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Thermal Annealing of Fluorocarbon Films Grown by Hot Filament Chemical Vapor

Deposition

I. Introduction

Poly(tetrafluoroethylene) (PTFE, (@F), unlike other com-
mon homopolymers, exhibits unique properties that requires
the use of special methods for processing into thin films. Its
insolubility in most solvents precludes film deposition by casting
or spin-coating methodsW. L. Gore & Associates recently
demonstrated spin coating of PTFE thin films, albeit using
aqueous nanoemulsions of solid PTFE particles followed by
high-temperature sinterirfgMost of the effort to deposit PTFE
thin films therefore concentrates on gas-phase techniques.

Pulsed laser deposition (PLD) can yield high-quality PTFE
thin films 35 UV irradiation of PTFE targets is believed to cause
depolymerization and chain unzipping into the monomer through
local heating with subsequent repolymerization of the monomer
on a substrate surfaédt is suggested that this thermally driven
process applies to polished PTFE pellet targets, while for presse
powder targets, deposition is believed to be a transfer of PTFE
grains followed by melting and recrystallization on a heated
substraté.Other radiation sources, such as synchrotron ablation,
give similar PTFE films, although perhaps of lower molecular
weight since CFkis observed:”

As direct pyrolysis of PTFE is known to cause chain
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Annealing alters the stability, structure, and morphology of fluorocarbon films grown from hot filament chemical
vapor deposition (HFCVD) using hexafluoropropylene oxide (HFPO) precursor. The composition of these
films is greater than 97% GFThe as-deposited film in this study contains extraneous hydroxyl (OH) and
carbonyl/carboxyl (CO/COO) groups, as revealed by Fourier transform infrared (FTIR) spectroscopy. Such
groups are found to be thermally labile and lead to two film decomposition regimes, centered at 150 and 300
°C. This is similar to the two decomposition onsets at-1880 and 300°C observed in irradiated bulk
PTFE, which are attributed to the loss of peroxy radicals and COOH groups, respectively. A postdeposition
1 h 400°C in situ vacuum anneal reduced the OH and CO/COO groups in the HFCVD film to below FTIR
detection limits. This postanneal film is found to be stable up to“With no evidence of structural changes.

The surface morphology of the film quenched frone th h 400°C in situ vacuum anneal, as imaged by
optical microscopy (OM), resembles that of the as-deposited film, showing no discernible surface features.
However, for a film quenched from ¢hl h 325°C in situ vacuum anneal, significant crystalline spherulites

of up to~1 mm in diameter are observed through OM. This is attributed to favorable crystallization in the
proximity of the melting temperature of bulk PTFE. Intensity differences in FTIR absorption peaks in this
film, compared to the other films, also support the morphological differences seen.

merization of fluorocarbon gases and plasma sputtering of PTFE
targetst! However, in most of these cases, resulting films are
not “clean”, containing a variety of Gbonding environments,
which indicates a highly cross-linked network. The exception
is downstream fluorocarbon plasma deposition in which films
approaching PTFE can be produced, although even in such cases
films still contain a significant fractionX10%) of CR.1213
Recently, hot filament chemical vapor deposition (HFCVD)
has been demonstrated as a method to produce films»\@ift¥
linear CR, chains!4~16 Hexafluoropropylene oxide (HFPO, GF
CF(O)CR) is used as the precursor gas since it is known to
thermally decompose into difluorocarbene (Céiradicals and
a stable trifluoroacetyl fluoride gas (@EFO) (eq 1), with
subsequent polymerization of the £diradicals to form linear
PTFE chains (eq 2~ HFCVD has the advantage of
oJ'ndependent control over the temperature of the heated filament
wires to initiate gas decomposition and the temperature of the
substrate where film deposition occurs. The latter can be kept
low to facilitate adsorption of polymerizing species and enhance
film growth. Studies have been made to investigate the
structure-property-processing relationships of HFPO HFCVD
films 2021

unzipping into the monomer, PTFE films can be formed by A

redeposition downstream of the pyrolysis z8A&pectroscopic CR,CF(O)CK, — CF, + CF,CFO 1)
characterization shows these films to be consistent with the bulk

material® In an extension to this technique, PTFE films are also nCF, — (CF), (2

formed by ionizing some of the evaporated material and
electrically accelerating them toward a biased substrate sufface
Other attempts in making PTFE films include plasma poly-

In this paper we present the effect of postdeposition annealing
" on HFPO HFCVD film stability, structure, and morphology.
The thermal decomposition and melting behavior in these films
will be compared to those for bulk PTFE. Thermal stability is
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integrated into microelectronic circuits as future low dielectric

10.1021/jp002347u CCC: $20.00 © 2001 American Chemical Society
Published on Web 03/06/2001



2304 J. Phys. Chem. B, Vol. 105, No. 12, 2001 Lau and Gleason

TABLE 1: HFPO HFCVD Film Samples 0.2
sample film thermal history

DEP as-depositetd
A325 as-depositett— 1 h 325°C in situ vacuum-anneale¢ quenched
A400 as-depositett— 1 h 400°C in situ vacuum-anneale¢ quenched

a1 h deposition at 1.0 Torr, 15 sccm, and 15 min filament
preconditioning. Filament temperature at 5800 °C.

constant £) materials, since bulk PTFE has one of the lowest
« values (2.3 for a nonporous material.

time derivative of signal

Il. Experimental Section -0.2 L L L L L '
. - 50 100 150 200 250 300 350 400
HFCVD was performed on 100 mm diameter silicon wafers temp (°C)
using und|_Iuted HFPO (Q’?F(O)CE; DuPont) ‘.”‘S the precursor Figure 1. Time derivative of the ITS interferometry signal intensity
gas. Details of the deposition chamber and filament setup haveyers,s temperature for the as-deposited HFPO HFCVD fXER).
been given elsewhefé.*® Pristine films were deposited at 1.0  There are two major decomposition regimes, centered at approximately
Torr of pressure, a 15 sccm flow rate, and a 15 min filament 150 and 300C, showing significant deviation of the signal derivative

preconditioning time. Preconditioning refers to the burning in from zero.
of the filament wire at the process condition prior to film
deposition. The deposition time was 1 h. The filament temper-

ature was 500t 50 °C, while the substrate temperature was (a)
maintained at 24 5 °C using backside water cooling. Some

of the pristine films were then annealed in situ using a substrate
heater within the CVD chamber, which allowed annealing
without breaking the vacuum. Isothermal anneals at 325 and
400 °C were performed fol h in avacuum of<10 mTorr.

The annealed films were subsequently quenched to room
temperature at equivalent cooling rates through radiative cooling
without any break in the vacuum. Table 1 summarizes the
pristine and annealed film samples studied in this work.

Film samples, subsequently exposed to the atmosphere, were
assessed on their thermal stability using an interferometry for
thermal stability (ITS) apparatdé2*ITS monitored the raw T T T T
interferometry signal of a HeNel (= 632.8 nm) laser beam 4000 3500 3000 2500 2000 1500 1000 500
being reflected off the film as a function of time and temper- wavenumber (cm™')
ature. The temperature was ramped up to 20@®ver 30 min Figure 2. FTIR spectra of the thermally labilBEP film (a) prior to
and then maintained at the temperature setpoini fo before and (b) after the ITS test shown in Figure 1. The film contains thermally
quenching. Nitrogen was used to purge the ITS apparatuslabile OH and CO/COO groups that are lost after the ITS test.
continuously. Any film thickness loss would result in a time
modulation of the raw signal. To visually capture the onset of
thermal decomposition, the time derivative of the laser signal
was traced with a temperature ramp to the setpoint, so anyWwavenumber wavenumber

(b)

transmission (arbitrary units)

TABLE 2: Peak Assignments of FTIR Spectra of HFPO
HFCVD Films

L . L Lo ! cmt eak assignment cm eak assignment
deviation of the signal derivative from zero would indicate film 51(3/530) C; ” g ( 121)5 cEp q ;
H it _ roc asymmetric stretc
loss 3nd show the temperatures at which decomposition oc 55 CR deformation 1700 G=0/COO0 in CECOO"
curred. . , 641/629  Ckwag ~3500 OH
Fourier transform infrared (FTIR) spectra of the films were 1155 CR symmetric stretch

acquired on a Nicolet Magna 860 under transmission in a
nitrogen-purged chamber using a DTGS KBr detector for 64 zero (figure omitted). To understand the reasons for the
averages over the range of 408000 cni* at 4 cnt* resolution. difference in film thermal stability, it is helpful to look at the

Optical micrographs of the films were acquired using a Kramer structure of each film before and after the ITS experiment.
Scientific Leitz DMRX with a CCD camera attachment under iy Stryctural Stability. Parts a and b of Figure 2 represent

transmission mode. the FTIR spectra of the thermally unstatidP film prior to
and after the ITS test. The FTIR spectra (figure omitted) of the
thermally stableA400 film prior to and after the ITS test are
Film Thermal Stability. Figure 1 shows the ITS trace of spectroscopically identical and resemble that of Figure 2b, the
the time derivative of the laser signal as a function of the DEP film after the ITS test. Table 2 summarizes the FTIR
temperature ramp up for sam@EP. Figure 1 reveals the as- peak assignments based on published literfuré. All the
deposited HFPO HFCVD film EP) having two major spectra contain the GEBymmetric (1155 cmt) and asymmetric
decomposition regimes, centered at approximately 150 and 300stretches (1215 cm), and the lower wavenumber €Focking
°C, since around these temperatures there is a significant(513/530 cm?), deformation (555 cm), and wagging (641/
deviation of the time derivative of the signal from zero. In 629 cnT!) modes. These vibrational modes are also observed
contrast, the postdepositid h 400°C in situ vacuum-annealed  in bulk PTFEZ® Previous solid-state nuclear magnetic resonance
film (A400) is thermally stable up to 400C in the ITS test, (NMR) studies show HFPO HFCVD films to contan97%
showing no deviation of the time derivative of the signal from linear CRCFR.CF; structures>16 These films are unlike fluo-

Ill. Results and Discussion
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rocarbon plasma-deposited films with a significantb CF65%)
fraction, which lack the lower wavenumber FTIR £fRodes,
even though the GFstretches are observét® The absence

of the lower wavenumber absorptions in the plasma films is
attributed to network cross-links, revealed through solid-state
NMR,3132which may hinder such modé%The present HFPO
HFCVD films, which show no such cross-links and exhibit the
lower wavenumber modé&§;*®would therefore be expected to
have properties more akin to bulk PTFE.

Looking first at the FTIR spectra of the films before being
subjected to the ITS test, the major difference betweeDie
and A400 films is that the spectrum of the thermally unstable
DEP film (Figure 2a) contains broad absorptions in the 3500
and 1700 cm! regions, corresponding to hydroxyl (OH) and
carbonyl/carboxyl (CO/COO) groups, respectively, which are
absent in the spectrum of the thermally sta®®0 film (figure
omitted). The degree of oxygen and hydrogen incorporation in
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50 um

Figure 3. Optical micrograph of the as-deposited HFPO HFCVD film
(DEP). No surface features are discernible. At ¥O€nhagnification.

as-deposited films has been shown previously to be influenced'S !Ikely that both these mechanisms for reducing chain end

by the conditions used for film depositiddSuch incorporation

in the presenDEP film (the as-deposited pristine film) can come
from several possible sourc&The presence of background
oxygen and water within the CVD chamber during deposition

cannot be ruled out. Oxygen derived from the HFPO precursor
may also be incorporated into the film. Postdeposition exposure
to atmospheric oxygen and water can also lead to such

incorporation. Regardless of the source of incorporation, the
presence of OH and CO/COO groups is similar to the way in
which irradiated bulk PTFE incorporates OH and CO/COO
groups.

Electron spin resonance (ESR) spectroscopy of vacuum-

irradiated PTFE identified relatively stable free radicals,
either at chain ends asCF,—CF,® groups or along the chains
as—CR,—CF—CFR,— groups®3-3" However, these radicals react
readily with oxygen upon atmospheric exposure or during
irradiation in air, to form peroxy radicals; CF,—CF,00. and
—CR,—CF(O0)—CR,— groups, respectivelE3*These groups
can further decompose or react with water to for@OF and
—COOH groups, as evidenced by FTiR! Such a reaction
mechanism for incorporating OH and CO/COO may also be
occurring in the HFPO HFCVD films. The possibility of

radicals may be taking place.

Concentrating now on the FTIR spectra of the films after
being subjected to the ITS test, the OH and CO/COO peaks in
the spectrum of the thermally unstalid¥=P film (Figure 2b)
has completely disappeared, and the whole spectrum looks
similar to that of the thermally stab400film (figure omitted).

This implies that OH and CO/COO groups are inherently
thermally labile. Indeed, thermal studies of irradiated bulk PTFE
identified two major onsets of decomposition, one at around
150-250°C and another above 30C.*3 These decomposition
temperatures correspond remarkably well with those observed
from the ITS trace of the thermally labiEP film (Figure 1).

The first onset is attributed to the decomposition of peroxy
radicals, while the second onset is attributed to the decarboxyl-
ation of COOH group4? These degradation processes may
possibly occur in théEP film during the ITS test since these
thermally labile groups are observed to disappear after the ITS
test (compare parts a and b of Figure 2).

In contrast, a lack of these groups in the thermally stable
A400 film most likely explains its thermal stability during the
ITS trace (figure omitted), since no FTIR peaks disappear and
no new FTIR peaks form after the ITS test (figure omitted).
Discussion is withheld on the peaks-a1600 and 1100 cn

unterminated radicals for such reactions is already hinted at by since no reasonable literature assignments have been found for

the polymerization reaction proposed in eq 2. This polymeri-

these peaks. Further investigation is required to identify the

zation process would leave unterminated radicals at the endsggyrces of these vibrational modes. Presumably these modes

of the (CR), chains since there is no reasonable termination
reaction, and would result in the formation of OH and CO/
COO groups much like that discussed for irradiated bulk PTFE.

This is one reasonable hypothesis to account for OH and CO/

COO in theDEP film (Figure 2a).
The absence of OH and CO/COO FTIR peaks in Ad®0
film (figure omitted) implies that the postdepositid h 400
°C in situ vacuum anneal of the film prior to breaking the
vacuum significantly reduced the concentration of chain end

are related to CHbond vibrations since these modes are evident
in films in which there is no evidence of OH and CO/COO
groups.

Film Morphology. Optical microscopy provided a facile yet
vivid means to capture the surface morphology of HFPO
HFCVD films, locked in place as a result of quenching from
various postdeposition in situ isothermal vacuum anneals. Figure
3 shows the as-deposit&EP film and at 100« magnification
seems to be void of any noticeable surface characteristics. In

radicals, on the basis of the suggested hypothesis. This reductiorcontrast, Figure 4 reveals relatively large crystalline spherulites

to below FTIR detection limits may conceivably come through
two ways. The volatilization of lower molecular weight £F
chains would result in a thermally stable film of higher
molecular weight chains such as bulk PTFE, which has a
reported weight loss 0f0.01% per hour at temperatures up to
400°C, even in 50% RH (relative humidity) ai?.The joining

(~1 mm in diameter) visible even to the naked eye forAl3@5

film, quenched after a postdepositit h 325°C in situ vacuum
anneal. Figure 4a, at 40 magnification, shows a spherulite
grain. Parts b and c of Figure 4, at 200@nagnification, show

the same grain toward the edge and at the center, respectively.
The optical micrograph of the surface of tAd00 film (figure

of chain end radicals on two separate chains to form a longer omitted), quenched after a postdepositib h 400°C in situ

chain would also result in more thermally stable chains for the
same reason. The high-temperature anneal {@®&bove the
melting temperature of bulk PTFE (3222 would probably
provide sufficient chain mobility for such a process to occur. It

vacuum anneal, shows no noticeable crystalline morphology and
is more like theDEP film in Figure 3.

The growth of crystalline spherulites seems to be favored at
an annealing temperature of 325 (Figure 4). This temperature
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Figure 4. Optical micrographs of the HFPO HFCVD film quenched
after a postdepositiol h 325°C in situ vacuum annealA@25). The
observed crystalline spherulites, with diameters of up-fomm, are
attributed to crystallization near the melting point of bulk PTFE prior
to quenching. At (a) 4R, (b) 100x, and (c) 10k magnifications,
showing a sample grain, the grain edge, and the grain center,
respectively.

is in proximity to the melting or crystallization temperature of
bulk PTFE at 327°C.? Significant crystallization kinetics of
bulk PTFE are found to occur over a narrow supercooling
temperature range of 3#825°C It is likely that, during the
postdepositio 1 h 325°C in situ vacuum anneal, there may be
similar favorable crystallization kinetics, in terms of time and
temperature, for the deposited PTFE chains onAB25 film

to form these relatively large spherulites, which are locked in
place upon quenching. Interestingly, comparable spherulitic

Lau and Gleason
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Figure 5. FTIR spectra of the (eDEP, (b) A325, and (c)A400 HFPO
HFCVD films. TheA325 film shows significantly different absorption
intensities compared to the other two films in the 4@00 cnt?
wavenumber region, and parallels the observed differences in crystal-

linity.

degree of supercooling is thought to result in fewer crystallites
of larger size (as opposed to more crystallites of smaller size at
a high degree of supercooling) because thermal agitation makes
nucleation difficult but facilitates growth due to easier chain
movement® In contrast, theA400 film, quenched from a
postdepositin 1 h 400 °C in situ vacuum anneal (figure
omitted), shows no noticeable crystalline spherulites. Presum-
ably, at a temperature markedly above the crystallization
temperature, the PTFE chains become too mobile to arrange
into a crystalline matrix, which upon quenching are locked in
their disordered melt staté As such, theA400 film resembles

the as-depositeBEP film (Figure 3) in having no discernible
crystalline morphology.

Comparison of CFwagging, deformation, and rocking modes
at the lower wavenumbers in the FTIR spectra (Figure 5) also
provides strong evidence for changes in film crystallinity. Parts
a and c of Figure 5, for th®EP film and the A400 film,
respectively, show similar absorption intensities. In contrast,
Figure 5b, for thed325film, shows distinct intensity differences
when compared with parts a and ¢ of Figure 5. In particular,
the doublet at 641/629 cm shows a skew toward the former
peak, while the three peaks at 555/530/513 tshow a skew
toward the former two peaks. This behavior is also observed
when FTIR spectra of powder and single-crystabFz, are
compared? Thus, the apparent changes in absorption intensities
can be attributed to a change from an amorphous to a highly
crystalline state. This agrees well with the changes in corre-
sponding film morphologies under optical microscopy (OM).

IV. Conclusions

The thermal stability of HFPO HFCVD films can be limited
by OH and CO/COO incorporation. With a high concentration
of OH and CO/COO groups, the as-deposited film in this study
displays two decomposition regimes, centered at temperatures
of 150 and 300°C. Similar decomposition temperatures are
observed for irradiated bulk PTFE, with the lower temperature

growth morphologies are observed in postdeposition annealingdecomposition being attributed to the loss of peroxy radicals

of PLD PTFE films® Further, crystalline growth at a small

and the higher temperature decomposition being attributed to
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the loss of COOH groups. The disappearance of OH and CO/
COO FTIR absorptions after the ITS test shows that these group
are also thermally labile in the as-deposited film. In contrast,
with undetectable concentrations of OH and CO/COOQO groups

after a 1 h 400°C in situ vacuum anneal, this postanneal film
is thermally stable up to 400C under ITS testing.
Crystallization can be induced by quenching a film from a 1
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