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Hexafluoropropylene oxide (HFPO) flow rate and filament preconditioning time were found
to strongly influence the structure and morphology of fluorocarbon films grown by hot
filament chemical vapor deposition (HFCVD). The four films discussed in this work all
exhibited the vibrational frequencies of linear CF2 chains, which are also characteristic of
bulk poly(tetrafluoroethylene) (PTFE), as shown through Fourier transform infrared
spectroscopy (FTIR). The films also incorporated hydroxyl (OH) and carbonyl/carboxyl (CO/
COO) groups to varying degrees. Analogous to the behavior of irradiated PTFE, the OH
and CO/COO groups may have formed when unterminated chain end radicals reacted with
oxygen and water. The surface morphology of the four films, as revealed through atomic
force microscopy (AFM), ranged from spherical nodules to anisotropic rodlike grains. An
increased aspect ratio of the grains and lower OH incorporation both correlated with the
decreased film deposition rate. The hypothesis that long CF2 chains with a preferred direction
of growth are favored by slow deposition would account for both the anisotropy in morphology
and the reduction in OH chain ends. An analysis of the chamber effluent supports the
proposed mechanism for thermal decomposition of HFPO during HFCVD.

Introduction

Hot filament chemical vapor deposition1,2 (HFCVD)
represents an alternative to plasma-enhanced chemical
vapor deposition3,4 (PECVD) methods for growing fluo-
rocarbon films. In HFCVD, the substrate temperature
and gas precursor breakdown temperature are inde-
pendently controlled, which is a distinct difference from
conventional thermal CVD. Specifically, HFCVD en-
ables adsorption-limited reactions to occur on the colder
substrate while the hotter filament temperature drives
the pyrolytic decomposition of the precursor. The ab-
sence of plasma excitation in HFCVD also minimizes
the potential structural damage or rearrangement of the
film from ion bombardment,5 X-ray,6 and electron ir-
radiation.7

HFCVD from hexafluoropropylene oxide (HFPO) pre-
cursor produces films comprised predominantly of CF2,
as indicated by X-ray photoelectron spectroscopy (XPS).1,2

Solid-state nuclear magnetic resonance (NMR) spec-
troscopy shows >97% of the film is comprised of linear
CF2CF2CF2 chains.2,8 This is higher in CF2 content than
films deposited by downstream PECVD, which is <90%
from XPS.9,10 The deposition rate for HFCVD can exceed
1 µm/h,1 which is substantially more rapid than down-
stream deposition from an HFPO plasma with a rate of
12 nm/h.10 Thus, HFCVD fluorocarbon films of substan-
tial thickness (>250 nm) can be produced.

Scheme 1 summarizes the potential mechanism for
deposition during HFPO HFCVD. HFPO decomposes
above 150 °C to generate difluorocarbene (CF2) and a
stable trifluoroacetyl fluoride (TFAcF) gas.11-13 Gas-
phase recombination of two CF2 diradicals yields tet-
rafluoroethylene (TFE).14 Polymerization of TFE into
linear CF2 chains of poly(tetrafluoroethylene) (PTFE)
is thermodynamically not very favorable at the condi-
tions of the HFCVD reactor.15,16 Instead, it is highly
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favorable for CF2 diradicals to undergo such polymer-
ization.16 It remains to be determined if the polymeri-
zation occurs in the gas phase or at the substrate or if
polymerization can proceed simultaneously in both
locations.

This paper investigates the structure and morphology
of HFCVD films prepared under four different CVD
conditions using Fourier transform infrared (FTIR)
spectroscopy and atomic force microscopy (AFM), re-
spectively. The bulk chemical characterization via FTIR
provides a more detailed structural description of the
HFCVD fluorocarbon films than from either XPS or
solid-state NMR.2 Furthermore, the bulk characteristics
of these relatively thick films (>250 nm) are of great
significance for many applications, including low dielec-
tric constant interconnects in microelectronics17 and
biopassivation coatings.18,19

Experimental Section

HFCVD was performed using undiluted HFPO (CF3CF(O)-
CF2) (DuPont) at a chamber pressure of 1 Torr. The four
deposition conditions, varying only in precursor flow rate and
filament preconditioning time, are summarized in Table 1.
Preconditioning time refers to the duration of filament heating
at the respective process condition prior to actual film deposi-
tion. Films were grown on 100-mm-diameter p-type silicon
wafers for a total deposition time of 1 h. Each deposition
utilized a new 28 AWG Nichrome wire (80% Ni/20% Cr)
(Omega Engineering), which was mounted into a filament
array and resistively heated to a filament temperature of 500
( 50 °C. With use of backside water cooling, the substrate
temperature was maintained at 21 ( 5 °C. The filament to
substrate spacing was 15 mm. Further details of chamber and
filament configuration have been described elsewhere.1,2,20

Film thickness was measured on a P10 Tencor profilometer.
FTIR spectra were acquired under transmission over the range
of 400-4000 cm-1 on a Nicolet Magna 860 spectrometer with
a DTGS KBr detector. A continuous nitrogen purge was used
during each acquisition of 64 averages and subsequent spectral

subtraction removed the background absorption signal from
the silicon substrate. The OH/CF2 ratio was obtained from each
spectrum by integrating the broad OH peak centered at 3523
cm-1 and dividing by the area of the CF2 stretches at 1155
and 1215 cm-1.

AFM images were acquired on a Digital Instruments
Dimension 3000 under tapping mode with a standard etched
silicon tip. Scan areas were 2 × 2 µm, although one film sample
with larger grain sizes required a scan area of 50 × 50 µm.
For the observed grains, the average and standard deviation
of the aspect ratio (length divided by width) were calculated
from the measurement of 50-100 grains in each AFM image,
sufficient for a statistical representation.21

Gas-phase FTIR spectra of the reactor effluent from the final
pump stage were taken using a MIDAC I-2000 spectrometer
equipped with a ZnSe absorption cell having an optical path
length of 1 cm. Spectra were taken of the background with no
HFPO flow, of unreacted HFPO, and of the effluent during
deposition. To elucidate the gas species present, background-
subtracted spectra were regressed using a nonlinear least-
squares routine to reference spectra of potential component
gases: HFPO, TFAcF, TFE, CO, CO2, COF2, CF4, C2F6, C3F8,
and SiF4. Further details of the methodology in measurement
and analysis, as well as reference spectra, have been published
previously.22

Results and Discussion

Chemical Bonding. FTIR assignments were based
on previous literature23-26 and are summarized in Table
2. All four FTIR spectra show two strong absorptions
at 1155 and 1215 cm-1, assigned as the CF2 symmetric
and asymmetric stretches, respectively (Figure 1). This
resolved doublet is also characteristic of bulk PTFE.27

In contrast, this doublet is generally obscured in the
spectra of continuous and pulsed PECVD fluorocarbon
films due to overlap with vibrational modes from other
bonding configurations, such as CF.2,28

All four HFCVD films also give rise to lower wave-
number CF2 vibrational modes. These peaks in the 500-
650-cm-1 region are CF2 rocking, wagging, and defor-
mation modes characteristic of bulk PTFE.27 In contrast,
these low wavenumber modes are absent in both
continuous and pulsed PECVD films deposited from
HFPO, even when the films have >65% CF2.2,29 The
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Scheme 1. Pyrolysis and Subsequent Reaction
Pathways of HFPO

Table 1. Deposition Conditions for HFPO HFCVD Films

flow rate
(sccm)

preconditioning
time (min)

flow rate
(sccm)

preconditioning
time (min)

(a) 15 0 (c) 30 0
(b) 15 15 (d) 30 15

Table 2. Peak Assignments of FTIR Spectra of HFPO
HFCVD Films

wavenumber (cm-1) assignment reference

513/530 CF2 rock 23, 24
555 CF2 deformation 23, 24
641/629 CF2 wag 23, 24

1155 CF2 symmetric stretch 23, 24
1215 CF2 asymmetric stretch 23, 24
1708 CdO/COO in CFxCOO- 25
3523 OH 26
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network structure of these films may hinder such
modes.29 Indeed, solid-state NMR of the pulsed PECVD
film with 65% CF2 reveals cross-linking and branching
structures, which may reduce mobility either through
steric hindrance or by contribution to the rigidity of the
film matrix.30,31 In contrast, branching or cross-linking
structures are absent in solid-state NMR spectra of the
HFCVD films.2,8,20

In Figure 1, the broad absorption around 3523 cm-1

is related to hydroxyl (OH) groups, while carbonyl or
carboxyl (CO/COO) groups give rise to a peak centered
at 1708 cm-1. The intensities of these peaks vary with
the conditions at which the films were deposited.
Increasing filament preconditioning time lowers absorp-
tion from these oxygen-containing functional groups, as
can be seen by comparing Figure 1b to Figure 1a and
also by comparing Figure 1d to Figure 1c. Combining
filament preconditioning with high HFPO flow rate
produces a film with no noticeable OH absorption
(Figure 1d). This spectrum also has the most highly
resolved doublet in the CF2 stretch region and is
spectroscopically indistinguishable from bulk PTFE.27

There are several possible sources of oxygen and
hydrogen incorporation. Hydrogen incorporation is most
likely from water, either in the chamber background or
in the atmosphere. During deposition, oxygen can be
derived from the HFPO precursor or from background
oxygen and water in the CVD chamber. Postdeposition
exposure to atmospheric oxygen and water can also
increase oxygen content in the films, a process that has
accounted for significant oxygen incorporation in plasma-
deposited fluorocarbon films.32

Spectroscopic studies of irradiated bulk PTFE after
either γ-ray or electron beam irradiation in a vacuum
and in air suggest potential pathways for oxygen and
hydrogen incorporation in the HFCVD films. Electron
spin resonance (ESR) spectroscopy of vacuum-irradiated
PTFE has identified relatively stable free radicals,
either at the chain end as -CF2-CF2

• groups or along
the chain as -CF2-CF•-CF2- groups.33-37 However,
these radicals react readily with oxygen (Scheme 2),
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Figure 1. FTIR spectra of HFPO HFCVD films deposited at 1.0 Torr pressure and HFPO flow rates and filament preconditioning
times of (a) 15 sccm, 0 min, (b) 15 sccm, 15 min, (c) 30 sccm, 0 min, and (d) 30 sccm, 15 min. Corresponding peak assignments are
summarized in Table 2. All spectra feature the vibrational modes of linear CF2 chain structures characteristic of bulk PTFE.
Extraneous OH and CO/COO are attributed to end groups formed from chain end radical reactions with oxygen and water,
analogous to irradiated PTFE in air, as shown in Scheme 2.
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upon subsequent atmospheric exposure or during ir-
radiation in air, to form peroxy radicals, -CF2-CF2OO•

and -CF2-CF(OO•)-CF2-, respectively.38,39 Such groups
further decompose or react with water to form -COF
and -COOH groups, as revealed by FTIR.40,41

For HFPO HFCVD, Scheme 1 does not include any
termination reaction for CF2 chain ends. Exposure to
oxygen may enable the reaction pathways with oxygen
and water as for irradiated PTFE in air. The products
would be OH and CO/COO groups, which are indeed
observed in the FTIR spectra of the HFCVD films
(Figure 1). Regardless of the source, the resulting OH
and CO/COO moieties are able to terminate the growth
of the linear CF2 chains. The presence of these groups
only at chain ends and not along the chain is consistent
with the lack of branching or cross-linking that would
otherwise have inhibited the appearance of FTIR modes
in the 500-650-cm-1 region.2,29 Thus, high concentra-
tions of these species may indicate lower molecular
weight chains. Further, films with a higher OH/CF2
ratio would contain a greater number of shorter CF2
chain structures while films with a lower OH/CF2 ratio
would contain a fewer number but longer CF2 chain
structures. It is possible that a lower rate of chain
nucleation relative to chain growth would yield fewer
but longer chains and consequently fewer chain ends.
This point is further discussed in the next section.

It is important to note that oxygen incorporation could
occur throughout the bulk of the films. On the basis of
the diffusivity (D) of O2 in PTFE, 3 × 10-8 cm2/s, derived
from the permeability value reported in the literature,42

the diffusion length (l ) xDt) for an exposure time (t)
of 60 s is calculated to be 13.4 µm. This far exceeds the
typical thickness of deposited films, which is on the
order of 100-1000 nm. The time frame between film
deposition and subsequent film characterization of over
24 h also far exceeds the exposure time used in the
calculation. It is therefore assumed the films would be
sufficiently exposed to allow oxygen incorporation in the
bulk. The large intensity of the OH absorption in Figure
1a also supports the hypothesis of bulk incorporation.

Film Morphology. Differences in HFCVD film mor-
phology are apparent in Figure 2, which shows AFM
images for each of the four films. Films deposited using
no filament preconditioning (Figures 2a and 2c) have

spherical nodules, while films deposited after 15 min
of filament preconditioning (Figure 2b,d) contain elon-
gated rodlike grains. The combination of filament
preconditioning with high HFPO flow rate (Figure 2d)
results in the highest degree of grain anisotropy. It is
interesting that this same pair of conditions minimized
oxygen incorporation (Figure 1d). This suggests oxygen
incorporation and grain anisotropy may be related
effects. Indeed, by plotting the grain aspect ratio and
OH/CF2 ratio as a function of film deposition rate, as
shown in Figure 3, the grain aspect ratio decreases
while the OH/CF2 ratio increases with an increasing
film deposition rate.

Randomly arranged anisotropic rodlike features have
been observed in thin films formed from bulk PTFE
latexes.43 Both spherical and rodlike particles have been
observed from conventional emulsion polymerization of
TFE to form PTFE.21,44-47 Studies of the formation of
PTFE dispersion particles have revealed distinct nucle-
ation and growth periods during polymerization.21,48,49

Although the transition from the nucleation to the
growth period depends on process conditions, in several
cases, it has been found to occur within the first few
minutes of polymerization, whether it be in an emulsion
polymerization with a surfactant21 or in an emulsifier-
free radiation-induced emulsion polymerization.49 As
growth proceeds, PTFE chains adapt a helical confor-
mation that is highly linear, directional, and rigid with
no branching or cross-linking.50,51 Further, the develop-
ment of highly extended PTFE chains favor the forma-
tion of rodlike grains because, through electron micros-
copy and X-ray diffraction, rodlike PTFE particles
consist of extended chains aligned in the direction of
the long axis of the rods.44,46 Thus, a polymerization
process that provides less nucleation would allow greater
subsequent growth from these sites and would favor
more extended chains with less chain ends and more
rodlike grains.

Nucleation and subsequent growth processes may also
be occurring during HFCVD from HFPO. The overall
decrease in the film deposition rate with increasing
HFPO flow rate and filament preconditioning may
indicate a reduction in the nucleation rate, which then
accounts for the formation of elongated rodlike grains
(Figure 3). This also explains the corresponding decrease
in film OH because with more extended chains in more
anisotropic grains there would be a lower concentration
of these end groups (Figure 3).

The importance of preconditioning suggests that the
filament plays an active role in the decomposition of
HFPO. Indeed, chromium and its oxidized states are
known to act as catalysts for the ring opening of
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Scheme 2. Reaction Pathways for the
Incorporation of OH and CO/COO End Groups
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epoxides.52-56 Additionally, the catalytic role of fila-
ments in a HFCVD polycrystalline diamond is well
documented.57,58 A decrease in filament activity may
occur through carburization or other poisoning reactions
during preconditioning. Further investigation would be
required to confirm this proposed effect.

Reactor Effluent. Figure 4a,b shows the FTIR
spectra of the reactor exhaust before the filament power
was switched on (cold filament) and during deposition
when the filament power was on (hot filament), respec-
tively. Spectra shown are for deposition conditions of
1.0 Torr, 15 sccm HFPO, and 15 min of filament
preconditioning. As anticipated, Figure 4a is a signature
spectrum of pure HFPO.22 Upon heating the filament,
the spectrum changes dramatically (Figure 4b) and
spectral regression22 indicates the presence of only three
FTIR active species: unreacted HFPO, the pyrolysis
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Figure 3. Plot of the grain aspect ratio and OH/CF2 ratio
against the film deposition rate for the four HFPO HFCVD
films deposited at conditions given in Table 1. Lower deposition
rates result in films with less OH incorporation and more
anisotropic grains. The hypothesis of fewer nucleation sites
would account for fewer OH end groups, more extended chain
growth, and more anisotropic grains.

Figure 2. AFM images of HFPO HFCVD films deposited at 1.0 Torr pressure and HFPO flow rates and filament preconditioning
times of (a) 15 sccm, 0 min, (b) 15 sccm, 15 min, (c) 30 sccm, 0 min, and (d) 30 sccm, 15 min. Scan areas are 2 × 2 µm, except for
(a), which is 50 × 50 µm. Morphology ranges from spherical nodules to anisotropic rodlike grains.
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product TFAcF, and TFE, the recombination product of
CF2. No measurable amounts of CO, CO2, COF2, CF4,
C2F6, C3F8, or SiF4 (a measure of free fluorine) were
identified. Figure 4c shows the residual spectrum of

Figure 4b after regression, demonstrating a good fit
between the raw and regressed spectra.

The effluent from HFPO HFCVD contrasts signifi-
cantly with the effluent species observed during pulsed
HFPO PECVD. Pulsed HFPO PECVD gave a variety
of gas species in the effluent, including not only HFPO,
TFAcF, and TFE but also measurable quantities of CO,
CO2, COF2, CF4, C2F6, C3F6, and C3F8.22 HFCVD
provides a much cleaner breakdown route so that
pathways in forming byproducts are minimized. Thus,
the effluent FTIR results experimentally supports the
reaction mechanism for HFCVD given in Scheme 1.

Conclusion

Filament preconditioning and HFPO flow rate strongly
influence the structure and morphology of HFCVD
fluorocarbon films. All the films displayed the FTIR
active vibrational modes of linear CF2 chain structures,
which are also characteristic of bulk PTFE. However,
substantial differences in the degree of OH and CO/COO
incorporation were observed. These groups could be
incorporated via the reactions of unterminated radical
chain ends with oxygen and water, analogous to the
mechanisms which have been delineated for irradiated
PTFE. AFM revealed grain morphologies that ranged
from spherical nodules to anisotropic rodlike grains.
Filament preconditioning and increased HFPO flow rate
decreased film growth rate, decreased oxygen incorpora-
tion, and increased grain aspect ratio. The hypothesis
of fewer nucleation sites relative to chain propagation
would account for the slower film deposition, produce
fewer chain ends, and favor the development of rodlike
grains. Finally, gas-phase FTIR analysis of HFCVD
chamber effluent confirmed that thermal decomposition
produces fewer products than plasma decomposition and
supports the proposed generation of CF2 and TFAcF
from HFPO.
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Figure 4. FTIR spectra of gas-phase effluent during HFPO
HFCVD: (a) with a cold filament (25 °C) prior to pyrolysis,
yields pure HFPO; (b) with a hot filament (500 °C), yields
TFAcF, TFE, and HFPO as the only measurable gaseous
components; (c) residual spectrum of (b) after regression to a
spectral library of pure gases detailed in ref 22, shows good
agreement between the raw and regressed spectra. During
HFPO pyrolysis, TFAcF is the HFPO decomposition product,
TFE is from CF2 recombination, and HFPO is the remaining
unreacted precursor. This supports the anticipated reaction
mechanism given in Scheme 1.
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