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Abstract
This review focuses on the use of diagnostic tools to examine plasma
processing chemistry, primarily plasma species energetics, dynamics,
and molecule-surface reactions. We describe the use of optical diag-
nostic tools, mass spectrometry, and Langmuir probes in measuring
species densities, rotational and kinetic energies, and plasma-surface
reactions. Molecule-surface interactions for MXn species (M = C,
Si, N; X = H, F, Cl) are presented and interpreted with respect to
the molecule’s electronic configuration and dipole moments.
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Ts: substrate temperature

1. INTRODUCTION

Plasmas, or partially ionized gases, are complex systems containing a range of reac-
tive species including radicals, metastables, ions, electrons, and photons. Although
plasmas can be generated in several ways, they are most commonly created in the lab-
oratory using radio frequency (rf), microwave, or direct current (dc) applied electrical
power. Because of the reactive nature of plasma species, a multitude of reactions can
occur in the gas phase or at gas-surface interfaces. The result of the interactions of
gas-phase plasma species with surfaces (either reactor walls or substrates) generally
falls into three categories: (1) etching, or removal of material, often in a selective
manner; (2) deposition, wherein a distinctly different chemical material is formed
on a substrate; and (3) surface modification, which refers to implantation of chem-
ical functional groups in the outermost surface layer. These processes all rely on a
complex set of intertwined chemical reactions that are difficult to understand on a
molecular level.

An additional factor contributing to plasma chemistry complexity is the number
of system variables used for processes optimization, including equipment variables
(reactor size and configuration, materials of construction, method and amount of
power applied); gas variables (pressure, flow, and gas ratios); and substrate variables
[substrate temperature (TS), material, and location in reactor]. Often, small changes
in a single parameter can result in large changes in the overall process chemistry. In
some systems, the balance between etching and deposition is so sensitive to these
parameters that controlling the outcome is challenging and miscalculations can re-
sult in significant waste. Thus, it is imperative to develop analytical diagnostic tools
capable of providing straightforward and reliable process chemistry data.

Understanding fundamental plasma chemistry has been an elusive goal for plasma
scientists, primarily because of the systems’ complexity. Consequently, relatively little
is known about mechanisms for plasma processing. Studies focusing on correlating
surface properties with plasma parameters can reveal the nature of the relationships
between gas-phase species and processed surface composition. Although these sim-
plistic relationships often offer support for assumptions about deposition and etch-
ing mechanisms, they do not directly address gas-surface interface chemistry and
thus provide an incomplete picture. A more global representation of molecular-level
chemistry is critical, but requires diagnostic tools that (1) allow for the identification
and quantification of all plasma species (charged and neutral), preferably temporally
and spatially resolved; (2) can be performed in a nonintrusive manner; (3) provide data
on the gas phase, surface, and gas-surface interface; and (4) characterize the internal
and kinetic energies of plasma species to estimate rate constants and provide energy
partitioning information.

Clearly, no one diagnostic tool can fulfill all of these needs. Consequently, many
studies that focus on unraveling process chemistry rely on a combination of tech-
niques, affording broader descriptions of plasma processes. As a result of the need
for diagnostic tools in both industrial processes and fundamental studies, plasma di-
agnostics have been the subject of numerous review articles and books (1–4). Here,
we focus on a few complex plasma systems that have benefited from the application
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OES: optical emission
spectroscopy

of highly sophisticated diagnostic tools to unraveling the underlying molecular-level
chemistry.

2. DIAGNOSTIC TECHNIQUES

An array of techniques can be applied to the examination of plasma chemistry. Here,
we focus primarily on nonintrusive, in situ optical gas-phase diagnostics, although
some nonoptical and surface techniques are included. This is by no means an ex-
haustive list, and detailed descriptions of the instruments can be found elsewhere
(1, 5–7).

2.1. Optical Emission Spectroscopy

Optical emission spectroscopy (OES) analyzes light emitted from a given medium
in the absence of external excitation via collection, dispersion, and detection of the
light (1). In a plasma, gas-phase species are promoted to excited electronic states
by collisions with energetic electrons and relaxation is accompanied by emission of a
photon. In OES, emitted radiation is spectrally dispersed and detected. In its simplest
configuration, OES requires only a means of collecting the light emitted (e.g., an
optical fiber), a dispersing element (a grating), and a detector [a photomultiplier tube
(PMT) or charge-coupled device (CCD)]. Thus, OES is an inexpensive, real-time
monitoring system that can identify emitting plasma species.

OES can be employed quantitatively or qualitatively for plasma species identifica-
tion and determination of absolute or relative species densities. Identification requires
knowledge of the emission lines of a given plasma species (Table 1). OES has proven
useful in understanding gas-phase kinetics and reaction mechanisms, etching end-
point detection, and performing spatial and temporal measurements of species densi-
ties (3, 8, 9). Although quantitative OES is possible, it must be used cautiously because
signal intensity is not always directly related to concentration. This is often addressed
with actinometry, wherein emission intensities are compared to the relatively con-
stant emission of an actinometer, generally an inert gas (e.g., Ar) or a combination
of actinometers added in small quantities. Time-resolved OES (TR-OES) has also
been employed (10).

OES is limited to excited-state species that radiatively decay and whose detectable
wavelength range is hindered by the collection window, generally precluding vac-
uum UV (VUV) emitters. Instrument resolution (often only ∼0.5–1 nm) and signal-
to-noise ratios also limit the utility of OES.

2.2. Optical Absorption Spectroscopy

Optical absorption spectroscopy (OAS) is an alternate probe for excited-state species
that measures the light absorbed by a sample at a particular wavelength. OAS is used
to probe highly excited molecules because these states are long lived, yet do not decay
via emission of a visible photon. Thus, they are not easily probed by OES (1). OAS
spectrometers consist of a light source, typically a tungsten-filament or gas-discharge
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Table 1 Emission lines observed in optical emission spectroscopy studies of
selected plasma species

Species Wavelength (nm) Transition Reference(s)
Ar 696.5 1s5−2p2 136

706.7 1s5−2p3

738.4 1s4−2p3

750.4 1s2−2p1

751.5 1s4−2p5

763.5 1s5−2p3

772.4 1s5−2p7

794.8 1s3−2p4

800.6 1s4−2p6

801.5 1s5−2p8

810.4 1s4−2p7

811.5 1s5−2p9

826.5 1s2−2p2

840.8 1s2−2p3

842.5 1s4−2p8

852.1 1s2−2p3

C2 469.8, 471.6, 473.7 3�→3� 137
512.9, 516.5, 558.6 3�→3�

563.6 3�→3�

C3 405.1 A1�u→X1�+
g 138

CF2 251.9 A1B1→X1A1 65, 84
CH 389 B2�→X2� 116

430, 431.4 A2�→X2� 117, 139
CN 304.2, 387 B2�+→X2�+ 116, 140
CO 283, 292.2, 297 b3�→a3� 137

302.8, 313.8, 325.3 b3�→a3�

451.1, 483.5, 518.6, 561 B1�+→A1�

F 685.4 3p4D7/2→3s4P5/2 141
703.7, 712.8 2p43p→2p43s 142

H 434, 486.1, 656.5 2P◦→2D 137
N 674 4d4P→3p4P◦ 116
O 777.2, 844.7 3S◦→3P 137
NO 247.9, 288.5, 289.3, 303.5, 304.3 A2�+→2� 137

319.8, 320.7, 337.7, 338.6 A2�+→2�

N2 315.9, 337.1 C3�→B3� 137
OH 281.1, 306.4, 307.8, 308.9 2�→2� 137

lamp, which is directed into a sample chamber, and a detector placed on the opposite
side of the sample to analyze transmitted light (11). Thus, OAS is comparable to OES
in equipment simplicity.

For gas-phase OAS analyses, the light source can be tuned to a specific optical
transition and time-dependent information about a particular species can be obtained.
Alternatively, gas-phase absorption can be measured using self absorption, which
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LIF: laser-induced
fluorescence

has been described in detail elsewhere (12). This allows for quantitative analysis of
absorbing species, provided that line shapes and spatial distributions are known.

2.3. Laser-Induced Fluorescence

A common optical plasma diagnostic is laser-induced fluorescence (LIF), which
probes ground-state species with sensitivities on the order of 108 cm−3. An LIF
apparatus generally consists of a tunable laser (e.g., excimer or Nd:YAG-pumped dye
laser) and a detector situated orthogonal to the source beam to collect fluorescence.
LIF occurs when molecules in the sample volume undergo resonant absorption upon
interaction with laser light of the correct wavelength (1, 13). Relaxation via sponta-
neous emission generates photons that are collected by the detector. The relationship
between LIF intensity and the number density of a species depends on intensity of the
laser, the transition’s quantum efficiency, and the detector’s spectral response (7, 13).
Table 2 lists spectral details for specific LIF-probable transitions of plasma species.

Table 2 Spectroscopic properties, dipole moments, relative surface reactivites, and selected laser-induced
fluorescence studies of plasma species

Species Plasma sources
Excited

transition λ(nm)a
Radiative

lifetime (ns)

Dipole
moment

(D)

Relative
surface

reactivityb Reference(s)
C2 CxHy A1�←X1�+ 691 1.85 × 104 — — 143
C3 CxHy A1�←X1�+ 410 200 0.44 low/moderate 126, 139
CH CxHy, CH3OH A2�←X2� 430 537 0.55 high 117, 139

CHF CHxF4-x A1A′′←X1A′ 571 2.45 × 103 1.30 low/moderate 144
CF CxFy A2�+←X2� 224 26.7 0.64 low/moderate 65
CF2 CxFy A1B1←X1A1 226 61 0.44 low 65, 84
CCl CCl4, CH4/Cl2 A2�←X2� 279 105 — — 145
CN CH3CN,

CH4/N2

B2�+←X2�+ 387 65 0.50 high 140, 146

NH NH3, N2/H2 A3�←X3�− 336 440 1.39 low/moderate 130
NH2 NH3, N2/H2 A2A1←X2B1 598 10 × 103 1.82 moderate 130
NO NO, N2/O2 A2�←X2� 226 205 0.16 — 147, 148
OH H2O, H2/O2 A2�←X2� 308 686 1.80 moderate 28, 149
SiCl SiCl4, Cl2c B2�+←X2� 297 10 — — 150
SiCl2 SiCl4, Cl2c A1B1←X1A1 320 4.5 × 103 1.46 low 135
SiF SiF4, CF4

c, SF6
c A2�←X2� 437 230 1.07 moderate 24, 101

SiF2 SiF4, CF4
c, SF6

c A1B1←X1A1 225 6.2 1.23 low 24, 98
SiH SiH4, Si2H6 A2�←X2� 413 534 0.14 high 20, 107
SiH2 SiH4, Si2H6 A1B1←X1A1 580 111 0.16 moderate 109
SO SO2, SF6/O2 B3�←X3� 235 16.2 1.55 — 151
SO2 SO2, SF6/O2 A1B1←X1A1 300 10 × 103 1.63 — 151

aExcitation wavelength for listed transition.
bRelative reactivity scale: low = < 0.1; low/moderate = ∼0.1–0.3; moderate = ∼0.3–0.7; high = ∼0.7–1.0.
cSpecies of interest is produced during Si processing.
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Tg: gas temperature in a
plasma

IRIS: imaging of radicals
interacting with surfaces, an
LIF-based technique

LIF plasma experiments can provide relative and absolute number densities (7,
13–15), gas temperature (Tg), and surface reactivities. LIF techniques that make use
of optical evanescent waves, which allow characterization of plasma processes in the
near-surface region, can provide relative densities and surface reactivities (16). Other
LIF techniques provide data on kinetics (17) and electric fields in plasmas (18). Spa-
tial resolution of LIF signals allows measurement of velocity distributions (19–21),
yielding convection and diffusion data (18) and mechanisms for energy partitioning
(19, 20). LIF only probes ground-state species, and only those that possess a fluoresc-
ing excited state. LIF is not well suited to process control, primarily because of the
required laser-system maintenance, and is also hindered by nonradiative relaxation
processes.

2.4. Imaging of Radicals Interacting with Surfaces

One special adaptation of LIF as a plasma diagnostic is the imaging of radicals inter-
acting with surfaces (IRIS) technique, which combines molecular beams with spatially
resolved LIF to explore radical-surface interactions during plasma processing (22).
Gas-phase density and surface reactivity measurements are made as a function of
parameters such as applied power (P), substrate material, and TS. The effects of ion
bombardment can be explored using a grounded mesh in the molecular beam path
to remove charged species (23), biasing the substrate (19, 24, 25), or employing an
alternate, ion-free molecular beam source such as hot-filament CVD (26). IRIS can
determine velocities by exploiting the time resolution of the CCD (20, 21, 27), and
uses mass spectrometry (MS) to study plasma ions (23, 25).

Figure 1 shows a schematic of the IRIS apparatus (22). In a typical IRIS ex-
periment, feed gases enter a tubular reactor and rf power is applied to produce a
plasma. Expansion into a differentially pumped vacuum chamber generates an effu-
sive molecular beam containing virtually all plasma species. A tunable laser intersects
the molecular beam and spatially resolved LIF signals are collected by a CCD located
perpendicular to the interaction region. For reactivity measurements, a substrate is
rotated into the molecular beam path (Figure 1a), and LIF signals are again collected.
Differences between spatial distributions with and without the surface (Figure 1b)
provide radical-surface interaction data.

Spatially resolved LIF images are interpreted using a quantitative model that
reproduces the scattering data in one dimension (22, 28). The model calculates the
scattering coefficient (S), which represents the fraction of incident radicals scattered
from the surface and is adjusted to best fit the experimental data. For molecules
produced at the surface, S > 1, whereas for molecules lost at the surface, S < 1.
Surface reactivity, R, is defined as 1-S and is equivalent to surface loss probability, β,
the fraction of gas-phase molecules lost upon interaction with a surface, regardless of
loss mechanism.

2.5. Cavity Ringdown Absorption Spectroscopy

Cavity ringdown absorption spectroscopy (CRDS) uses laser pulses to measure ab-
sorption of a sample placed directly in the optical cavity of a laser. This is accomplished
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Figure 1
(a) Schematic of imaging of radicals interacting with surfaces (IRIS) apparatus. Detail of the
interaction region shows the spatial orientation of the optics and detector relative to the
molecular and laser beams. Specular scattering of the molecular beam is illustrated.
(b) Two-dimensional charge-coupled device (CCD) images of CN laser-induced fluorescence
(LIF) signals in a CH3CN plasma molecular beam; CN with a Si substrate rotated into the
path of the molecular beam (beam + scatter); and the difference between the other two
images, representing only CN molecules scattered from the surface.

CRDS: cavity ringdown
absorption spectroscopy

by measuring the temporal decay in the intensity of light leaving the laser’s output
coupler. The time required for the output signal to decay to a fraction, 1/e, of the ini-
tial value is the ringdown time, which provides a single-pass transmission coefficient.
At nonresonant wavelengths, the ringdown time can be used to correct for effects of
mirror reflectivities and cavity dimensions. At resonant wavelengths, sample absorp-
tion causes additional signal decay, which can be converted to an absolute absorption
(6, 29). Because of its time dependence, CRDS offers increased sensitivity over con-
ventional OAS. CRDS is well suited to plasma systems because the sample is in the
laser cavity, providing long effective path lengths and permitting analysis of strongly
absorbing species in trace amounts or weakly absorbing species in larger concentra-
tions (30). Although CRDS is less sensitive than “background-free” techniques such
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Ne: electron density

Te: electron temperature

TIMS: threshold ionization
mass spectrometry

IED: ion energy
distribution

as LIF and resonant enhanced multiphoton ionization (REMPI), it can be applied
when fluorescence and ionization are not practical (29). CRDS can provide absolute
densities (31), gas-phase loss rates, and β values (32–34).

2.6. Langmuir Probes

The most widely used electrical plasma probe is the Langmuir probe (11, 35), which
measures the plasma current potential (I-V) relationship and functions similar to
electrodes in electrochemical cells. Probes can be run effectively in potential sweep
mode, similar to cyclic voltammetry. From the resulting data, electron and ion distri-
bution functions are derived, providing electron temperature (Te), electron density
(ne), and plasma potential (Vp). Langmuir probes often have reference electrodes or
double probes, wherein a second electrode forms part of the electrical circuit (11,
36). Double probes are preferred as they do not induce as large a perturbation to the
plasma, which is critical for probe theory validation. A distinct disadvantage arises
from probe contamination from sputtered or deposited material, which can affect the
probe’s ability to accurately describe Vp (35).

2.7. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a vibrational spectroscopy appli-
cable across a range of chemistries. FTIR plasma diagnostics focus on both the gas
phase and processed surfaces (5, 37). The gas phase can be analyzed as a nonintrusive
in situ probe in the exhaust region to monitor plasma effluent (38), which also pro-
vides information on plasma-generated species. Determination of parent molecule
breakdown in the reactor helps ensure that the desired chemistry is occurring. FTIR
analysis of a plasma-processed sample can occur either in situ, by monitoring the gain
or loss of a particular species on the substrate, or ex situ, by removing the substrate
from the system.

2.8. Mass Spectrometry

Quadrupole mass spectrometers (QMSs) (39) are the most common MS instruments
used in plasma diagnostics (40). QMSs provide several analytical advantages, includ-
ing fast analysis with good sensitivity, compactness, and robustness. In general, a
mass spectrometer consists of an ion source, an analyzer, and a detector. A common
ionization source is electron impact, which allows adjustment of the electron energy.
Threshold ionization mass spectrometry [TIMS, or appearance potential mass spec-
trometry (APMS)] uses this source for detection of neutral radicals by controlling
the ionization energy to selectively ionize plasma radicals over the parent species (39,
41–43).

In addition to providing information about the identity and concentration of
plasma species, retarding field analyzers or ion optic elements can be incorporated to
characterize ion energy distributions (IEDs). Analysis of IEDs can be used to study
the angular distribution of plasma ions (44). This is especially relevant in etching,

268 Stillahn · Trevino · Fisher

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
08

.1
:2

61
-2

91
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

or
dh

am
 U

ni
ve

rs
ity

 o
n 

12
/1

6/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV362-AC01-09 ARI 13 May 2008 7:42

where angles of incidence influence etch rates and profiles. Other MS adaptations in-
clude cryotrapping-assisted MS, in which successive outgassing of cryotrapped plasma
species provides mass spectra in complex deposition plasmas (45), and temperature-
programmed desorption, in which a QMS is used to detect desorbing species (46).

2.9. Spectroscopic Ellipsometry and Second Harmonic Generation

Spectroscopic ellipsometry (SE) involves the measurement of changes in the polar-
ization of light when reflected from a surface (1). It is noninvasive and can provide
in situ characterization of plasma-deposited films. The experimental ratio of reflec-
tion coefficients can be compared to a model of the material structure to determine
thickness and dielectric function. Refractive index, microstructure, and density data
can also be determined. SE can achieve submonolayer resolution (∼0.01 nm), but
data quality depends largely on how well the model approximates the experimental
system. Although SE is useful in characterizing buried interfaces, analysis becomes
increasingly difficult with thicker films. Phase-modulated SE is used as an in situ
probe of surface bonds during etching (47, 48).

Second harmonic generation (SHG) is related to SE in that incident light causes
variations in the polarization of affected molecules, thereby generating a second elec-
tromagnetic field. When this occurs via a linear process, the polarization is linearly
proportional to the incoming field, and the generated and incident fields have the
same frequency. With more intense light (i.e., from a laser), additional terms must be
included; in SHG, these are associated with generation of a field whose frequency is
twice that of the incident light (1, 49). SHG signals from an interface are reflected and
the polarization components are analyzed, the intensity of which depends on the sam-
ple’s susceptibility (50). With centrosymmetric media, bulk molecules possess zero
susceptibility and do not create a second harmonic response. This symmetry breaks
down at a surface (49), and the sensitivity of SHG to interfaces (exposed and buried)
is a particular strength. SHG can be applied under many experimental conditions,
and does not require sample isolation in vacuum. Thus, it can be performed in situ to
obtain time-resolved data on adsorption dynamics, orientation, surface charge, and
number density of interfacial species with submonolayer sensitivity (51–53).

3. CHEMISTRY OF SPECIFIC SYSTEMS

Many plasma systems have benefited from the application of a combination of diag-
nostic tools, which aids the understanding of the synergy between gas-phase chem-
istry and the resulting process (etching, deposition, or surface modification). Here
we review a few selected major systems, with an emphasis on understanding the
plasma-surface interface.

3.1. Fluorocarbon Plasmas

Early spectroscopic studies in fluorocarbon (FC) plasmas focused on CF and CF2,
examining spectral characteristics using an FC electrodeless discharge as the CFx
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CCP: capacitively coupled
plasma

ICP: inductively coupled
plasma

[X]: concentration of
species X

source (54, 55); these studies represent the beginning of an understanding of CFx

plasma chemistry and properties. Mathias and Miller examined polytetrafluoroethy-
lene (PTFE) decomposition in microwave discharges, identifying CxFy products
along with SiF4, CO2, CO and COF (56). Proposed mechanisms for plasma-surface
interactions included both thermal and radiation-induced reactions. This early work
provided a foundation for subsequent studies of FC plasma-surface interactions.

Due to the exceptional etching capabilities of FC plasmas, interest in these plas-
mas rose dramatically with the development of the microelectronics industry. This
is reflected in comprehensive reviews of the recombination chemistry and parame-
ters affecting etched surfaces (57–59). Numerical modeling has also offered insight
into FC plasma etching (60, 61). Key findings clearly demonstrate that both ions and
neutrals are central to etching and deposition mechanisms. Moreover, it is the syn-
ergistic activity of FC species in the gas phase and at the processed substrate surface
that allows for the development of FC plasma applications (62).

3.1.1. CFx density measurements. Identification of gas-phase species and changes
in density as a function of plasma parameters can help elucidate plasma chemistry.
Thus, many FC plasma studies have measured CFx and CFx

+ densities using mul-
tiple techniques and by exploring parameter-based trends. Kiss et al. used LIF and
OES to measure the relative densities of CF and CF2 in CF4/Ar plasmas (63). The
two techniques yielded comparable results and showed that LIF results were linearly
correlated with actinometric OES results. Booth et al. measured relative CFx densi-
ties and internal temperatures with UV-OAS (64, 65), and employed LIF and CRDS
in CF4 capacitively coupled plasmas (CCPs) to measure absolute CF and CF2 con-
centrations (30, 66). CRDS resulted in [CF] = 6 × 1011 cm−3 in the reactor center,
considerably lower than the result obtained with LIF. The LIF studies demonstrated,
however, that [CF] decreased with distance from the electrode. [CF2] could not be
determined with CRDS, but LIF yielded [CF2] ∼6.8 × 1012 cm−3 near the powered
electrode, decreasing with distance from the electrode, similar to CF.

In related studies, [F] in a CF4 CCP was measured by combined LIF and OES
measurements (15). Using [CF2] measured by LIF and the actinometric OES ratio of
IF/IAr, where IF and IAr are emission intensities of the F and Ar signals, respectively,
Cunge et al. (15) determined the absolute [F] with and without a Si substrate. [F]
without a Si substrate increased as a function of P to a maximum of ∼6.5 × 1014 cm−3.
With a Si substrate, [F] was substantially lower because etching reactions allow for
recombination with etch products. Graves and colleagues measured neutral and ionic
number densities in CF4 inductively coupled plasmas (ICPs) using APMS, QMS, and
a Langmuir probe (41, 67). A key result was that [CFx] varied with wall conditions,
suggesting that wall interactions control FC gas–phase chemistry.

FC plasmas are known to selectively etch Si over SiO2, primarily as a result of
different plasma-surface interactions. Miyoshi and colleagues used computerized to-
mography OES (CT-OES) to measure the spatiotemporal structure of etchants, etch
products, and their daughter products during Si and SiO2 etching in CF4/Ar mix-
tures (68). They measured the number densities of excited Ar, Si, SiF, and F and
found that [F∗] decreased as the Si etching rate increased, whereas [SiF∗] increased
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�R(MXn): rotational
temperature of a given
species

during SiO2 etching. This was attributed to the deposition regime in SiO2 etching,
wherein FC film deposition prevents reactive etchants such as F atoms and CFx

+ ions
from reaching the underlying SiO2 layer. Studies such as these provide insight into
selective etching mechanisms in FC plasmas.

3.1.2. Fluorocarbon plasma dynamics. Understanding the dynamic processes that
influence plasma species behavior is critical to refining overall etch or deposition
processes in FC plasmas. The kinetic behavior of plasmas relies heavily on the energies
of its constituents; thus, measurement of Te and Tg provides one method for examining
energy distribution in a plasma. Donnelly and colleagues applied trace rare gases
OES (TRG-OES) to measure Te and Tg in C2F6/C4F8 plasmas (69). The feed gas
also included a carrier gas and multiple inert probe gases (He, Ne, Ar, Kr, and Xe).
The emission behavior of probe gases is predictable from excitation cross sections
and relaxation processes. Each gas is sensitive to a different part of the electron
energy distribution function; collectively, the gases’ emission intensities provide a
description of Te. Emission spectra with N2 as the probe were used to characterize
Tg from analysis of N2 rotational spectra. Both Te and Tg were strongly dependent
on carrier gas, suggesting that careful selection of carrier gas could provide another
degree of control over the energies of plasma species.

Measurements of internal and translational energies of plasma species also provide
estimates of Tg. Nagai and Hori measured the rotational temperature (�R) of CF
in CF4 and CF4/Ar plasmas using OES and infrared laser absorption spectroscopy
(IRLAS) (70). �R increased from 300 to 380 K as P increased from 375 to 1500
W, and was accompanied by a ∼threefold increase in [CF]. With CF4/Ar, �R and
[CF] were substantially lower, with �R only increasing by ∼20 K over the same P
range. This likely resulted from increased elastic collisions leading to CF rotational
cooling, and demonstrates that rotational heating is not appreciable in these systems.
Similar values were obtained using planar LIF to create two-dimensional maps of
�R(CF) in CF4 CCPs (71). �R displayed strong gradients, increasing with distance
from electrodes. These results have implications for density and kinetics studies that
examine only a single rotational state.

Both negative and positive ions significantly influence FC plasma etching pro-
cesses. Negative ion decay occurs only through ion-ion recombination in the plasma
bulk. Hebner and colleagues used photodetachment spectroscopy to measure the F−

absolute density in CF4, C2F6, and CHF3 plasma afterglows (72). The [F−] time-
dependence yielded ion-ion recombination rates of 0.88 × 10−6, 1.5 × 10−6, and
3.9 × 10−6 cm3/s for CF4, C2F6 and CHF3, respectively. Positive ions can strongly
influence the net rate of ion-ion recombination. The dominant positive ion is CF3

+

for CF4 and C2F6 plasmas, but CF2
+ dominates CHF3 plasmas, suggesting that CF2

+

enhances ion-ion recombination rates in FC plasmas.
Hancock et al. measured F-atom emission at different delay times after the power-

off in FC plasmas using TR-OES (10). Decay was attributed to gas-phase recombi-
nation processes and losses at the reactor walls. Addition of a Si substrate increased
etching reactions, thereby dramatically increasing the decay, whereas addition of
O2 significantly increased [F]. UV-OAS results from studies by Sasaki et al. (73)
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β(MXn): surface loss
probability; the fraction of
molecules lost from the gas
phase upon interaction with
a substrate

contained rapid decay in [F] in the initial afterglow of their CF4 plasma, followed by
an exponential decay in [F] at longer times. This was attributed to the initial reaction of
CFx on reactor walls and simple diffusion to, and loss at, wall surfaces in the afterglow.
These mechanisms are supported by the QMS, Langmuir probe, and OES studies by
Sugai et al. who found that heated reactor walls (100–200◦C) resulted in large increases
in [CFx] (74). Using in situ FTIR, OES, and ex situ attenuated total reflectance (ATR)–
FTIR, Goeckner and colleagues (75) found that CFx was lost on low-temperature
walls in CF4 plasmas, but preferentially desorbed at high temperatures. They also
concluded that both film deposition and etch rate were determined by two major
competing processes, direct ion incorporation and ion-assisted surface desorption.

3.1.3. Surface interactions. In FC plasmas, etching and deposition are competitive
processes and often occur simultaneously (57). Species density studies as a function of
plasma parameters reveal that film formation and etching are controlled by the inter-
actions of plasma species with a substrate. The balance between highly energetic ions
and neutral radicals bombarding the substrate being processed dictate the dominant
process.

3.1.3.1. Radical-surface interactions. Radical-surface interactions are key steps lead-
ing to FC film deposition and to etching of Si substrates. In general, it is assumed
that when radicals impinge on a surface, they react with unit probability, essentially
the first step in all three radical-surface processes depicted in Figure 2a. Indeed,
this assumption is regularly made in computer simulations where no experimental
data are available. Surface loss, however, can occur via several different processes,
including dissociative adsorption (Figure 2a, process 2), or surface atom abstraction
(Figure 2a, process 3). In both cases, the newly formed species can subsequently desorb
(as shown), but whether desorption occurs or not, these processes contribute to β.
Although the first step of process 1 depicts simple adsorption, which contributes to β,
subsequent desorption would result in higher S. CFx (x = 1–3) species are proposed
critical components in FC polymerization (76–78). Radicals contribute to polymer
growth by reacting with “activated” sites on the polymeric surface or by forming ad-
dition compounds through gas-phase reactions. Despite these predicted behaviors,
growth mechanisms remain unclear, and β values measured during plasma-surface
interactions are critical to full understanding (79).

β(CFx) appears to vary dramatically with plasma gas chemistry, surface conditions,
and wall history. For example, Booth and colleagues used LIF to measure β(CF) =
0.06–0.24, depending on [F(g)] (66, 80). APMS measurements of β(F) and β(CFx) on
the walls of an ICP reactor were strongly dependent on wall conditions (81). Hikosaka
et al. found that β(CF2) and β(CF3) measured by TIMS were nearly identical in CF4

plasmas (∼0.13), but that β decreased by ∼102 for both species when H2 was added
(82). In general, CFx (x = 1–3) species have low β, and all appear to be strongly
coupled to the conditions under which measurements are made.

IRIS studies demonstrated that CF2 is generated at surfaces (i.e., S > 1; β < 0)
under etching conditions (e.g., 100% C2F6 plasmas); however, β ∼ 0.2 when a-
C:F,H films are produced from 50/50 C2F6/H2 plasmas (76). IRIS studies of CF2
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Figure 2
Generalized schematic representation of (a) neutral plasma species and (b) ionic plasma species
interacting with a substrate, where M = C, Si, or N; X = H, F, or Cl; and asterisk represents
an active surface site. Process 1 represents simple adsorption-desorption from a surface,
usually with thermal equilibration. Processes 2 and 3 represent dissociative adsorption with
subsequent desorption of MXn−1 and adsorption followed by surface recombination and
desorption of MXn+1, respectively. Processes 4–6 are similar to processes 1–3, but include
surface neutralization of the incident ion. Process 7 represents ion-induced sputtering,
wherein multiple volatile reaction products can be formed.
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〈Ei〉: mean ion energy

S(MXn): surface scattering
coefficient; represents the
fraction of incident
molecules scattered from a
substrate

using hexafluoropropylene oxide (HFPO), CHF3, C3F8, and C4F8 plasmas (76, 77,
83, 84) have yielded three key observations: (1) S(CF2) is nearly always greater than
unity, indicating surface generation of CF2 during FC processing; (2) S(CF2) increases
with P; and (3) S(CF2) decreases under ion-free conditions. Time-resolved UV-OAS
data for C2F4 and HFPO CCPs also found significant CF2 surface production (85).
Booth and colleagues determined that both CF and CF2 are produced at surfaces
in CF4 plasmas (15, 66, 80). Their proposed mechanism relies on energetic ion-
surface interactions producing CFx, either through CFx

+ neutralization, (Figure 2b,
process 4) or via film sputtering (Figure 2b, process 7). With no ion bombardment,
many surfaces act as CFx sinks. These observations indicate CF2 surface production
is strongly correlated to plasma ions. Indeed, Martin et al. found a positive linear
correlation between mean ion energy (〈Ei〉) in C3F8 and C4F8 plasmas and S(CF2)
(23). An additional correlation was observed between S(CF2) and FC film crosslinking
for several FC systems (86). Conditions leading to highly crosslinked films result in
higher S(CF2). Overall, when the surface is not bombarded by energetic species (e.g.,
ions), CF2 is contributing to film formation, resulting in a more ordered (high CF2

content) material (26).

3.1.3.2. Ion-surface interactions. As the above evidence demonstrates, ions clearly play
a significant role in both FC plasma etching and deposition; possible ion-induced
mechanisms are shown in Figure 2b. To clarify this role, the behavior of ions or
groups of ions in an isolated environment has been investigated. Sawin and colleagues
used individual beams of CF2, F atoms (created from HFPO pyrolysis and F2/Xe
discharges, respectively), and Ar+ to simulate the CF plasma etching environment (87,
88). Butterbaugh et al. found that the etch yield saturates at lower radical flux values
when the surface is bombarded with higher-energy ions (87). This was attributed to
ion-induced surface roughness producing more active sites and higher β.

Hanley et al. examined ion-surface interactions using mass-selected beams of
C3F5

+ or C2F4
+ ions (89, 90). Ions were accelerated or decelerated into a surface

to examine the effects of incident ion energy on the properties of the resulting films,
as measured by X-ray photoelectron spectroscopy. Ion identity and energy strongly
affected film thickness and morphology, but not film composition. Goyette et al. used
an electrostatic energy analyzer to examine IEDs and ion flux of CF+ and CF3

+ in
C2F6 and C4F8 plasmas (91). At higher pressures, ion flux increased, as did rf modu-
lations, and IEDs were highly dependent on ion mass. Martin et al. measured IEDs
and determined <Ei> in C3F8 and c-C4F8 plasmas (23). IEDs did not exhibit a strong
dependence on ion mass, but clearly showed evidence of sheath effects, as <Ei> was
relatively high. Increases in <Ei> were linearly correlated to S(CF2).

3.2. SiFx Species

In plasma etching (e.g., FC plasmas), SiFx species can be volatile etch byproducts, but
they can also act as deposition precursors. Thus, there are many similarities between
CFx and SiFx plasma species, and optical diagnostics can elucidate both parent FC
gas dissociation and etch-product behavior (92, 93). Early SiFx studies originated
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with spectroscopic and thermodynamic measurements using plasma sources (94–96).
Subsequent studies focused on parameter dependence in processing systems. Hebner
measured [CFx] and [SiFx] (x = 1, 2) with LIF, and found that [CFx] decreased with P
and increased with pressure (97). In contrast, [SiFx] increased with P and pressure in
C2F6 and CHF3 plasmas, but was independent of pressure for C4F8 plasmas. These
results suggest that C2F6 and CHF3 are more efficient Si etchants than C4F8. CT-
OES studies of Si and SiF demonstrated that production of SiF occurs via gas-phase
dissociation of etch products. Other LIF studies distinguished between SiF produc-
tion in the presence of ion bombardment and by chemical etching of F atoms (98).

3.2.1. SiFx dynamics. Giapis and colleagues obtained gas-phase and surface kinetics
for SiFx species using MS (99, 100). For SiFx

+ (x = 1–3), the time-of-flight (TOF)
distributions contained two components, which were attributed to thermally equili-
brated species and hyperthermal products of surface reactions. Increases in TS caused
a sharp drop in the SiF3

+ high-energy component, suggesting that the mechanism
favors direct surface reactions for SiF3 formation.

IRIS studies measured �R for SiF and SiF2 by comparing surface reactivities for
different rotational transitions over a range of TS (101). This method accounts for
changes in rotational state populations for molecules that thermally equilibrate at
a substrate, which can result in measured β values being larger or smaller than the
true value. When TS = �R for the beam species, the state population distribution
will not change upon equilibration at the surface, and β for all transitions should
coincide. This analysis yielded �R(SiF) = 450 ± 50 K and �R(SiF2) = 752 ±
100 K for a 170-W SiF4 plasma. Assuming that the SiF4 parent gas measured ∼300
K, these values suggest that thermal equilibration did not take place during surface
interactions of SiFx (27).

3.2.2. Surface interactions. Cunge et al. measured [SiF2] above Si and SiO2 sub-
strates in a CF4 CCP using spatially resolved LIF (98). SiF2 surface generation should
produce a linear decrease in [SiF2] away from the substrate, and gas-phase loss or pro-
duction processes would predictably alter concentration profiles. For Si and SiO2, no
net production of SiF2 was observed, suggesting that SiF2 is produced primarily at
the substrate as an etch product. Data from the plasma afterglow characterized con-
centration profiles under ion-free conditions. At 50 mTorr, profiles collected 2 ms
after rf power interruption revealed that SiF2 continued to be produced at the Si sub-
strate, but was lost on SiO2. This suggests that SiF2 production from Si results from
chemical processes, but production from SiO2 relies on other species such as ions. At
50 mTorr, β(SiF2) estimates were 0.8–1.0 and 0.5–0.6 for Si and SiO2, respectively.
At 200 mTorr, β decreased to 0.04 and 0.11 on Si and SiO2 substrates, respectively.

Williams & Fisher used LIF, QMS, OES, and ex situ FTIR to study SiFx sur-
face interactions during etching and deposition from SiF4 plasmas (24, 101). They
found that TS significantly affected mechanisms for SiFx surface desorption and sur-
face adlayer composition (101). Higher TS resulted in increased SiF and SiF2 scatter,
presumably from increases in process 1 (Figure 2a), although processes 2 and 3
could also contribute. Thus, elevated TS increases etching efficiency by enhancing
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ΘT(MXn): translational or
kinetic temperature of a
given species

etch product formation. Another IRIS study examined ion influence on SiF2 sur-
face interactions (24) using a grounded mesh and application of ± 200 V substrate
bias. Changes in S(SiF2) demonstrated that SiF2 surface generation is ion induced
(Figure 2b) and that the amount of SiF2 generated depends more on energy transfer
to the surface than on the availability of chemical etching species (e.g., F).

Interestingly, ion-induced processes did not strongly influence SiF surface
interactions, with β(SiF) ≤ ∼0.8, depending on the overall plasma chemistry (25,
101). The combination of SiF2 and SiF IRIS data suggests that SiF is primarily a
deposition precursor, whereas SiF2 is a major etch product. IRIS studies at elevated
TS found that β(SiF2) decreased with TS (300–575 K), a change attributed to
changing surface adlayer composition (101). For SiF and SiF2, β increased for TS >

575 K as a result of exceeding the desorption energy threshold. TOF-MS studies of
SiFx etch products suggest that ion-surface interactions have two components (99,
100), one that corresponds to ion equilibration at the surface (Figure 2b, process 4),
and another that produces energetic surface reaction products. Thus, by controlling
processes that generate high-energy species, anisotropy and undercutting issues in
reactive ion etching processes may be resolved.

In another study, SiF and SiF2 velocities derived from changes in time-delayed
LIF images were converted to translational temperatures (�T) (27). As P increased
from 80 to 200 W, �T(SiF) and �T(SiF2) increased from ∼570 K to 870 K and from
430 K to 560 K, respectively. Differences in �T for the two species were attributed to
differences in mass, as lighter species gain more translational energy. Increases with P
were ascribed to increases in ion density, ne, and collision frequency that accompany
higher P. These studies established that plasmas are not always thermally equilibrated
and that Tg estimates from a single species in any plasma should be applied cautiously.

3.3. SiHx Systems

Amorphous, hydrogenated silicon (a-Si:H) has been extensively studied because of
its widespread use as an inexpensive solar cell material (102). Although a-Si:H can be
produced by a variety of methods, it is most often grown using SiH4 or Si2H6 plasmas,
which have afforded a plethora of fundamental experimental and theoretical studies of
gas-phase kinetics, thermodynamics, film characterization, and SiHx measurements
(103–105).

3.3.1. SiHx energetics. Stamou et al. measured �R(SiH) in SiH4 CCPs using spa-
tially resolved OES (106). �R linearly decreased with increasing distance from the rf
electrode from ∼2500 K to ∼1975 K at 5–16 mm. This was attributed to the sensi-
tivity of �R to high-energy electrons, which are more abundant near the electrode.
�R(SiH) peaked 5 mm from the electrode, whereas [SiH∗ ] was highest 7 mm from the
electrode. This suggests that the region closer to the electrode has more high-energy
electrons, even though ne is lower. Further from the electrode, emission intensity
decreased because less SiH4 dissociation occurs.

IRIS studies determined �R(SiH) and �T(SiH) as a function of P and Ar dilution
(20, 107). �T(SiH) > �R(SiH) at all P and both are relatively constant at P > 20 W
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(20). �R ∼ 500–600 K in all feed gas mixtures, indicating that thermal equilibration
of rotational energy was established (107). Differences in �R(SiH) in different studies
likely result from differences in plasma configurations. �T(SiH) > �R(SiH) under
most Ar dilution conditions, averaging ∼1000 K, although in the Si2H6/Ar system,
�T(SiH) ∼ �R(SiH) at the highest Ar dilutions. This suggested equilibration occurs
more slowly for translational energy than for rotational energy, and translational
energy is equilibrated at different rates in the two silane systems.

3.3.2. Surface interactions. van de Sanden and colleagues utilized an aperture-well
assembly to measure a global β value for SiHx in Ar/H2/SiH4 plasmas (108). This
apparatus is formed by two substrates 0.5 mm apart, with a 0.1-mm slit in the upper
substrate. Radicals adsorb at the lower substrate or are reflected to the underside of
the top substrate. Deposition profiles as a function of H2 flow were related to a global
β of < 0.5, which decreased with H2 flow. This may indicate a role for SiH3, which
decreases in density with the addition of H2.

Individual contributions of Si and SiH to film growth were derived from the
comparison of CRDS-measured densities with simulated data (31). Experimental
and simulation results suggest that at low SiH4 flows, SiH radicals are lost to charge
transfer with Ar+. SiH production reached a maximum at high SiH4 flows, where the
molecules are predominantly lost in reactions with SiH4. β(Si) and β(SiH) were used
to correlate gas-phase densities to film growth contributions, which revealed that Si
and SiH contributions are only weakly dependent on H2 flow. Time-resolved CRDS
measurements also provided estimates for β (33). Si and SiH3 loss rates yielded β(Si)
∼1 and β(SiH3) ∼ 0.3 in Ar/H2/SiH4 plasmas. The latter value was independent
of TS (104), indicating that surface reactions occur during film growth. IRIS results
confirm that β(SiH) ∼ 1, regardless of plasma parameters, feed gas, and TS (20).

Few studies have focused on SiH2 surface interactions, primarily because of its high
reactivity and therefore low density in silane plasmas. Decay in [SiH2] measured by
LIF in the afterglow of Ar/H2/SiH4 plasmas found that β(SiH2) = 0.6 ± 0.15 (109).
TIMS measurements of SiH3 and Si2H5 decay rates in the same apparatus were related
to β values using assumptions about surface processes, yielding β(SiH3) = 0.28 ±
0.03 and β(Si2H5) ∼ 0.1–0.3 (110). In general, molecular dynamics simulations com-
pare favorably with experimental values for β(SiHx) (111–113).

3.4. CHx Plasma Chemistry

Although methane plasmas are widely used to deposit a-C:H films, most studies have
focused on film properties, providing scant data on gas-phase processes (114). The
predominant species in methane plasmas are CH3 and H atoms (115). MS studies
show, however, that larger CxHy (x > 1) molecules are formed in hydrocarbon plasmas
(114, 116).

3.4.1. Energetics. Energy distribution characterization in CH4 plasmas focused on
measuring �R(CH) and on measuring �T(CH) in CH4/Ar plasmas with LIF (117).
�R was ∼1450 K, independent of P and [Ar]. However, �T(CH) was significantly
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higher than �R, decreasing from 9000 K to 2500 K as P increased from 20 to
100 W, plateauing at P > 100 W. A similar trend was observed in [CH], and col-
lectively, these results were attributed to plasma coupling modes. [Ar] did not signif-
icantly affect �T, but lower �T occurred at higher pressures, mimicking Te. Thus,
CH is rotationally very hot and is not thermally equilibrated, with the disparity be-
coming more pronounced at lower P and lower pressures. In situ FTIR spectra were
used to derive �R(C2H2) in an expanding thermal arc plasma (118). Although these
measurements were unreliable where C2H2 consumption was high (low absorbances),
simulated spectra reproduced the experimental data, yielding �R ∼300–450 K, with
no dependence on gas flow.

3.4.2. Surface interactions. van de Sanden and colleagues used TIMS, Rutherford
backscattering, and ellipsometry to study film properties and CxHy species as a func-
tion of the C2H2/Ar flux ratio, F (119, 120). Radical densities’ (∼1016–1017 m−3)
dependence on F was modeled and ultimately related to β. For F < 1, C and C2 dom-
inate the gas phase and are strong contributors to film growth, whereas for F > 1,
radicals with an odd number of carbons contribute the most. Ellipsometric refractive
indices were used to correlate C3 radical density to a-C:H film quality.

CH and H radical beams in conjunction with isotope labeling and in situ ellip-
sometry studies reveal a-C:H deposition mechanisms (115, 121, 122). Under CH3

radical flux, the surface coverage of methyl groups reaches a steady state. With H-
beam flux, generation of active sites occurs via surface hydrogen abstraction. This
leads to film erosion as neighboring active sites relax to form C-C bonds. Alter-
natively, active sites promote chemisorption of CH3 and subsequent film growth.
Ion-induced processes were studied by exposing surfaces to CH3 and He+ beams,
wherein film growth was promoted via ion-induced creation of reactive sites. In plas-
mas, the presence of both ions and H influences film formation. The importance
of H flux is supported by β(CH3), which increases from 10−4 to 10−2 with H atom
flux, as well as by isotope-labeling studies. Controlled exposure to D-labeled beams
results in surface composition changes that suggest that active sites can be created
several monolayers deep. Deeper active sites form C-C bonds, whereas shallow sites
promote CH3 chemisorption.

Time-resolved TIMS in CH4 plasma afterglows provide β(CH3) values from
[CH3] decay (110). Results show that β(CH3) decreases from ∼10−2 in the plasma
to ∼10−3 ms after discharge termination, indicating that active site quenching oc-
curs rapidly. The spatially resolved TIMS results published by Sugai et al. yielded
β(CH3) = 0.001 and β(CH2) = 0.028 (123, 124). Measurements by Loh & Capelli
using UV-OAS resulted in β(CH3) = 10−2 in CH4/H2 plasmas (125), and recent IRIS
studies yielded β(CH) near unity in CH4/Ar plasmas (117) and β(C3) = 0.1–0.4 in
CH2F2/C3F8 plasmas, depending on substrate bias and gas ratios (126).

3.5. NHx Species

N2 and NH3 are used for nitride film deposition and polymer surface modification.
Tahara et al. used spatially resolved OES to investigate NH3 and N2/H2 plasmas (127)
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and found that Tg ∼103 K. In N2/H2 plasmas, Tg gradually decreases downstream
from the plasma arc. For NH3 plasmas, �R(NH) drops precipitously. Electrostatic
probe measurements suggest that ne is lower in the NH3 system; this disparity is
likely responsible for changes in �R(NH). CRDS was applied to NHx species in
Ar/NH3 plasmas to extract �R(NH) = 1920 ± 100 K (128). This is comparable to
�T(NH) = 1750 ± 100 K, suggesting energy equilibration of NH. Temperatures
and trends found in OES and CRDS studies were comparable and suggest that thermal
equilibration of NHx species occurs readily.

3.5.1. Energetics. Several IRIS studies have focused on NHx energetics in NH3

plasmas. Changes in rotational spectra upon interaction with a heated substrate
yielded �R(NH2) ∼ 340 K (129), indicating that formation of NH2 does not involve
significant rotational heating. �T(NH2) in the molecular beam averaged 500–650 K
and was positively correlated with P (19, 21). �T of NH2 scattered from a substrate,
�Tsc(NH2), was lower than in the beam (300 K < �Tsc < 550 K), but higher than TS

(300 K). Using an ion-free molecular beam, �Tsc was much closer to TS, indicating
that ion-induced processes are responsible for elevated �Tsc (19). In addition, �Tsc was
dependent on substrate material (metals or polymers), with polymeric substrates hav-
ing a stronger P dependence. This suggests that substrate material influences energy
transfer during plasma-surface interactions.

3.5.2. Surface interactions. β(NH) and β(NH2) measured in NH3 plasmas show
that the behavior of the two species are affected in very different ways by P, substrate
material, and the presence of ions (19, 21, 130). Increases in S(NH2) with P are
accompanied by decreased S(NH), suggesting that NH surface generation comes at
the expense of NH2, potentially via process 2 shown in Figure 2a. As �Tsc(NH2) >

TS, NH2 surface generation must occur via processes that do not allow full thermal
equilibration at the surface (19, 21).

Processing of polymers such as polyethylene (PE) in NH3/H2 plasmas is con-
trolled by gas-phase species (131, 132). OES data indicate that N2, NH, and H
are dominant NH3 decomposition products. Increases in [H2] in the feed were ac-
companied by decreases in PE N/C ratios because hydrogen reduces surface NHx,
ultimately promoting formation of volatile NHx. P dependence data revealed that al-
though low-energy ion bombardment activates the surface for grafting, high-energy
bombardment increases sputtering (Figure 2a, process 7) and limits grafting effi-
ciency (133). Ishikawa et al. characterized film etching in N2/H2 plasmas using in situ
ATR-FTIR spectroscopy and electron spin resonance (134). With no substrate bias,
treatment resulted in formation of CN and NH moieties in the film. As bias voltage
was increased, these disappeared from the spectra, and at bias >200 V, etching was
observed. Although surface nitriding may produce etch resistance, N-containing etch
products were detected, suggesting that nitrogen both facilitates and inhibits etching.
[NH] and [NH2] CRDS measurements in NH3/Ar plasmas indicate that Ar+ under-
goes charge transfer reactions with NH3; subsequent NH3 decomposition occurs via
dissociative recombination. Thus, Ar+ is largely responsible for the NH3 breakdown.
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4. GLOBAL REMARKS ON PLASMA-SURFACE
INTERACTIONS

The studies reviewed above clearly demonstrate that diagnostic tools reveal details
of plasma process chemistry. Currently, however, only a limited number of tech-
niques are available to determine β values for plasma species. Given the complexity
of plasma-surface interactions, it would be useful to establish some global trends.
One characteristic that could be critical is the electronic configuration of unsaturated
species (135).

In addition to spectral properties, Table 2 presents dipole moments and relative
surface reactivities (also known as “stickiness” factors) for plasma species. Trends that
can be gleaned from these data suggest that several doublet species (SiH, CH, CN)
are highly reactive, with β ∼ 1 under all conditions. Other doublets, such as NH2,
OH, and SiF, display moderate β during film deposition (Table 2). The observed
differences in β of these doublet species could result from relative electronegativ-
ities. Molecules with stronger dipole moments (SiF, OH, NH2) appear to be less
reactive than those with smaller dipole moments (CH, SiH, CN). Reactivities may
also be related to the availability of surface reaction partners, for example H atoms
(28). The sole triplet species listed in Table 2, NH, has very low β despite having two
unpaired electrons, suggesting that NH may not be an active film precursor. Finally,
the isoelectronic singlet species CF2, SiF2, and SiCl2 are clearly generated during
plasma-surface interactions (S�1). This may be related to these species’ inherent
stability, such that they are extremely probable reaction products. The low β values
strongly suggest that MX2 species (M = Si, C; X = F, Cl) may not be film precur-
sors, although ion-induced production of MX2 is a significant contributor. Notably,
singlet species without strongly electron-withdrawing substituents (SiH2, C3) exhibit
moderate reactivity, indicating that these species likely contribute to film growth.

Although these statements are generalizations, they represent a beginning for the
difficult task of characterizing plasma-surface interactions. Areas requiring continued
study include:

1. Measurement of internal and kinetic temperatures for multiple species within
a plasma system to determine energy partitioning and kinetics. As evident from
the �R and �T measurements discussed above, knowing only one of these does
not representatively assess Tg. Moreover, data for only a single plasma species
can result in a limited picture of energy partitioning.

2. Continued development of diagnostics applicable to a wider range of plasma
species. CRDS is perhaps the closest to meeting this need as it has the widest
applicability.

3. Increased focus on measurement of β values during processing to provide
broader views of plasma chemistry.

Thus, in situ measurement methods and creation of radical-surface interaction
databases to describe contributions of Figure 2 processes to the overall plasma chem-
istry are critical. Future efforts will significantly enhance our understanding of process
chemistry, with the goal of controlling plasma-surface interactions to create tailored
materials.
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SUMMARY POINTS

1. Application of multiple diagnostic tools is key to improving and controlling
plasma process chemistry.

2. Continued development of diagnostics applicable to a wider range of plasma
species is critical to enhancing our understanding of plasma processing.

3. Measurement of internal and kinetic temperatures for multiple species
within a plasma system to determine energy partitioning and kinetics will
significantly aid numerical modeling efforts.

4. Surface interaction data suggest that molecule-surface interactions are
strongly influenced by the molecule’s electronic configuration and dipole
moment, suggesting possible generalizations for these reactions.

FUTURE ISSUES

1. An increased focus on the measurement of β values during processing to
provide broader views of plasma chemistry is needed. Thus, in situ mea-
surement methods and creation of radical-surface interaction databases are
critical.

2. Additional progress will be made through development of numerical models
utilizing recent experimental data derived from plasma diagnostic tools,
which provide more accurate descriptions of the fate of individual species
during plasma processing.
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