity summation is straightforward. However, if other lines

exist in close proximity to the spectral line of interest, as

is the case for the O I 777 nm triplet, then the intensity

summation has to neglect the intrusive line and the sum-

mation was performed down to the background continuum

that exists in that spectral region.

In order to compare recorded spectra from these two

spectrometers, calibration of optical detection system, i.e.

a calculation of they quantum efficiency, is performed. The

intensity measured by a spectrometer [17], depended on

wavelength (λ), is given by

I
Spec
λ = ISour

λ · Ωeff · ∆A · ∆λ · TF

λ

h · c
· TW · Qλ. (1)

where ISour
λ is intensity of the light source depended of the

wavelength, Ωeff is the effective spatial angle, ∆A is the

effective area of the source, ∆λ is the spectral interval,

TF is the transparency of the interference filter, TW is the

transparency of the window on light source and Qλ is the

quantum efficiency of Spectrometer. Figure 2 shows the

normalized quantum efficiency of the two spectrometer

systems.

There are 21 energy levels [13] from the spectrum of

O I with transitions to the 3p (5P) level is allowed and

some of those are presented in Figure 5 and Table 2. As

presented in Table 2, five of the 21 possible O I energy

levels exhibit high transition probability to the 3p (5P)

levels. From the 6s (5So
2) energy level three transition to

the 3p level are possible. The wavelengths of these three

spectral lines are very close to each other and are called

the atomic oxygen 544 triplet. From the 5s (5So
2) energy

level there are three transition to the 3p level, and these

transitions belong to the atomic oxygen 645 triplet. The

4d multiplet (5Do) exhibit energy splitting due to the dif-

ferent inner quantum number, resulting in the compound

oxygen 616 triplet. Eight other oxygen spectral lines with

upper energy levels (3d 5Do) of about 12.0786 eV [13] and

lower energy level is the 3p (5P) may impact emission

of the spectral lines to the 777 oxygen triplet. Unfortu-

nately, wavelengths of these eight O I spectral lines are

at approximately 926 nm and our spectrometer can not

observe them. Therefore, we have focused our study on

the spectral lines from 543, 616 and 645 triplets. The dif-

ference in the intensity of the spectral lines from the 777

oxygen triplet can be explained by differences in transi-

tion probabilities of the spectral lines from 544, 616 and

645 oxygen triplets. Namely, all spectral lines from the 777

triplets have the same transition probabilities, but the in-

dividual spectral lines from each of the 544, 616 and 645

triplets have different transition probabilities. The maxi-

mum transition probably in the 544 multiplet has spectral

line of 543.686 nm and the minimum has spectral line of

543.518 nm. For the oxygen 616 triplet, the maximum

transition probability has spectral line of 615.819 nm and

the minimum has spectral line of 615.667 nm. In the case

of the 645 triplet, the maximum transition probability has

spectral line of 645.598 nm and the minimum has spectral

line of 645.360 nm (see Table 2). Other transitions exist

with lower energy of 3p (5P), but with substantially lower

transitions probabilities and measured intensities, and the

impact of these is assumed to be small.
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Fig. 2. The normalized quantum efficiency calculated by equation 1 for the PGS-2 (left) and the USB-2000 (right).

Atomic oxygen has two actinometry spectral lines, the

first one belongs to the 777 triplet and the second one

belongs to the 845 triplet. Figure 2 shows that both spec-

trometers have very low efficiency at a wavelength of 845

nm (vertical line with label “845”). The quantum effi-

ciency is much higher at 777 nm (vertical line with label

“777”) than for 845 nm, i.e. 3.5 times is higher in the high

resolution spectrometer and 6 times for the low resolu-

tion spectrometer. This leads to the conclusion that many

spectrometers will record very low signal intensity of the

845 oxygen triplet, and this is a problem for actinometry.

This is not the only problem with recording the 845 oxy-

gen triplet. Namely, for actinometrical purpose it is neces-

sary to add a small amount of actinometry gas, e.g. argon.

Argon has very strong spectral line emission between 700

and 850 nm, such that even small amounts of argon will

introduced significant radiative emission. Figure 3 shows

the spectra from a pure oxygen plasma with an overlay of

the spectra from a pure argon discharge. The deconvolu-

tion between the 845 and the 842.4 nm spectral lines can

be very challenging. According to the NIST database, the

lines from 845 multiplet have about 20% higher relative

intensity than the 777 multiplet, see Table 2. However, the

measured intensity of spectral lines (figure 3) from the 777

multiplet is higher than the 845 multiplet due to quantum

efficiency of these spectrometers (about four times in aver-

age). Therefore, it is worth exploring the option to use the

spectral line from the 777 triplet for oxygen actinometry.

3 Results and Discussion

The 777 nm oxygen triplet includes three spectral lines,

see Table 2. These lines belong to transition 3s–3p and

multiplet 5So–5P. They have the same lower energy (Ef )

level of 9.15 eV, while the upper energy (Ei) levels are
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Fig. 3. Typical optical spectrum of pure oxygen discharge (solid line) and pure argon discharge (broken line) recorded by the

USB2000 spectrometer.

Fig. 4. O I “777” spectral lines recorded by the PGS-2 spec-

trometer (left) and by the USB2000 spectrometer (right) at

operation point number 1 (see table 1)

very close to 10.740 eV (energy spread is 0.0007 eV) Due to

the limited resolution of most available spectrometers, this

triplet is often recorded as a single spectral line (figure 4,

right).

Three other oxygen triplets are the 544 (543.686 nm,

543.578 nm and 543.518 nm), 616 (615.818 nm, 615.677

nm and 615.598 nm) and the 645 (645.598 nm, 645.444

nm and 645.360 nm). The lines from 544, 616 and 645
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Table 2. Spectroscopic data of the relevant emission spectral lines. The transition probability values (A), wavelengths, transi-

tions, initial energy levels (Ei) and final energy levels (Ef ), are taken from reference [13].

Emitter λ Transition Multiplet Rel. Intensity A Ei Ef

(nm) (a.u.) (1/s) (eV) (eV)

O I 777.194 3s–3p 5So
2–

5P3 870 3.69 107 10.740931 9.1460906

777.417 3s–3p 5So
2–

5P2 810 3.69 107 10.740475 9.1460906

777.534 3s–3p 5So
2–

5P1 750 3.69 107 10.740224 9.1460906

844.625 3s–3p 3So
1–

3P0 810 3.22 107 10.988880 9.5213632

844.636 3s–3p 3So
1–

3P2 1000 3.22 107 10.988861 9.5213632

844.676 3s–3p 3So
1–

3P1 935 3.22 107 10.988792 9.5213632

543.518 3p–6s 5P1–
5So

2 90 7.74 105 13.0207338 10.740224

543.578 3p–6s 5P2–
5So

2 110 1.29 106 13.0207338 10.740475

543.686 3p–6s 5P3–
5So

2 135 1.80 106 13.0207338 10.740931

645.360 3p–5s 5P1–
5So

2 320 1.65 106 12.6608561 10.740224

645.444 3p–5s 5P2–
5So

2 360 2.75 106 12.6608561 10.740475

645.598 3p–5s 5P3–
5So

2 400 3.85 106 12.6608561 10.740931

615.598 3p–4d 5P1–
5Do

1 400 5.72 106 12.7537150 10.740224

615.677 3p–4d 5P2–
5Do

3 450 5.08 106 12.7537016 10.740475

615.818 3p–4d 5P3–
5Do

4 490 7.62 106 12.7536965 10.740931

C I 600.113 3p–6s 3D2–
3Po

2 200 3.22 105 10.70846 8.643020

600.603 3p–5d 3D3–
3Do

2 250 3.14 104 10.71092 8.647157

600.718 3p–6s 3D1–
3Po

1 110 5.34 105 10.70376 8.640394

601.068 3p–6s 3D1–
3Po

0 150 2.13 106 10.70256 8.640394

601.322 3p–5d 3D3–
3Fo

4 300 4.35 105 10.70845 8.647157

601.484 3p–6s 3D2–
3Po

1 250 1.60 106 10.70376 8.643020

triplets have different Ei levels see Table 2. The Ef levels

for spectral lines from the 544, 616, and 645 triplets are

the Ei levels for spectral lines from the 777 triplet. The

energy levels and associated spectra lines are presented in

figure 5 and Table 2. We investigate the impact of 544,

the 616 and the 645 triplet emission on the intensity of

the 777 triplet lines.

The energy level of the upper state of the O-777 triplet

is quite close to the energy levels of upper states of atomic

carbon which give rise to emission at 601 nm. By monitor-
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ing the 601 nm emission across the different operational

conditions, the potential for disturbing the relative intensi-

ties of the O-777 triplet due to non-radiative energy trans-

fer with atomic carbon is evaluated. The atomic carbon

energy levels and transitions are presented in Figure 5 and

Table 2.

The normalized relative intensity of oxygen spectral

lines within its multiplet (figure 5) is proportional as well

to transition probabilities of those lines. For example for

oxygen lines from the 645 triplet, the relative intensity of

the 645.360, 645.444 nm line, and the 645.598 nm lines

are, respectively, 1.0:1.13:1.25, see Table 2 and figure 5.

Since the different oxygen lines of the different triplets

have different lower energy levels (i.e. upper energy levels

of “777” lines), it can be expected that the oxygen spectral

line intensities from 777 multiplet will not always be equal.

Figure 6 plots the intensity of the individual 777 triplet

lines versus the operation points (see table 1). The top

graph shows the line intensities; the bottom graph shows

intensities normalized to the average at that operational

point. As shown in Figure 6, the intensity of each line

of the triplet around 777 nm in O I measured with the

PGS-2 spectrometer exhibits similar behavior with chang-

ing rf power/pressure/gas-mixture for most plasma oper-

ating conditions tested here (table 1). This infers that al-

though the actual actinometry spectral line is not resolved

by the USB2000 spectrometer, the measured broad peak

intensity can by multiplied by a certain factor to give the

actual intensity of the actinometric emission line within

the particular unresolved peak. This is true for the ma-
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777 multiplet measured by PGS-2 spectrometer vs. operating

points.

jority of the operating conditions but not for all of them.

For example, figure 6 shows significant difference between

the oxygen 777 spectral lines for operation points: 3, 8,

9, 14, 15, and 16. Common among operation conditions

3, 14, 15, and 16 are minimum P27 power and maximum

pressure. In these conditions the individual O777 intensi-

ties spread, thus in addition to the main mechanism for

population of 3p (5P1,2,3) by electron impact excitation

from ground state, other optical channels must play an

important role.

Figure 7 gives the normalized intensity of each oxygen

spectral lines from the 777 triplet versus the relative inten-
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Fig. 5. Atomic oxygen and carbon spectral lines with upper and lower energy levels. In the bracket next to the oxygen

wavelengths are normalized intensity of the spectral lines within its multiplet. In the dotted square are spectral lines from

atomic carbon spectrum, small caps in the bracket represents the following spectral lines: (a) 600.113 nm, (b) 600.718 nm,

(c) 601.068 nm, (d) 601.484 nm, (e) 600.603 nm, and (f) 601.322 nm.

sity of the other three oxygen triplets. Figure 7 top plots

versus the 544 intensity, middle versus 616 intensity, and

bottom versus 645 intensity. Common to all three graphs

are very low intensity (x-axis) of the oxygen spectral lines

from 544, 616 and 645 triplets for the majority of oper-

ating conditions. At these same conditions there is very

low scatter of intensity (y-axis) for spectral lines from the

777 oxygen triplet. In contrast, for the operation points

3, 14, 15, and 16, all spectral lines from the 544, 645, and

616 triplets have very high relative intensity (about an or-

der of magnitude higher then for other operation points).

For these 4 operating points, the spectral lines from the

777 triplet have very high scatter of intensities. This gives

strong evidence of cascade effects from the 544, 616, and

645 triplets on the relative emission intensities of the 777

triplet.
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Figure 8 (top) presents measured intensities of the

spectral lines from 544, 616 and 645 triplets and Carbon

emission at 601 nm versus the operational point (see ta-

ble 1). The recorded radiative emission of the spectral lines

from the 544, 616, and 645 triplets are significant only for

the operation points 3, 14, 15 and 16. The emissions of the

spectral lines for these three triplets are small for the other

14 operation points. Emission at 601 nm from atomic car-

bon is large at operational points 8 and 9.
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Fig. 8. Top: Atomic oxygen and carbon spectral lines vs. the

operation points (see table 1). Middle: Atomic oxygen and

carbon spectral lines vs. a compound x-axis, see text. Bottom:

The root mean square normalized intensity of the 777 oxygen

triplet vs. a compound x-axis, see text. The number next to

symbols represents the operation points from the table 1.

To understand the phenomenology of the oxygen triplets,

note that at the conditions where the 544, 616, and 645

emission is high (operational points 3, 14, 15, and 16),

the P27 is at a minimum value and total pressure is at a

maximum, thus the ratio of high frequency power to pres-

sure is a minimum. In these conditions, we observe that

the population of 3p level (5P1,2,3) by electron collision

from ground state is no longer the main/only mechanism.

Other optical channels play an important role as well, e.g.
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the cascade population of the 3p level by radiative transfer

from high lying energy levels. This additional mechanism

results in scatter in the O777 triplet line intensities for

these conditions. The deviation in intensity of the spec-

tral lines from the 777 multiplet occurs when the intensi-

ties of the 544, 616 and 645 multiplets show large increase

in intensity. This is presented in figures 7 and 8 (top

and middle graphs). One possible mechanism is molecu-

lar dissociation pathways leading to highly excited states

of atomic oxygen. The energy threshold for the molecular

dissociation pathway is much higher than for excitation

directly from the ground-state atomic oxygen [9].

The relative increase in emission from the high-energy

pathways (cascade from higher energy states, in particu-

lar following molecular dissociation) at the low P27 condi-

tions can be understood by the following argument based

on global model of the discharge. Low P27 results in low

plasma density. This, in turn, results in higher 2 MHz

voltage. The combination of low density and high volt-

age results in larger sheath width. For our chamber ge-

ometry with only 12 mm separation between the elec-

trodes, the sheath expansion causes a significant decrease

in the plasma characteristic length, l = d − 2s where d

is the electrode separation and s is the maximum sheath-

extent [25]. As sheath extents have been measured to be

several millimeters [22] the change in plasma extent can

be quite significant. Global model requires (on average)

each electron-ion pair to have an ionization event before

it is lost. Thus the electron temperature will increase as

the sheath width increases and plasma length decreases.

There are two further effects which could increase the

high-energy population of the electron distribution func-

tion. First, increased sheath voltage will increase the en-

ergy of secondary electrons. Second, the increased sheath

extent will result in a higher velocity sheath edge. The

effect of the dual-frequency sheath resulting in the for-

mation of energetic beams phase-locked to the expansion

phase of the dual-frequency sheath has been experimen-

tally observed [26]. Theses ’beams’ have energies greater

than the threshold for molecular dissociation into the up-

per states of atomic oxygen leading to the cascade popu-

lation of the oxygen triplets. These three effects all favor

(relatively) the formation of high energy states which in-

clude both the dissociative pathways mentioned above and

the direct excitation of the high-energy states of oxygen

from the ground state.

To understand the impact of atomic Carbon on the

oxygen 777 emission lines note that for operation points 8

and 9 (the two points with high intensity carbon line emis-

sion, Fig 8 top) P27 is at a maximum, the total pressure is

the minimum, and the flow of C4F8 is the maximum. That

is, high power density per gas molecule and high fractional

carbon content. It is not surprising that this combination

results in the highest measured atomic carbon emission

intensities. The 601 nm C I line consists of six discrete

lines (600.113 nm, 600.603 nm, 600.718 nm, 601.068 nm,

601.322 nm and 601.484 nm). The upper energy levels as-

sociated with these lines are very close (about 0.02 eV) to

the energy of 3p oxygen level (see Figure 5 and Table 2).
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Figure 8, middle, re–plots the same emission intensi-

ties but now versus the product of the P27, C4F8 flow,

and inverse of pressure. The left Y-axis represents the in-

tensity of oxygen spectral lines and the right Y-axis rep-

resents the intensity of carbon spectral lines. The X-axis

is common for both Y-axis with physical interpretation as

described above. As mentioned previously, the emission of

oxygen spectral lines from from 544, 616 and 645 triplets

are very low for majority of the operation points. Those

values stay at order of magnitude less then for operation

points of 3, 14, 15, and 16. At operational points 8 and

9, the same graph gives evidence of coupling between the

carbon spectral lines emission and spectral emission of the

oxygen spectral lines from the 777 multiplet. Namely, the

emission of spectral lines within the 777 oxygen triplet sig-

nificantly scatter from average value (see figure 6) for the

operating points 8 and 9, at the same conditions where

the carbon spectral lines emission intensity is high and O-

544, O-616, and O-645 triplet emission intensities are low.

In a plasma the most efficient process are an resonant one

and in collisions between oxygen and carbon atoms there

is the possibility of non–radiative transfer of an energy.

This leads to the conclusion that the atomic carbon is

interfering with the O-777 line strengths.

The last graph, in the bottom on figure 8 is dependence

between the root mean square (RMS) of the normalized

intensity for the 777 oxygen triplet and the same com-

pound X-axis. In the formula on the top of this graph, IA

is the average intensity of the 777 triplet, and the indexes

7772, 7774 and 7775 are the individual spectral lines of

the 777 triplet. Otherwise, the RMS also known as the

quadratic mean, is a statistical measure of the magnitude

of a varying quantity. From this graph is clear that for

the 6 operation points (3, 8, 9, 14, 15, and 16) spectral

emission of the 777 oxygen spectral lines it not dependent

only on the electron collision from ground state.

4 Conclusions

Optical emission spectroscopy was used to study the char-

acteristics of the oxygen actinometry spectral line (777.417

nm) in fluorocarbon–oxygen–argon plasma, created by dual–

frequency RF discharge. The intensity of select atomic

oxygen and carbon spectral lines have been monitored for

various operation points across a multi-variate parameter

space.

For many operating conditions the dominant mech-

anism for populating the upper state (3P ) of the O-777

triplet is electron collision from the ground state, and thus

it is valid to use the 777.417 nm line in actinometry. Fur-

thermore, in these cases the three emission lines from the

O-777 triplet have nearly equal intensity and the unre-

solved O-777 triplet can be used as the actinometer.

However, for some operational cases the upper state of

the O-777 line is populated through other mechanisms as

well, and neither the O-777 triplet line nor the 777.417 nm

actinometer line within the triplet are valid. High resolu-

tion spectroscopy resolving the O-777 triplet in addition to

monitoring select other high emission intensity lines (Oxy-

gen 544, 616, and 645 triplets and atomic carbon 601 mul-

tiplet) in a dual-frequency confined capacitively-coupled
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plasma (DFC-CCP) has identified two mechanisms that

interfere with using the O-777 line for actinometry. The

first correlates to strong cascade emission from higher-

energy states of atomic oxygen, and this supports previ-

ous work [9]. In the DFC-CCP this occurs at low P27

and is understood to be due to increase in the electron

temperature and/or preferential heating of the tail pop-

ulation of the electron-energy-distribution function. The

second mechanism observed correlates to high atomic car-

bon emission. This is understood to be due to resonant en-

ergy transfer between the upper state of the O-777 lines

(3P state) and the 6S and 5D states of atomic carbon,

since the resonance process have high probability.

Complex plasma chemistry can cause the low resolu-

tion 777 actinometer to fail. In particular, a strong cor-

relation among intensity of lines from the 777 multiplet

and 544, 616 and 645 triplets have been established. The

plasma chemistry plays important role in the relative ra-

diative emission of the 777 multiplet via cascade effects.

Evidence is also seen for non–radiative energy transfer be-

tween carbon and oxygen atoms.
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