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ABSTRACT The overall character of films deposited using plasma-enhanced chemical vapor deposition relies on the interactions of
gas-phase molecules with the depositing film surface. The steady-state surface interactions of CH, Cs;, CHF, and CF, have been
characterized at the interface of depositing fluorocarbon (FC) films using the imaging of radicals interacting with surfaces (IRIS)
technique. IRIS measurements show that the relative gas-phase densities of CH, Cs, CHF, and CF, in mixed FC plasmas depend on
the CH,F,/C5Fg ratio. Similar results are found using optical emission spectroscopy to monitor the production of excited-state plasma
species. The effects of plasma parameters, such as the feed gas composition and substrate bias on the radical surface, were measured.
Under all conditions, the surface reactivity for CH radicals is near unity, whereas those for C5, CHF, and CF, exhibit very low surface
reactivity but also show some dependence on experimental parameters. Under some conditions, CF, and CHF are generated at the
surface of the depositing film. Surface reactivity measurements indicate that CF,, CHF, and Cs may contribute to FC growth only
when adsorbing at reactive sites at the film surface. Moreover, the low surface reactivities of singlet species such as Cs, CF,, and CHF
may be related to the electronic configuration of the molecules.
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I. INTRODUCTION

Itralarge-scale integrated circuits (ULSIs) have been

used extensively in the microelectronics industry,

and the development of alternative low dielectric
constant materials for interlayer dielectrics has become a
topic of intense interest. Materials with low dielectric con-
stants are used to reduce the capacitance of dielectric
interlayers and improve the signal processing performance
in ULSIs (1, 2). Fluorocarbon (FC) films synthesized by
plasma-enhanced chemical vapor deposition (PECVD) are
good candidates for such dielectric materials because they
have a relatively low dielectric constant of less than 2.0 (1, 3).
FC films with low dielectric constants have been successfully
deposited using various FC gases such as CF, (4), C,F¢ (4, 5),
CsFg (6), C4Fg (6, 7), CsFsO (8—10), CHyF, (11), C,HyF,
(11, 12), and CHF5 (13). In addition to the deposition of FC
films, FC plasmas are also of interest for selective etching
of hard masks such as SisN, over new photoresists used in
193 nm ArF photolithography processes (14). In these
systems, mixtures of two FC gases (e.g., CHFs/CF,) and/or
mixtures of FC gases and H, (e.g., CH,F,/H,) are used to
maximize etch selectivity while minimizing unwanted FC
deposits.
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In an examination of films deposited in FC plasmas, high-
resolution C 1s X-ray photoelectron spectroscopy (XPS) data
reveal that a complex carbon-binding environment can be
created via the PECVD process. Comparable concentrations
of CF5, CF,, CF, and quaternary carbon moieties can be
found in many FC materials deposited via PECVD (15). The
ability to control the structure of deposited materials is
critical because the low dielectric constants (3), hydropho-
bicity (16), and dangling bond density of FC films (17, 18)
are associated with their structures. Previous results from
our group demonstrated that high-CF,-content films can be
achieved via downstream and pulsed PECVD using hexaflu-
oropropylene oxide (HFPO) as well as CsFg precursors
(9, 10). Other plasma parameters such as applied power,
pressure, and feed gas ratios strongly influence the resulting
film chemistry (14, 15, 19).

Not surprisingly, neutral plasma species are thought to
play essential roles in achieving the desired material proper-
ties and etch rates (20). A basic understanding of the
fundamental processes that occur in FC plasmas is essential
in optimizing the performance of these systems. Thus,
considerable effort has been focused on investigating the
role of CF, (x = 1—3) molecules in both deposition and
etching FC plasmas, especially at the gas—surface interface.
Several techniques have been employed to examine CFy
species, including infrared laser absorption spectroscopy
(21), threshold ionization mass spectroscopy (22, 23), and
laser-induced fluorescence (LIF) spectroscopy (24, 25). These
studies have primarily focused on the gas-phase densities
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of various species as a function of the plasma parameters
and attempts to correlate these densities with the resulting
film properties have been somewhat limited. We have
previously used our imaging of radicals interacting with
surfaces (IRIS) technique, which employs LIF for detection
of plasma species, to measure the CF, surface reactivity
using depositing FC plasmas (5, 6, 13, 26—28). Results
indicate that CF, may contribute to the FC film growth only
when adsorbing at radical sites created at the film surface.
More importantly, results from a range of FC precursors
demonstrated that energetic ion bombardment of the de-
posited FC film results in the surface production of CF, under
arange of conditions. The investigation of CFy radicals is not,
however, sufficient to understand the overall reaction kinet-
ics in FC plasmas and FC film deposition processes. Several
other radicals likely participate in gas-phase and surface
reactions during film deposition, especially in systems that
involve multiple gases as precursors.

One goal of the present IRIS experiments was to compare
the surface interactions of multiple radicals in FC depositing
plasmas under the same conditions to develop a deeper
understanding of how the interfacial reactions of different
radicals affect the FC film properties. Thus, we have mea-
sured CH, Cs, CHF, and CF, scattering coefficients and
surface reactivities during the deposition of FC films with a
range of compositions using CH,F,/CsFg plasmas. We have
also measured the relative gas-phase densities for both
ground- and excited-state species as a function of the CH,F,/
CsFg ratio in the feed gas using LIF and optical emission
spectroscopy (OES), respectively. Correlations are made
between the surface reactivity measurements of these radi-
cals and the FC film surface properties as measured by XPS.

II. EXPERIMENTAL DETAILS

The IRIS apparatus has been described in detail previ-
ously (6, 29). Briefly, IRIS uses molecular beams and LIF to
measure the steady-state surface reactivity of gas-phase
species during film deposition, as well as the relative gas-
phase density of plasma species as a function of different
plasma parameters [applied radio-frequency (RF) power (P),
pressure, and gas composition], and substrate bias. A nickel-
plated copper coil is used to couple 13.56 MHz rf power to
a cylindrical, glass tubular reactor to create a plasma. Expan-
sion of the plasma through a differentially pumped high-
vacuum system generates an effusive molecular beam,
which contains virtually all of the species present in the
plasma. For reactivity measurements, the molecular beam
is collimated by two slits mounted on a liquid-nitrogen-
cooled shield, which can be maintained at —160 °C during
data collection. This serves to minimize spurious scattering
off the differential wall. A tunable excimer-pumped (XeCl)
dye laser beam intersects the molecular beam at a 45° angle
downstream from the plasma source and excites the se-
lected molecule. Spatially resolved LIF signals are collected
by a gated, intensified charge-coupled device (ICCD) located
perpendicular to both the molecular beam and the laser
beam, directly above the interaction region. In general, the
ICCD camera had a 2.0—3.0 us gate width and a 1.70 us gate
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delay, which were largely determined by the fluorescence
lifetime of the specific molecule under study.

For rotational excitation spectra, tunable laser light is
produced from an excimer-pumped dye laser. The total
fluorescence produced by a particular radical transition is
collected and plotted as a function of the laser wavelength.
For relative density and reactivity measurements, the LIF
intensity produced by a particular transition is collected as
a function of the plasma parameters, such as the feed gas
composition or P. Steady-state surface reactivity measure-
ments are performed by setting the laser to a particular
absorption frequency for the molecule of interest. The
spatially resolved LIF intensity was collected; a substrate was
then rotated directly into the path of the molecular beam,
situated at a known distance from the laser beam (3.0—3.6
mm), and LIF signals were again collected. Differences
between the spatial distributions with the surface in and out
of the path of the molecular beam were used to measure
radical—surface reactivity. Background images, acquired
with the laser tuned to an off-resonance wavelength, were
subtracted from the corresponding on-resonance image. For
CHF reactivity measurements, background images were
collected with the laser off because the off-resonance images
contained significant spurious light signals. A one-dimen-
sional cross section of the image was made by averaging 20
columns of pixels (7.7 mm) containing the LIF signal and
plotting the signal intensity as a function of the distance
along the laser beam path. To ensure that steady-state
conditions had been reached, the substrates were exposed
to the plasma molecular beam for 10—30 min before begin-
ning IRIS measurements, allowing several nanometers of
film to be deposited on the surface.

A numerical simulation based on the experimental ge-
ometry of the IRIS apparatus is used to quantify the molec-
ular scatter from the LIF signals acquired (30). The simula-
tion calculates the spatial distribution of the radical number
density in the molecular beam at the interaction region as
well as the radical number density along the laser axis for
molecules scattering from the substrate surface, assuming
an adsorption—desorption scattering mechanism. The cal-
culated curve for this type of scatter assumes that all incident
radicals leave the surface with a cosine distribution about
the surface normal. To determine the surface reactivity of a
specific molecule, the fraction of radicals scattering from the
surface, S, is adjusted to best fit the experimental data. The
steady-state surface reactivity, R, is defined as 1 — S. Clearly,
when S > 1, surface generation of the radical is occurring
(6, 31, 32). Similarly, when S < 1, the molecules are lost at
the surface during deposition, presumably via incorporation
into the growing film. Note, however, that IRIS measure-
ments do not track a single molecule, so reaction of the
species under study to form a volatile species that desorbs
from the surface cannot be excluded. To further establish
the contributions of other plasma species on the observed
reactivities, ion effects on scattering values were studied by
applying +200 V bias on the substrate to repel positively
charged species (6, 31, 33).
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Table 1. IRIS Conditions for Radical Reactivity Measurements

wavelength (nm) slit sizes (nm) ICCD camera

radiative liquid nitrogen
radical transition lifetime on-resonance off-resonance laser dye first  second cooling (°C) gate width gate delay
CH AA—XTI 537 ns® 430.402 430.200  Coumarin 440 1.60 1.70 2.0 us 1.68us
Cs I, — X" 200 ns(54)  404.993 405.140  Exalite 404 1.75 1.70 —160 2.5 us 1.77us
CHF A'A”(000) — X'A’(000) 2.45 us™ 579.120 Laser off ~ Rhodamine 590 1.60 1.70 3.0 us 1.78us
CF, A'B—X'A 61 ns(44) 234.323 235.000  Coumarin 47  1.0—1.1 1.2—1.4 —160 100 ns 1.65us

The surface reactivities of CH, Cs, CHF, and CF, radicals
were measured at the surface of a growing FC film in CH,F,/
CsFg plasmas with different gas ratios. Relevant IRIS condi-
tions for the reactivity measurements of these species are
listed in Table 1, along with their radiative lifetimes (26—29).
The total fluorescence was collected over a time period that
was longer than the entire radiative lifetime of each species.
Tunable laser light for the excitation of a particular radical
was produced using different laser dyes (Table 1). The
plasma molecular beam was collimated by two slits, 1.0—1.75
and 1.2—1.7 mm wide, respectively, with the second slit
located 12 mm downstream from the first slit. For C5 and
CF, reactivity measurements, the two slits were cooled to
minimize the effects from signals of molecules scattering off
of the slits (30, 34—36). The CH and CHF species do not have
large scattering signals; thus, the slits were not cooled so as
to maximize the signal intensity for these two molecules.

The FC films deposited on the substrate in the IRIS
apparatus at different gas compositions were analyzed by
XPS using a Physical Electronics PE5800 ESCA/Auger elec-
tron spectroscopy system. Survey scans (0—1000 eV) ac-
quired with an analyzer pass energy of 93.9 eV were used
to determine the elemental composition. A photoelectron
take-off angle of 45° was used for all spectra. High-resolution
C 1s spectra were decomposed to analyze the C-bonding
environment in the films. Specifically, CF5 (293.9—294.2 eV)
and CF; (291.8—291.4 eV) groups function as chain-termi-
nation and chain-elongation groups, respectively, whereas
—CF—CF (289.4—288.7 eV), C—C,F, (287.3—286.7 eV), and
C—H (285.7 eV) species contribute to cross-linking and
branching in the film (16, 30). Note that the spectra were
corrected for surface charging by setting the hydrocarbon
component to 285.7 eV.

OES data were collected in an independent inductively
coupled plasma reactor (37, 38) similar to the source for the
IRIS apparatus. The reactor was fitted with a replaceable
fused quartz window at the downstream end, allowing for
the coaxial collection of plasma emission for maximum
signal intensities. Plasma emission was imaged onto the 10
um entrance slit of an Avantes multichannel spectrometer
fitted with four optical fibers fused into one cable. The
spectrometer houses four fiber gratings, yielding a 0.1 nm
resolution, four 3648 pixel charged-coupled device array
detectors, and a wavelength detection range from 187 to
1016 nm. Emission signal integration times were set to 10
ms. Actinometry was used to provide comparative, quantita-
tive data on the species of interest in our IRIS experiments.
Thus, small amounts (3—5 %) of argon (actinometric signal
for Ar* at 750.4 nm) were added to the CH,F,/C5Fg plasmas
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(38). In its simplest form, the ratio of the emission intensity
from the excited-state species of interest () to that of an
actinometer (I, is taken as the relative number density for
the species of interest (12). Here, we used signals at the
following wavelengths for the respective molecules: 340.94
nm (CF,), 405.08 nm (Cs), 431.34 nm (CH), and 578.5 nm
(CHF) (12, 39—41).

III. RESULTS
The spectral selectivity of LIF allows identification and

independent study of a specific radical in a molecular beam
containing many different species. In principle, the tunable
XeCl dye laser beam (200—800 nm) can selectively excite
various radicals during film deposition for IRIS measure-
ments. LIF excitation spectra for CF,, CH, and C5 recorded
in our IRIS instrument have been described previously
(6, 42, 43). With all three molecules, a comparison to
literature spectra verified that the fluorescing species was
identified correctly. Similar spectra were acquired here prior
to performing reactivity measurements (not shown). Be-
cause CHF is the only molecule studied here that has not
previously been characterized in our IRIS apparatus, we
collected extensive fluorescence excitation spectra for this
molecule, an example of which is shown in Figure 1. A
comparison to literature spectra verifies that the fluorescing
species is indeed CHF (44). All CHF reactivity data presented
here were taken with the laser tuned to the band at 579.13
nm, corresponding to the wavelength of the PQ, band origin
of the CHF A'A”(000) — X'A’(000) transition.

One key to understanding the FC deposition processes
is determining formation mechanisms for potential deposi-
tion precursors. Here, we determined the relative amounts
of CH, Cs, CF,, and CHF radicals as a function of the
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FIGURE 1. Laser excitation spectrum of the CHF A'A”(000)
X'A’(000) transition, with positions of the Q branch band heads
marked. For this spectrum, CHF was formed from a CH,F, plasma
at P = 50 W and a pressure of 100 mTorr. The spectrum was
acquired by stepping the laser from 574.5 to 581 nm in 0.01 nm
increments.
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FIGURE 2. LIF intensities as a function of the CH,F, fraction in the
feed gas for (a) CH in CH,F,/CsFg plasmas at a total pressure of 120
mTorr and P = 120 W along with C; and CHF in CH,F,/C5Fs plasmas
at a total pressure of 100 mTorr and P = 100 W and (b) CF, in CH,F,/
CsFg plasmas at a total pressure of 100 mTorr and P = 100 W.

deposition parameters, most notably gas ratios. Figure 2
contains CH, Cs, CF,, and CHF LIF intensities as a function
of the CH,F, fraction in CH,F,/C5Fg plasmas. Data for the CH
radical were acquired at slightly higher P and pressure to
maximize the signal intensity. As expected, the signal
intensities for all four molecules show a clear dependence
on the CH,F, fraction. Specifically, the densities of CH, Cs,
and CHF in the mixed-gas plasmas increase when the CH,F,
fraction increases from 0 to 100 % (Figure 2a). At low CH,F,
fractions, the amount of CH is virtually zero, rising sharply
as the % CH,F, increases above ~50%. The Cs density
increases only slightly with the CH,F, fraction, whereas that
for CHF increases substantially from % CH,F, = 10 to %
CH,F, = 90. This suggests that the CH and CHF molecules
are formed solely from the CH,F, precursor, whereas Cs is
likely formed by multiple reactions in the gas phase of the
plasma but is clearly directly related to the CH,F, precursor.
The CF, LIF intensities are plotted as a function of % CH,F,
in Figure 2b. Note that, although not absolute, the raw
intensities for CF, are more than an order of magnitude
larger than any of the other three species, suggesting this is
the predominant species in all of these plasmas. These
results are consistent with previous mass spectrometry
results from our laboratory, which show that CF, is present
in CsFg plasmas (6, 28). Moreover, the CF, LIF intensity
increases somewhat with an increased CH,F, fraction in the
feed (up to ~40%) and then decreases at CH,F, fractions
above 45%. Thus, it is the decomposition of the CsFsg
precursor that contributes most significantly to CF, produc-
tion in the plasma. Small additions of CH,F, do, however,
contribute to an increase in the CF, density, suggesting that
some CF, arises from this precursor.

www.acsami.org

The LIF density data provide information on the ground-
state species in the plasma. It is also useful to examine the
emission intensities of the same species (CH, Cs, CF,, and
CHF) to show the variation in excited-state species produc-
tion as the feed gas composition is varied. In mixtures
consisting primarily of CsFg (Figure 3a), a prominent CF,
band exists at 250—350 nm. As the CsFg concentration in
the feed is decreased (Figure 3b), the CF, band effectively
disappears, indicating significant changes in excited-state
species production within the plasma. Actinometric OES
data provide a quantitative illustration of molecule produc-
tion as the feed gas ratio is varied (Figure 3c,d). The forma-
tion of two species, C5* and CH*, is not highly dependent
on % CH,F, in the feed (Figure 3c¢), suggesting that these
species do not arise preferentially from either precursor gas.
Note that there is a somewhat more pronounced depen-
dence on the feed gas composition for emission from F
atoms in the plasma, with more signals arising in plasmas
with higher CHyF, content. Although CHF* has a slight
dependence on the feed gas ratio (Figure 3c), increasing
slightly at higher CH,F, concentrations, the overall intensity
is much smaller than that of either C5* or CH*. The lack of
a strong dependence of CHF* and CH* production observed
in the OES contrasts sharply with the LIF data for ground-
state species (Figure 2a). Figure 3d shows the actinometric
OES data for CF, and Hy in the FC plasmas. For CF,, the data
demonstrate a gas ratio dependence nearly identical with
that observed in the LIF data (Figure 2b), supporting the
hypothesis that CsFg is the precursor responsible for CF,
production. Interestingly, the data for the H, emission show
the opposite trend with a nearly monotonic increase in the
signal as the fraction of CsFg in the feed decreases.

The surface reactivity in IRIS experiments is measured
by a comparison of the ICCD images obtained with the
substrate in and out of the path of the plasma molecular
beam. Figure 4 shows a series of ICCD images for CH in an
80 W, 100/20 mTorr CH,F,/CsFg plasma. The LIF signal from
CH in the molecular beam is shown in Figure 4a. Figure 4b
contains the LIF signal acquired with a silicon substrate
rotated into the path of the molecular beam, imaging both
the incident and scattered CH radicals. Figure 4c is the
difference between parts b and a of Figure 4, revealing only
a slight signal arising from CH desorbing from the surface.
Figure 5 shows the same series of IRIS images for CHF from
a 100 W, 30/70 mTorr CH,F,/C5Fg plasma molecular beam
interacting with a silicon substrate. The difference between
the images shown in parts a and b of Figure 5 provides a
spatially resolved image of CHF radicals scattered from the
FC growing surface (Figure 5c¢). In contrast to the image
shown in Figure 4c, there is clearly a considerable amount
of CHF emanating from the surface.

To quantify the amount of scatter for a set of reactivity
data, a cross section of 20 columns of pixels were averaged
and plotted as a function of the distance along the laser axis.
Cross-sectional data for all four molecules are shown in
Figure 6. Figure 6a contains the cross sections of the LIF
images of CH shown in Figure 4a,c. Also shown in Figure
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FIGURE 3. OES spectra of mixtures of FC plasmas (P = 100 W, total pressure of 100 mTorr) with mixtures of (a) 30/70 mTorr CH,F,/CsFs and
(b) 85/15 mTorr CH,F,/CsFg. Actinometric OES data as a function of the CH,F, fraction in the feed gas are shown for (c) CH, CHF, Cs, and F
atoms and (d) CF, and H, atoms. Note that the H, data have been decreased by a factor of 10 in this plot. Error bars represent 1 standard
deviation from the mean of three trials.
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FIGURE 4. ICCD images of CH LIF signals in (a) a 80 W, 100/20 mTorr CH,F,/C;sFs plasma molecular beam and (b) with a silicon substrate
rotated into the path of the molecular beam. The image shown in part c is the difference between the images in parts a and b and corresponds
to CH radicals scattered from the surface. Dashed lines indicate the locations of the molecular beam and the laser beam.
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FIGURE 5. ICCD images of CHF LIF signals in (a) a 100 W, 30/70 mTorr CH,F,/C;Fg (total pressure 100 mTorr) plasma molecular beam and (b)
with a silicon substrate rotated into the path of the molecular beam. The image shown in part c is the difference between the images in parts
a and b and corresponds to CHF radicals scattered from the surface. Dashed lines indicate the locations of the molecular beam and the laser
beam.

6a are simulated curves for molecules in the incident beam plasmas (43). Parts b—d of Figure 6 provide representative

and for scattered CH, assuming an adsorption—desorption
mechanism, with S = 0.05 £ 0.05. This value is consistent
with previous IRIS measurements for CH formed from CHy
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sets of experimental cross sections and simulated curves for
Cs radicals from a 80 W, 13/87 mTorr CH,F,/C5Fg plasma,
CF; from a 100 W, 40/60 mTorr CH,F,/C5Fg plasma, and
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FIGURE 6. Representative sets of experimental data (molecules in incident molecular beams and scattered from a 300 K silicon substrate)
and simulated curves for IRIS data acquired for (a) CH produced in a 80 W, 100/20 mTorr CH,F,/C5Fg plasma, (b) Cs produced in a 80 W, 13/87
mTorr CH,F,/C5Fg plasma, (c) CF, produced in a 100 W, 40/60 CH,F,/C;Fs plasma, and (d) CHF produced in a 100 W, 30/70 mTorr CH,F,/CsFs
plasma. In all systems, the plasma molecular beams were impinging on +200 V biased room-temperature silicon substrates and a-F:C films

were being deposited on the substrates.

CHF radicals froma 100 W, 30/70 mTorr CH,F,/C5Fg plasma,
respectively. The Figure 6 data demonstrate that the differ-
ent radicals studied have very different scatter coefficients
during FC film growth. In particular, it is clear that CH is
much more reactive than the other three molecules. The
averages of several data sets for the conditions provided in
Figure 6 yield S(CH) = 0.05 + 0.07, S(C5) = 0.68 £ 0.09,
S(CF,) = 0.84 £ 0.11, and S(CHF) = 1.40 £ 0.05. These
correspond to surface reactivities or surface loss coefficients
of R(CH) = 0.95 £ 0.07, R(C5) = 0.32 £ 0.09, and R(CF,) =
0.16 £ 0.11. Note that the S(CHF) value is greater than 1,
indicating that a net surface generation of CHF occurs during
film growth under these conditions. In contrast, the ex-
tremely high R(CH) values clearly suggest that CH radicals
are active during film growth. The intermediate values found
for C5 and CF, are indicative of moderate surface reactivity.

The effects of the CH,F, fraction, substrate bias, and P
on the surface reactivities of CH, Cs, CF,, and CHF radicals
were measured, and the resulting S values are listed in Table

www.acsami.org

2. Note that P-dependence measurements were only per-
formed for the CH molecule. The scattering coefficients of
CH do not show any dependence on the feed gas composi-
tion, substrate bias, or P. Indeed, S(CH) values are all less
than about 0.05 £ 0.07, indicating that virtually all of CH is
lost at the surface during FC film deposition. Again, this is
consistent with our previous measurements for CH in other
plasma systems (43) and also correlates with the results for
the isoelectronic SiH molecule in silane systems (45). The
S(C5) values (0.62—0.90) also do not show a clear depen-
dence on the gas composition or substrate bias, although
they do vary somewhat depending on conditions. Scatter
coefficients for Cs measured with a +-200 V bias are slightly
elevated from those acquired with a grounded substrate.
These values indicate the moderate surface reactivity of Cs
radicals during FC film deposition.

In contrast, the scattering coefficients for CF, appear to
have some dependence on substrate bias. Specifically, ap-
plying a +200 V bias on the substrate leads to a significant
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Table 2. Surface Scattering Coefficient (S) Values
for Species in CH,F,/C5Fg Plasmas

species CH,F,/CsFg gas ratio (mTorr) bias (V) P (W) S
CH 120/0 0 80 0.00 (0.04)
120/0 200 80 0.03(0.04)
100/20 0 80 0.02 (0.05)
100/20 200 80 0.03 (0.05)
80/40 0 80 0.04 (0.05)
80/40 200 80 0.02 (0.06)
120/0 0 120 0.00 (0.06)
120/0 200 120 0.05(0.05)
100/20 0 120 0.01 (0.06)
100/20 200 120 0.05 (0.05)
80/40 0 120 0.01 (0.03)
80/40 200 120 0.03 (0.05)
cs? 100/0 0 80 0.86(0.07)
100/0 200 0.90 (0.06)
87113 0 0.62 (0.11)
87113 200 0.68 (0.09)
70/30 0 0.72 (0.07)
70/30 200 0.88 (0.11)
50/50 0 0.62 (0.11)
50/50 200 0.67 (0.08)
CF, 0/100 200 100 0.70 (0.05)
0/100 0 1.31 (0.06)
40/60 200 0.84 (0.11)
40/60 0 0.87 (0.10)
CHF 85/15 0 100 1.65(0.06)
70/30 0 1.40 (0.05)
65135 0 1.32 (0.07)
50/50 0 1.40 (0.15)
30/70 0 1.25(0.15)
15/85 0 1.00 (0.15)
85/15 200 1.70 (0.05)
70/30 200 1.40 (0.05)
65135 200 1.50 (0.10)
50/50 200 1.40 (0.12)
30/70 200 1.35(0.12)
15185 200 1.10 (0.17)

“Errors for S values (given in parentheses) are the standard
deviation of the mean of a minimum of three values. ® These values
have been reported previously (42).

reduction in the S values when a 100 % CsFg plasma is used.
The S(CF,) > 1 value measured without substrate bias
indicates net surface production of CF, during FC film
deposition, which is consistent with the results reported
previously (34). Mass spectra of positive ions in the C5Fg
plasma molecular beams indicate that the major ionic
constituents are CF', CE,*, and CFs" (33). All ions have
broad, complex energy distributions with mean ion energies
ranging from 28 to 92 eV, depending on P and the gas
pressure. These energetic ions have sufficient energy to
break chemical bonds in FC films, one possible mechanism
for the observed surface production of CF,. The +200 V
substrate bias effectively repels positive ions from reaching
the substrate, such that “ion-free” conditions are created.
The S(CF,) < 1 values measured with CH,F,/C5Fg mixtures
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FIGURE 7. Surface scatter coefficients for CHF, S(CHF), as a function
of the CH,F, fraction in the feed gas. Data shown were acquired using
either a 300 K grounded substrate (open circles) or a 300 K, +200 V
substrate (open triangles).

indicate that CF, radicals are reactive during FC film deposi-
tion in this system.

S(CHF) values show a clear dependence on the gas
composition, increasing from 1.10 £ 0.17 at % CH,F, =15
to 1.70 & 0.05 at % CH,F, = 85, for substrates with no bias
(Figure 7). Also shown in Figure 7 are the S(CHF) values for
measurements made with a +200 V substrate bias. Interest-
ingly, these values are not statistically different from those
measured on the unbiased substrates. Note S(CHF) > 1 under
nearly all conditions, indicating that net surface production
of CHF occurs during FC film deposition. Interestingly, this
observation tracks with the OES data in Figure 3, which
clearly shows that the gas-phase concentration of F and H
atoms also increases with % CH,F, in the feed.

XPS analysis of the FC films deposited in the IRIS ap-
paratus using CH,F,/CsFg plasmas provides elemental and
structural data. High-resolution C 1s spectra of FC films
deposited at four different CH,F,/C5Fg ratios are shown in
Figure 8. Although all of these films can be considered to be
amorphous fluorinated, hydrogenated carbon films (a-C:
F,H), some distinctions can be made between the materials.
Parts a and b of Figure 8 contain spectra of FC films
deposited with % CH,F, = 0 and 12, respectively. These
films clearly contain a variety of CF, moieties, including

CF5, CF,, CF, and C—CH,F,. Increasing the % CH,F, to 88

and 100 (parts ¢ and d of Figure 8, respectively) yields films
with a marked increase in the amount of C—CH,F, and CH
functionalities. The spectrum of the film deposited from a
100% CH,F, plasma (Figure 8d) is dominated by CH and
C—CH,F, moieties, with little contribution from CF, groups.
In FC films, CF5 and CF, groups function as chain-termina-
tion and chain-elongation groups, respectively (9, 10). In
contrast, —CF—CF, —CF—C, C—C,F,, and C—H are consid-
ered species that contribute to cross-linking and branching
in the film (9, 10). Thus, increasing the CH,F, content of the
plasma contributes to the deposition of FC films with more
cross-linked structure.

IV. DISCUSSION
Film growth via PECVD is a complex process involving a

wide range of molecule—surface interaction and interfacial
processes that are often difficult to fully characterize. These
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FIGURE 8. High-resolution C 1s spectra of FC films deposited at different CH,F,/C5F; ratios (P = 100 W): (a) 0/100 mTorr; (b) 12/88 mTorr; (C)

88/12 mTorr; (d) 100/0 mTorr.

processes include radical—surface reactions and energetic
ion bombardment that serve to create radical sites in the
growing film surface. Subsequent molecule—surface interac-
tions can result in the recombination or termination of those
radical sites. In FC systems, unraveling the interface chem-
istry becomes more problematic because substrate etching
and film deposition are competing processes that occur
simultaneously (15). Understanding molecule—surface in-
teractions for multiple species present in these systems is
one step toward developing a deeper knowledge of the
overall mechanisms controlling plasma—surface interactions.

Our previous IRIS measurements in FC systems have
focused on CF, and have been performed using plasmas
formed from a single precursor such as CHF5, HFPO, CsFg,
or C4Fs (13, 26, 28, 46). In nearly all systems, CF, is
generated at the surface during plasma processing. More-
over, creating “ion-free” conditions using a variety of differ-
ent techniques, including placing a grounded mesh screen
in the path of the molecular beam as well as +200 V biasing
of the substrate, suggests that the observed CF, surface
generation is the result of ion bombardment of the deposit-
ing FC film. Using a hot-filament CVD source that does not
produce ions that can react or physically sputter the depos-
ited film, we observed a near-unity scattering coefficient for
CF, but no surface production (26). Here, our IRIS measure-
ments of CF, in the mixed FC plasmas also indicate a very
low surface reactivity of CF, or surface production in the case
of the 100 % CsFg plasma. One possible explanation for this
low reactivity of CF; is that CF, may only contribute to film
deposition when adsorbing to radical sites that have been
created on the film surface during ion bombardment. It
should also be noted that R(CF,) values of ~0.2 have been
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observed previously in our laboratories when a-C:F,H films
are produced from 50/50 C,F¢/H, plasmas (47), consistent
with the values determined here using a 40/60 CH,F,/C5Fg
plasma (Table 2).

Our IRIS measurements indicate that S(CHF) = 1 under
all conditions studied here, suggesting that CHF can be
generated during radical—surface reactions, similar to the
CF, molecule. CHF is likely formed in the gas phase of the
plasma through an electron impact reaction such as process
(1), which also leads to formation of a stable HF molecule.

CH,F,+e —CHF+HF+e~ (1)

The strong dependence of the CHF LIF signal on % CH,F,
in the feed clearly indicates that CHF is formed via the direct
dissociation of CH,F, and is not likely the result of secondary
gas-phase recombination reactions between previously
formed fragment species. Similar to results for CF,, CHF may
also contribute to film growth when reacting at radical sites
created at the surface of the growing film. Previous IRIS
measurements in our laboratory on a wide range of plasma
species indicate that a radical’s surface reactivity may be
related to the radical’s electronic configuration and stability
(27, 48). For example, both CHF and CF, have singlet
electronic configurations and both species exhibit low sur-
face reactivities. Examination of the C 1s XPS data for films
deposited in our mixed CH,F,/CsFg plasmas yields some
additional insight into possible mechanisms for the surface
production of CHF. Specifically, for films deposited in these
systems, in addition to CF, (x = 1—3) groups, comparable
concentrations of CH, (x = 1—3) groups are also found.
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Highly reactive gas-phase F or H atoms can react with the
bonded —CHF, (x = 0, 1; y = 0, 1) at the depositing film
surface, as shown in processes (2)—(5).

CHF F
++F=++CHF @

CH 3

CHF H 4)
++H=++CHF

CF )
++H=++CHF

These reactions are likely large contributors to the ob-
served surface generation of CHF. Interestingly, our work
with CF, molecules has indicated that conditions leading to
highly cross-linked films result in higher S(CF,) values (28).
This general trend appears to hold for S(CHF) molecules as
well. Additional studies are currently underway to examine
the P dependence of both CHF and CF, in these systems
because previous studies in our group have shown that
significantly more scatter is observed for singlet molecules
at higher applied rf powers if the molecule is formed via
surface generation (6, 28, 31, 32).

The third molecule studied here with a singlet electronic
configuration is Cs. Formation of Cs in the gas phase of the
plasma must proceed via a series of reactions. One possible
scenario involves the electron impact dissociation to form
gas-phase C atoms, process (6). Dimerization of carbon has
been confirmed experimentally to occur via reaction (7) (49).

CHF+e —C+HF+e (6)

C+C+M—C,+M (7)

Subsequently, Cs is primarily produced in the gas phase by
three-body reactions between C atoms and C,, process (8)
(50).

C,+C+M—C,+M ®)

Our LIF density data demonstrate that the Cs content in the
plasma rapidly increases with an increase in the CH,F,
fraction (Figure 2a). Although the dependence appears to be
less dramatic, a similar trend is observed for Cs* in the OES
data (Figure 3c). Similar to the other singlet molecule studies
here, C5 exhibits a fairly low surface reactivity (R ~ 0.1) in
the 100 % CH,F, plasma. At lower concentrations of CH,F,
in the feed, Cs reactivity does increase, with the highest R
value measured at ~0.38. Interestingly, R(Cs) does not
exhibit clear trends with any of the parameters examined
thus far (i.e., gas ratio, substrate bias, etc.) (42). The arguably
moderate reactivities found for the C; molecule do, however,
suggest that it is an active species in the deposition of a-C:
F,H films in these systems, consistent with the results of van
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de Sanden and co-workers (51). Again, additional P-depen-
dence studies would lend further insight into the surface
interactions of this species.

The fourth molecule studied here, CH, has a doublet
configuration, unlike the other three molecules. In the
plasma, CH radicals are likely produced during energetic
collisions of electrons with CH,F, molecules, as suggested
by the strong dependence of the CH density on the CH,F,
concentration (Figure 2a). The surface reactivity of CH
radicals has been previously measured during the deposition
of hydrogenated diamondlike carbon films using CH, rf
plasmas (43). Consistent with the present results (Table 2),
the measured surface reactivity of CH in methane-based
systems was near unity and showed no dependence on the
applied rf power, feed gas composition, or substrate bias.
Notably, we have recently reported similar results for CN
radicals, which also have a doublet electronic configuration
in amorphous carbon nitride (a-C:N) film deposition using
CH5CN plasmas (52). Specifically, CN reacts with high prob-
ability (S(CN) ~0.8) at the growing a-C:N film surface and is
not dependent on any experimental parameters. In the
CH5CN system, we believe CN radicals are the major source
of the nitrogen content of the films. In the FC systems
studied here, CH radicals are likely contributing to the
growing a-C:F,H film via reactions with radical sites on the
surface, insertion into C—H or C—F bonds on the surface,
or surface-induced dissociation. Alternatively, another pos-
sible surface loss mechanism is CH abstraction of a surface
fluorine (or hydrogen) and desorption of CHF (or CHy),
process (9).

CH(g) + F(ads) — CHF(g) )

Process (9) would also contribute to the observed surface
generation of CHF during film formation. Overall, it appears
that CH and Cs contribute to the formation of a-C:F,H films
in these systems, whereas CHF and CF, are not dominant
film precursors. As a final note, this work has focused on
only four plasma species in these systems. Clearly, other
plasma species such as CF and CF5 are also possible film
precursors in these systems. Moreover, the observed surface
generation of CF, and CHF could arise from the surface
interactions of plasma species such as CF5 and CF or ionic
species such as CF5", CF,", or CF". Dissociation, surface
atom abstraction, and neutralization of ionic species at the
surface are all possible mechanisms that could account for
all or some of the observed surface generation in these
systems. IRIS measurements are currently underway to
explore at least some of these species, most notably CF and
the effectofionic species onthe measured surface interactions.

V. SUMMARY
We have investigated the gas-phase density of various

carbon-containing species, specifically CH, C5, CHF, and CF,
using OES and LIF. These data demonstrate that both the
ground and excited states of CF, and CHF have a strong
dependence on the feed gas composition. In contrast, the
formation of CH* and Cs* in the plasma does not exhibit a
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strong dependence on the feed gas concentration, whereas
the formation of the ground-state CH and Cs species does,
with much higher C5 signals arising from high CH,F, content
plasmas. We have also measured the surface interactions
of these species during PECVD of FC films using CH,F,/C5Fg
plasmas with different gas ratios. These IRIS data offer an
opportunity to explore the effects of various radicals on the
FC film deposition. A surface reactivity of nearly unity has
been observed for CH, a radical with a doublet electronic
configuration, whereas the plasma species with singlet
electronic configurations, CF,, CHF, and Cs, exhibit very low
surface reactivity or surface generation during a-C:F,H for-
mation. Additional IRIS experiments currently underway in
our laboratory will allow for further exploration of the
hypothesis that a molecule’s surface interactions can be
predicted by its electronic configuration.
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