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A low dielectric constant polymer, padlietrafluoro-p-xylyleng (VT-4) was synthesized by a
chemical vapor polymerization process using 4,5,7,8,12,13,15,16-octafu8tggaracyclophane

as a precursor. The VT-4 polymer has a dielectric constant of 2.42 and a dielectric loss of 0.008 at
1 MHz, perpendicular to the plane of the film. Thermal stability of VT-4 satisfiedstheAaTECH
criteria, exhibiting an onset of degradation at 460 °C, and 1% weight loss at 480 °C in an argon
environment. The x-ray diffraction data suggest a disordered semicrystalline polymer as-deposited
(at ~12 °Q). The crystalline phase became more ordered due to a decreasedrspaeing from

4.850 to 4.594 A and an increase in the percent crystallinity from 39% as-deposited to 66% after
successive postdeposition anneals to 300 °C. Optical measurements showed a highly anisotropic
thin film with n, @630 nm=1.601 andn, @630 nm=1.471, progressively becoming more
negatively birefringent after postdeposition anneals, reaching a platea25 °C, due to the
polymer chain becoming more conformationally ordered. 1898 American Institute of Physics.
[S0003-695(98)02402-4

Decreasing the dielectric constant¢, £ 3) while still  using a Perkin-Elmer thermogravimetric analyZ&€6GA) in
keeping a high thermal stability>425 °Q are the two most an inert argon environment at 10 °C/min. The glass transition
important properties of the intermetallic dielectric as outlinedtemperature T,) of the VT-4 polymer was obtained by us-
by SEMATECHto solve the problem of RC delay for ultralarge ing a Perkin-Elmer DSC-7 differential scanning calorimeter.
scale integratiofULSI) technology* To satisfy the material The samples were heated to aboVg and then rapidly
as well as the processing needs, chemical vapor depositedoled to prevent crystallization and hence increase the
polymers (e.g., parylengs have been intensely amorphous phase fraction. The samples were then reheated
investigated™® Among the parylenes, a,a,a’.a’  at’5 °C/min to determine th&,. X-ray diffraction data were
poly(tetrafluoro-p-xylyleng  (AF-4) has the best obtained using a Scintag XDS-2000 x-ray diffractometer at a
properties’ '3 However, currently the precursors for AF-4 scan rate of 2° @min. The thickness and optical character-
are expensive and are not readily available. Therefore, a negghtion was carried out by using a variable angle spectro-
exists to find new low dielectric constant materials whosescopic ellipsometefVASE) from the J. A. Woollam Com-
precursors are inexpensive and readily available which propany. The wavelength of light used was 400—1000 nm and
duce a material satisfying th&EMATECH criteria for an in-  three angles normal to the sample were 60°, 65°, and 70°.
termetallic dielectric. Out of this need pdigtrafluoro-p- Since VT-4 is a new material, it was analyzed qualita-
xylylene) (VT-4) has been synthesized from the tively by Fourier transform infrare@-TIR) spectroscopy to
4,5,7,8,12,13,15,16-octafluof@:2]-paracyclophane (DVT-  ensure the desired polymer was synthesized. The two peaks
4) precursor. present in the FTIR spectra at 2949 and 2875 tare due

The VT-4 thin film polymers were synthesized using ato C—H stretching from the aliphatic -GH groups. The
custom built modified CVD reactor with separate Sub"ma-presence of fluorine atoms on the aromatic ring pulls elec-
tion, pyrolysis, and near-room temperature deposition chamyrons away from the benzene ring weakening the C—C bond.
bers. DVT-4 was sublimed at 114-115 °C and the pyrolysisThe rather large peak at 1487 chis attributed to this aro-
chamber was heated to 650 °C converting the cyclophangatic C—C stretch and is shifted from 1507 ©mfor
precursor into the monomer diradical reactive intermediatepoly(p-xylylene (PPXN).** The small somewhat obscured
which was transported and subsequently deposited geak at 1460 cmt is attributed to bending of the methylene
~12°C. The substrates used for depositing the VT-4 filmgyroup -CH2- and is shifted slightly to higher wave numbers
were(111) silicon for optical and XRD characterization, and 35 compared to PPXN due to the presence of fluorine atoms
platinum substrates for electrical characterization. Thermay the benzene rintf. The major peaks at lower wave num-
analysis was accomplished using polycrystalline sinteregyers 1301 and 1174 crhare attributed to the aromatic C—F
NaCl substrates, which were subsequently placed in a wat@fetch. Compared to AF-4, which has aliphatic C—F bonds
bath where the film was floated and dried. This method(1262 and 1146 cm), VT-4's C—F bond frequencies are
works well with the parylene polymers due to their low per-ghifted to higher wave numbers accounting for their higher
meability to water. strength'® Finally, the aliphatic C—C stretch at 938 s

Thermal degradation studies of VT-4 were accomplishedi|gse to what is seen in AF-4 when strong electron with-
drawing groups are presetit.
dElectronic mail: sdesu@vt.edu The thermal stability of VT-4 is shown in Fig. 1. The
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onset of degradation occurs at 460 °C and 1% weight loss
occurs at 480 °C. Thereafter rapid degradation occurred. FIG. 2. X-ray diffraction spectra of VT-4.
This result is encouraging for the future development of

VT-4 since thermal stability is a prime concern as a result ofnore ordered after postdeposition anneals probably due to
the currently used back-end-of-line processing temperatur@nore ordered crystallization. The thin film is becoming more
However, thermal stability as tested by TGA is less demandnegatively birefringent which means the benzene ring is par-
ing than isothermal anneals, which more resemble a real progje| to the substrate and as a result the in-plane capacitance
cessing environment. is high for VT-4 relative to its out-of-plane capacitance. The
As a result of the high symmetry of VT-4, it would be pjrefringence plateaus at250 °C, which could mean no fur-
expected to crystallize much like PPXN; however, VT-4 her crystallization is taking place.
does not exhibit any irreversible crystal transformations and A more ordered crystallite would contribute to a sharper
its glass transition temperature is above room temperatureak, hence a smaller full width half maximufWHM).
PPXN exhibits aa—p irreversible transition at 220 °C. However, both stress in the thin film and a change in crys-
PPXN has & of 13 °C;® and the measuref, of VT-4 was  talite size may also contribute to a change in FWHA
63.9 °C at the inflection point with a range of 59.7-66.3 °Cchange in stress state of the thin film should only be seen
and AC,=5X10 J/mol°C. Below T, depositions of petween the as-deposited sample and the annealed samples.
poly(chloro-p-xylyleng (PPXQ at low precursor sublima- The annealed samples should have the same stress state since
tion rates, most often produce an amorphous polymer due ihey were all heated significantly above tfig for long
low chain mobility, but VT-4 possesses high symmetryengugh for stress relaxation to occur. The resulting annealed
therefore crystallization below ity is more probable, much  thin fiims should be in tension with similar values of tensile
like PPXN. Figure 2 shows the XRD spectra of VT-4 as-giressed® This is due to the low coefficient of thermal ex-
deposited and after successive anneals at 100, 200 ap@nsion of Si relative to that of the parylene polymers. The
300 °C. The major peak at 18.28° is most probably attributeg\wHm for the as-deposited 100, 200, and 300 °C annealed
to the (400 reflection of the hexagonal unit cell with @& samples was experimentally found as: 0.912, 0.833, 0.793,
=b axis of 22.40 A. It is assumed the other lattice constantgng 0.674. No significant increase or decrease in the FWHM
are the same as that of B-PPXN, namely6.55 A. A5%  can be seen between the as-deposited and 100 °C sample.
increase ira=b lattice constant is for VT-4, compared with Therefore, it can be concluded stress contributes minimally
B-PPXN, is reasonable since F atoms occupy more spagg the FWHM values. More likely, crystallite size and crys-
than H atoms. talline disorder contribute to the FWHM values. The crystal-
After successive postdeposition anneals,dfspacing of  injty of the as-deposited, 100, 200, and 300 °C annealed
the (400 peak became smaller: 4.850, 4.802, 4.691, andgmples was found from the XRD data as: 39%, 54%, 59%,

4.594 A. The decrease i spacing may be attributed t0 a and 66%(+5%). These percent crystallinity values should
disordered crystallite being formed as-deposited, which be-

comes more ordered after higher temperature postdeposition 0.130

anneals. The disorder in the crystalline phase may represent 01331
the overall disorder in the thin film since a similar effect is o
seen in the birefringence datkig. 3). Birefringence is de- g 0.136
fined as ,:é’fo.m-
A= Nout-of-plane™ Nin-plane- ) !-‘% -0.1427
The birefringence is sensitive to both the crystalline and 0,145 ]
amorphous phases. The out-of-plane index of refraction is 0.148

0 50 100 150 200 250 300 350

low when the plane of the benzene ring is parallel to the Post-Deposition Anneal (C)

substrate and is high when it is perpendicular to the sub-
strate. As can be seen from Fig. 3, the thin film becomes FIG. 3. Birefringence of VT-4 as a function of postdeposition anneals.
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TABLE |. Electrical properties of VT-4.
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FIG. 4. Dispersion in the extraordinary and ordinary indexes of refractiondata, based on the orientation of the benzene rings relative to

for the VT-4 as deposited at12 °C. the substrate, and XRD data, based on full width at half

maximum,d spacing, and percent crystallinity data. VT-4 is
gmicrystalline as deposited and after postdeposition anneals

only be used for general trends. As can be seen, an increal showed evidence of a more ordered crystalline phase from
in percent crystallinity corresponds to a decrease in the Y P

FWHM, indicative of crystallite growth contributing to an adecrez?\se id spacing. 'I_'he blrefrlnger_wce decreased concur-
. . o rently with an increase in the crystalline phase of the poly-
increase in crystallinity.

The dispersion in the indexes of refraction from 400 to Mer until reaching a plateau at250 °C. Finally, the glass

1000 nm for as-deposited VT-4 is shown in Fig. 4. The OIiS_transmon temperature was measured at 63.9 °C at the inflec-

persion is nearly the same as PPXN and PPXC as reportetI n point, which is reasonable since PPXN possessgsad

before® Much like PPXN, VT-4 exhibits optical anisotropy 13 °C and VT-4 has a much higher energy of rotation due to

but unlike PPXC, VT-4 has a high index of in-plane refrac- Its h_:%her n:ﬁrrunvl\t mlodle"cr(ula:r ‘;Vhe'%rllt;] tin Gavnor of Tex
tion. The dielectric constant of VT-4 is shown as a function € authors wou elotha us aynor ot Texas
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