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Abstract
The increased demand for low dielectric const&nt(3.0) chemical vapor deposited polymer thin films to replace,%k3= 3.9-4.3) to

reduceRC-delay in ultra large scale integration (ULSI) devices has prompted the synthesis of many new polymers. However, the ultimate
properties of the polymer thin film are determined by its molecular structure that for polymers is often anisotropic. A basic understanding of
the structure—property relations and how they are influenced by the molecular architecture is imperative for the future development of
polymer thin films in a large number of applications including those in the electronics industry. The study here utilizes X-ray diffraction and
variable angle spectroscopic ellipsometry to characterize the optical birefringence and its change as a function of successive post-deposition

anneals with polyg-xylylene), poly(chlorop-xylylene), and poly(tetrafluorp-xylylene). B-PPXN and VT-4 are shown to have a large

negative birefringence after a post-deposition anneal. However, PPXC and PPXD show the opposite behavior, exhibiting a small positive

birefringence after anneal. Possible reasons for this difference are gvE3D9 Elsevier Science Ltd. All rights reserved.

Keywords Birefringence; Polyg-xylylene); Poly(chlorgp-xylylene)

1. Introduction degree of crystallization may yield more aligned polymer
chains and thus a more highly anisotropic thin film [9—20].
An interest exists to redudeC-delay in ultra large scale The aim of this study is to understand the optical

integration (ULSI) devices by replacing Si(k = 3.9-4.3) anisotropy in thermal CVD polytxylylene) (PPXN),

with a polymeric materialk < 3.0) [1]. Unlike SiO,, poly- poly(chlorop-xylylene) (PPXC), and poly(tetrafluono-
meric thin films are often highly anisotropic which largely xylylene) (VT-4) thin films (Fig. 1) as a function of succes-
impacts their properties. Many new ldwreasonably high  sive post-deposition thermal anneals. PPXN, PPXC, and
thermal stability polymer thin films have been recently VT-4 are from the same class of polymers, namely the
developed both by solution-based [2-5] and chemical parylene polymers. However, the study is general in that
vapor deposition (CVD) techniques [6—8]. Most polymers the findings and methods presented here using variable
which exhibit high thermal stability contain a main-chain angle spectroscopic ellipsometry and X-ray diffraction
phenyl constituent, including the parylene polymers studied could possibly be applied to most polymer thin films
here, polyimides, poly(ether ether ketone), etc. However, containing a main-chain phenyl group. In order to integrate
the phenyl group possesses a large anisotropic moleculalow-k polymeric materials into ULSI devices their molecu-
polarizability (Aa = 5.62A%) which directly affects the lar structure by way of their optical anisotropy should be
polymer’s optical and dielectric properties. The polymer understood and how it changes as a function of successive
thin film’'s large optical or dielectric anisotropy is only post-deposition anneals.

able to be manifested when there is preferential alignment

of the polymer chains. Preferential alignment is most apt to

take place during polymer crystallization where a higher , Experimental
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Cl 3. Optical birefringence background and X-ray pole
-(—CH:-@*CHT};‘ '("CH:_@‘CHT);] figure analysis
PPXN PPXC .
E p al 3.1. Theoretical
-(-CHz—QCH:—)B {-CH;QCH:‘);, Poly(p-xylylene), poly(chlorop-xylylene), and poly-
F F Ct (tetrafluorop-xylylene) deposited for this study all contain
VT-4 PPXD main-chain phenyl groups. A phenyl group in the main-

chain (as opposed to a side group as in polystyrene) enables
the polymer to possess a higher thermal stability due to the
aromatic’s higher bond strength and due to its ability to
stabilize adjacent bonds. Benzene is a planar molecule
DPXC, and DVT-4 (the cyclophane precursors) were With delocalizedn-bonding and exhibits strong anisotropic
sublimed at 135, 119, and 95 to achieve deposition =~ molecular polarizability. Much work has been focused on
rates of 4.8, 30, and 9nm/min (estimated) at the understanding the optical polarizability of benzene. In the
substrate temperatures of 28, 28, andC2The PPXN plane of the benzene molecule, the molecular polarizability
and PPXC films used for optical birefringence versus is 12.27 A and perpendicular to the plane it is 6.68 Ahe
thickness studies were deposited at various substrateanisotropic_molecular polarizability of benzene is then
temperatures, sublimation rates, thus producing different Aa = 5.62A% [21]. This anisotropy, which is evident in
deposition rates. All the films were deposited at a base the repeating unit of the polymer, is also manifested in the
pressure of 0.1-0.12 Torr. The deposition rates dependoptical birefringence of the polymer thin films. The birefrin-
largely on the substrate temperature and to a lessergence is related to the difference in molecular polarizabil-
extent on the surface conditions of the substrate. The ities by differentiating the Lorentz—Lorentz equation, which
pyrolysis chamber, which converted the cyclophane assumes a spherically symmetric internal field [22].
precursor to the monomer diradical reactive intermedi- 2-1 4

ate was heated 600-6%D The temperature of the ——— = _aP (¢h)
substrate was controlled by circulating a ethylene n"+2 3

glycol/water solution through copper tubing which wherenis the index of refraction an@ is the polarization
surrounded the deposition chamber to obtain tempera-per unit volume of the material. Differentiating this equation
tures between-6°C to 90C. The temperature of each gives:
individual experiment was controlled accurately by a

Fig. 1. Repeat units of the parylene polymers studied here.

2 w(n? + 2)? AP

thermocouple inside the deposition chamber which sat Ap= = )
just above the substrate indicating the temperature of 9 n
the deposition, which could be monitored in situ. whereAn = Nyye.of-plane — Min-plane S the birefringence, and

The substrates used for depositing the PPXC films is the average index of refraction given in terms of the
were (111) silicon for both optical and XRD character- |aboratory set-up here:
ization. The silicon wafers were used as received and
cut by a carbide scribe into dimensions roughly % n = Noutotplane + 2Min-plane 3)
2 cnf. The thickness and optical characterization was 3
carried out by using a variable angle spectroscopic where Noy.ofpiane iS the index of refraction normal to the
ellipsometer (VASE) from J.A. Woollam Company, substrate ani,paneiS the index of refraction in the plane
Lincoln, Nebraska. The wavelength of light used was of the thin film for an uniaxially oriented polymer. Eq. (2)
400-1000 nm and three angles normal to the samplecan be further developed by noting that the polarization
were used: 60, 70, and 7.5The parameters obtained differenceAP is composed of the summation of the different
from VASE were delta and psi which are trigonometric anisotropic molecular polarizabilities of a bond, molecule or
parameters that characterize the resultant ellipsoid aftersegment Iy — b,), Ng is the number of segments per unit
linearly polarized light is polarized ellipsometrically volume and an orientation factof,{ sometimes called
after interacting with the thin film. An anisotropic Hermann’s orientation function.
Cauchy model was fitted to delta and psi generating

n

a thickness value and dispersion curves for the out- ApzzNg(bi - by)ifuis 4
of-plane and in-plane indices of refraction for each i=1

polymer thin film. X-ray diffraction data was obtained

using a Scintag XDS-2000 (Sunnyvale, CA, USA) X- N 3(cod ¢y) — 1

ray diffractometer with Cu kK radiation of 1.5418 A fu = Z ®)
Scans were made from 10 to 28&0) for the polymer =1

thin films deposited onto (111) Si in reflection mode. wherefy is given by the second moment of the orientation

2 s
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unit cell of B-PPXN. Only one independenktKl) plane is

needed for the hexagonal crystal system independent of the
Sample Tilting, ot plane, e.g.kkl), (hk0), (hOl), or (0Q). Unfortunately, a mini-
mum of two independenthi0) planes are needed for the
monoclinic crystal system and possibly threehidl) planes

Incident X-rays 0

Sample Normal Qi_fframd are used [30]. Fon-PPXN and PPXC, both monoclinic,
Axis of Rotation, 3 rays . . . .
only one reflection exists therefore the orientation of ¢he
Fig. 2. X-ray pole figure coordinate system. crystallographic axis to the fiber axisis inaccessible.
So far it has been assumed that the measured optical
distribution function andp; is the angle between thath birefringence is solely due to the crystal nature of the poly-

bond, molecule or segment and a reference larishe case mer thin film. However, the birefringence can be associated
here a vector lying in the plane of the film. The second with other factors given by the following relation:
moment of the orientation distribution function can be
found by linear dichroism in the infrared [23—-25], polarized
Raman scattering [26], microwave methods [27,28], and where 4, is due to crystal orientationd smopn is due to
X-ray pole figure analysis [29-31]. amorphous orientatiom gior i due to distortional effects

To arrive at Hermann's orientation function by way of X- primarily associated with a stress unbalance in the polymer
ray pole figure analysis a diffraction peak must be obtained thin film, and Awrm is the form birefringence related to
by a6—6 or a 626 scan depending on the X-ray diffrac- myitiphase structures where domains exist possessing
tometer geometry. In the present study, this was accom-gifferent indices of refraction. Further for form birefrin-
plished as a function of increasing post-deposition annealgence, the domains need to be non-spherical or preferen-
temperature. Then choosing a diffraction peak (if more than tially arranged and the spacings between the two domains
one is available), and which is normally the dominant peak, ) /20, where\,, is the wavelength of light in the medium
two operations are performed according to Fig. 2. The [35]. For the PPXN thin films this would mean spacing from
sample is tilted from 0 to 90(«) and at periodic intervals, 33 tg 83 nm for light of wavelength of 400—1000 nm and an
e.g. 5or 10(a), and the sample is rotated 36@) at each  jngex of refraction for PPXN (as-deposited) of 1.66. This
«. For uniaxial symmetric orientation such as in the present |55t criterion might not apply for PPXN or the other homo-
case no rotation is necessary but only tilting from 0 t6 90 polymer parylenes. For purposes of an “order of magnitude”

(a). For purposes of calculating Hermann’s orientation cz|culation the following relation may be used.
function the complementary tilting anglg is used instead

of «, of course they are related by:= 90° — . The mean- b1o(nf — )

A=A+ Aamorph+ Agistort T Aform 9

square cosine value is related to the rotation and tilt intensity == 2n,[(¢py + DN2 + o12]’ 19
scans by:
/2 — 2 2
(&) sin b cog ¢ do Na = 2Nz + P11 (11)
(oS ) = T (6) Using the values of 1.650 for the as-deposited PPXN poly-
J [($) sin ¢ dp mer (for the amorphous phase) and 1.686 after 8? G50
0 anneal (for the crystalline phase) as a rough starting point

and a percent crystallinity of 82% a value of 0.000069 for
(7 ny — n, was found. If it is assumed that 50% crystallinity
()= JO (¢, 8) dB. ) exists thenn; —n, increases to 0.000235. With either
calculation the contribution of form birefringence to the
total birefringence is negligible. These calculations corre-
spond well to what was previously known about form bire-
fringence’s contribution to the overall birefringence in most
semi-crystalline polymers [35].
At higher degrees of crystallinity between thigand T,

the crystalline phase of the polymer cannot easily stress
&elax and therefore two consequences may result. First,
the high degree of crystallinity will have an effect on the
orientation of the amorphous phase, i.e. it can no longer be
considered random. Second, both the rigid amorphous and
the crystalline phases cannot easily stress relax and there-
(co& bop) =1— 2(co& boaa)- (8) fore it should be expectgd that an incrgase in film stress

should occur as the film is annealed at higher temperatures
This is valid for the (040) diffraction plane for the hexagonal approaching itsT,. The stress is primarily due to the

First, the intensity distribution needs to be integrated over
the rotation anglg8 from 0 to 2r then integrated over the
complementary tilt angleb from 0 to w/2. Following the
method (outlined by Alexander [32], originally developed
by Stein [33] for polyethylene which is orthorhombic and
latter generalized by Wilchinsky [31,34] for non-ortho-
rhombic crystal systems) to relate the mean-square cosin
value of an analyzed diffraction pedko< ¢z to thec
crystallographic axis of the hexagonal unit cellBPPXN

to fiber axis Z, parallel to the substrate) of the sample, the
following relation may be derived:
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composed of not simply the crystalline fraction but possibly

81 —— 1(¢) the amorphous fraction, distortional effects, and form
—o— I(¢) sin(¢p) effects. A previous study by You et al. [40] investigated
6] —— 1(¢) cosr2(¢) sin(¢p) the texture of PPXN as-deposited at room temperature,

annealed at 20C€ for 30 min., annealed at 300 for
2.5 h, and annealed at 3®Dfor 12 h. The sample annealed
47 at 350C possessing the hexagoifiaphase will be analyzed
here to determine its orientation. Then a comparison can be
2 made between this analysis and the thermal studies under-
taken here.
Fig. 3 shows the intensity distribution function as a func-
0 20 40 60 ) tion of the complementary tilt angle in degrees. Addition-
o (degrees) ally, the weighted functions are plottgd ip accordance with
Egs. (6) and (7). You et al.'s study indicated that PPXN
Fig. 3. X-ray pole figure intensity and weighted functions versus comple- exhibited axial sample symmetry, e.g. the same intensity
mentary filt angle. variation with sample rotatiop as a function of tilt angle
«a. As aresult Eg. (7) can be ignored making the calculations
coefficient of thermal expansion mismatch between the more simplified. Integrating the area under the,
polymer thin film (35—69 ppmC) and the silicon substrate  {I1(¢) sin ¢ cos ¢} versus ¢( curve and likewise with

(3.35 ppm7C) directly proportional in Eq. (12) [36]: {I(¢) sin ¢} versus ¢ and then using Eq. (6) yields a
value of 0.0846 forcos doanz)- However, a more useful
—EAa(T, — Ty) L .
Tthermal = ——— = 12 quantity is(cos ¢.,) the mean-square cosine value of the
-V

crystallographic axis of the hexagonal unit cell3aPPXN

where oermal is the thermal stres€ is the modulus of  to the fiber axisZ (parallel to the substrate). Using Eq. (8)
elasticity, A is the difference in the coefficient of thermal  Yields a value of 0.831. Finally, the Hermann's orientation
expansion between the film and substrateis the anneal ~ function can be calculated by use of Eq. (5) yielding a value
temperatureT, is the deposited temperature, anis Pois- of 0.746. This can be compared to a perfectly oriented
son’s ratio of the film. The increase of film stress with an samplefy, = 1 where the diffraction planes are parallel to
increase in anneal temperature has shown to be validthe substrate, to random orientatifip= 0, and tofy =
previously [37]. The modulus of elasticity for PPXN is —0.5 where the diffraction planes are perpendicular to the
2.4 GPa, CTE= 69 ppm°C, and v ~ 1/3. For a anneal  substrate. Evidently a high degree of order exisfs-APXN
temperature of 25C this gives a predicted stress of post-deposition annealed at elevated temperatures.
53 MPa. This assumes that PPXN was deposited &E,25 Egs. (2) and (4) yield:
no stress relaxation took place, and the as-deposited poly-
mer did not possess any intrinsic stresses. Experimentally 2 m(n® +2)*

) . : 'An= < ————— > Ng(b; — by)ify. 13
PPXN had an as-deposited compressive stressl&f MPa. 9 =
The film reached a peak tensile stress of 53 MPa atQ &b
which point the phase change fremto  fully occurred and Here it will be assumed that each crystallizable segment has
the stress subsequently dropped to 33 MPa. Experimentally,the same orientation (e.g. phenyl group, methylene group,

these samples were heated to the anneal temperature anéftc.) since X-ray pole figure analysis only gives an average
then effectively quenched not allowing any molecular value. To determine the orientation of individual molecules

rearrangements upon cooling to reach an equilibrium linear dichroism is needed. The following values are needed
state. The stress again increased at higher anneal temperdo calculate the birefringence based on the orientation data
tures. PPXC like PPXN showed a compressive stress as-from above: average index of refraction at 350deter-
deposited. With higher anneal temperatures the stressmined from this study 1.686, the number of segments per
increased until reaching a maximum value of 33 MPa at unit volume 0.00667 A(16 segments in a monoclinic unit

250°C just before its melting point. cell of dimensions ofa= 2052 ¢ = 6.58) [41] and the
segmental anisotropic molecular polarizability. The
3.2. Experimental segmental anisotropic molecular polarizability deserves

special attention since it is the largest source of error for
An important consideration when studying the birefrin- the calculations of the crystalline birefringence. In the most
gence of polymer thin films is to have some idea of their simplest sense the PPXN repeat unit may be viewed as a
orientation. Orientation may be greatly influenced by poly- phenyl group in series with two methylene groups in which
mer crystallization by either a stress-induced mechanism orcase the anisotropic molecular polarizability would be 5.62
simply by thermal anneals [9-15,38,39]. However, as and 0.721 A from Dewar et al. [21] and Stein [42]. The
previously eluded to, the polymer's birefringence is later value of 0.721 A is derived from studies of
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Table 1 the degree of crystallinity in the films. This is not to say that

Contibutions to  measured birefringence  of  PPXNX. % 0.6, an increase in the degree of crystallinity is not responsible

AN = —0.1304, film thickness- 175 nm) for a more negative birefringence of PPXN. However, chain
Aamorph An, orientation is not homogenous throughout the film but varies

from the silicon substrate outward.

(b1 — Ba)iolaed seo. 0.133 —0.306 The orientation of PPXN’s amorphous phase is not neces-
(—6.34 A°) Dewar et al. .
An, (corrected)—0.209 —0.0635 — 0.306 sarily zero. PPXN possesses a brdgaentered at-13°C
the consequences of which imply the amorphous phase has
some degree of chain mobility [45]. Flexible chain polymers
polyethylene and the anisotropic molecular polarizability of in the amorphous state with low degrees of crystallinity
its repeat unit. Adding both values together yields 6.34 A should be optically isotropic. This is in contrast to rigid-
for the addition of both segments [43]. rod amorphous polyimide thin films which often exhibit

Two fundamental sources of uncertainty exist with considerable birefringence as high As = —0.222 [46]
respect to the calculation of PPXN's crystalline birefrin- However, most polyimides normally exhibit a high,
gence. The segmental anisotropic molecular polarizability preventing much polymer chain mobility at room tempera-
of PPXN'’s repeat unit is not well known. Further, the ture. What was once isotropic for the amorphous phase of
Lorentz—Lorentz equation assumes a spherically symmetricPPXN can become much more anisotropic and thus birefrin-
internal field which is often a poor assumption for a segmen- gent when the thin film reaches higher degrees of crystal-
tal unit not isolated but residing in an ordered condensed linity. Mostly since the amorphous phase can become
phase state. To add to the uncertainty, the internal field ordered due to near-neighbor highly ordered crystalline
effect often may produce an experimental segmental aniso-regions. It would not be surprising to find that the amor-
tropic molecular polarizabilities 100% higher than the gas- phous phase of PPXN at a degree of crystallinity of 0.80
phase anisotropic molecular polarizability of the analogous would be highly ordered and thus contributes to the overall
isolated molecule [38,39,42]. The second source of uncer-measured birefringence. Also, films of less than 80 nm exhi-
tainty has to do with the orientation of the PPXN chain as it bit positive birefringence in contrast to thicker films. Those
approaches the silicon substrate/thin film interface. A ultra thin films apparently are influenced by the presence of
previous study has shown as annealed films become thinnethe substrate.
their birefringence becomes more positive and below The experimentally measured birefringencefePPXN
~90 nm it rapidly increases to 0.05-0.08 from0.11 was —0.1090 and—0.1304 at film thicknesses of 93 and
[44]. There is no reason to believe this thickness regime 175 nm obtained at 38G and 280C. Clearly, the film
(0-50 nm) becomes more oriented just because the film isthickness affects the birefringence as seen previously [44].
thicker. Therefore, the true film birefringence of PPXN Using Eq. (13) to calculate a crystalline birefringence (from
should be measured for a film which does not feel the effects the 175 nm film), and then Eq. (14) (ignoring stress effects)
of the substrate. Such a film would be a free-standing film the following values are obtained for the crystalline and
and no longer a thin film. If a 50 nm film has a 0.065 bire- amorphous birefringences as seen in Table 1.
fringence after a 32& anneal then the 175 nm film with a Ahg; — XoyAn
birefringence of—0.1304 has a corrected birefringence of Anymomn= Olt——XZVC
—0.209. This corrected value gives a more reasonable value v
—0.0635 for the amorphous phase of PPXN. What should be More studies need to be undertaken to understand the effect
apparent here is that too many uncertainties exist to quanti-stress and the amorphous phase has on the film’s overall
tatively relate a change in birefringence with an increase in experimentally determined birefringence. Swelling experi-
ments carefully conducted should be able to determine the
amorphous phase contribution. Stress, since it is intrinsic is

14

0.08
] much more difficult to measure and relate to the birefrin-
0.05 . s o -
0.02 gence in a thin film; that is independent of varying the
’ degree of crystallinity.
-0.017
-0.041

3.2.1. Poly(chloro-p-xylylene)

-0.077 The birefringence of the polymer thin films studied here

Birefringence

a —> B Transition . ) ..
-0.107 B - PPXN is a strong function of the polymer’s post deposition anneal

-0.137
-0.16

temperature as seen in Fig. 4. Much information is
T T T - contained here since optical birefringence is sensitive to

0 100 200 300 400 the degree of crystallinity, crystal phase transformations
Post-Deposition Anneal (C) aeg Y Y, €Y P . . ’
melting phenomena, and to degradation as will be

Fig. 4. Birefringence versus 30 min successive post-deposition anneals in€Xplained. PPXC as shown in Fig. 4 exhibits a positive
nitrogen. increase in its birefringence as the polymer is successively

VT-4
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0.02 1 PPXC 0.02 7 PPXC 4
-0.01 1 . -0.017
8 /I’I)XN alpha 8 0.01 -— PPXN alpha
S -0.047 Transiti ; =1 -0.04 1 I .
g ransition Regime o I'ransition Regime
= ]
E -0.07 / PPXN beta E -0.071
o o PPXN beta
.= -0.101 l -] -0.10 1
al M -
-0.13 7 0131 vI4
V4
-0.16 T T T T -0.16 T T T T T
0 20 40 60 80 0 100 200 300 400 500 600
% Crystallinity XRD peak intensity (cps)
Fig. 5. Birefringence versus percent crystallinity from XRD data. Fig. 7. Birefringence versus XRD peak intensity taken from the most

intense diffraction plane in each spectra.

annealed at higher temperatures up to its melting point at
29C°C. The increase in birefringence may be attributable to of these studies crystallization has been something to be
an increase in the degree of crystallinity as measured by X-avoided [10,11,13,14,16]. There is little doubt that an
ray diffraction. An apparent linear increase in birefringence increase in the degree of crystallinity leads to an increase
for PPXC with percent crystallinity was found as shown in in the birefringence of the polymer. However, the largest
Fig. 5. The percent crystallinity was found by measuring the uncertainty resides in the origin of the measured birefrin-
relative amorphous and crystalline regions of each XRD gence. Since the overall birefringence is composed of: crys-
spectra in raw data format. Relatively large errors result talline, amorphous, distortional, and form effects, factors
from this method £5%) due to uncertainties in determining such as the intrinsic stress of the film could largely impact
the area of the amorphous phase. Also, a completely amor-the measured birefringence. Stein [42] has suggested that
phous or completely crystalline parylene thin film is difficult the stress and birefringence be simultaneously measured to
to achieve since nearly all the parylene polymers are semi-satisfy this uncertainty. Experimentally, this has been
crystalline as-deposited and never reach an equilibrium undertaken with bulk polymers [20,47], however, a different
amorphous melted state. The later observation is causedexperimental approach would need to exist for thin film
by polymer degradation or in the case of PPXC and polymers. Further, nearly all the experiments with birefrin-
PPXD (which possesses two chlorine atoms per phenyl gence involve stretching the polymer which generates bire-
group) the melt transition disrupts the film structure irrever- fringence versus extension ratio and associated plots.
sibly. Due to large uncertainties in the percent crystallinity =~ Of particular interest to the study here is PPXC'’s increas-
values, the intensity values for the (020) diffraction plane of ing birefringence with an increase in anneal temperature.
the monoclinic unit cell for PPXC, as shown in Fig. 6, was The major difference between PPXC and PPXN is the
taken and plotted versus the birefringence (Fig. 7). An presence of chlorine which increases the anisotropic mole-
apparent linear relation also exists in Fig. 5. Therefore, cular polarizability of chlorobenzenAa = 7.00% versus
most likely the increase in birefringence for PPXC is caused benzeneAa = 5.62°. Then, with the same orientation and
by an increase in crystallinity. stress PPXC would exhibit a greater birefringence versus
Most of the studies correlating birefringence with degree PPXN. The increasing birefringence of PPXC probably
of crystallization have done so with stretched rubber. It most indicates the plane of the benzene ring is aligning more
perpendicular to the substrate, Singg:.of-plane > Nin-plane

807 PPXN beta —
- -
E 2w
. g
£ =
S 8 1 PPXC
> E‘ 40
g g
2 . B 207
£ (VN Transition Regime
as-deposited 28°C PPXN alpha
c L . A { 0 T T T :
10 12 14 16 18 20 22 24 0 100 200 300 400
20 Post-Deposition Anneal (C)

Fig. 6. XRD spectra of PPXC. Peak present is from the (020) diffraction Fig. 8. Percent crystallinity versus 30 min successive post-deposition
plane of the monoclinic unit cell. anneals in nitrogen taken from XRD data.
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PPXC (020) of melting, M is the molecular weight of the polymes,is
S the density of the crystal phase, amds the surface energy
- 607 of the crystal. Typically, a Hoffman—Weeks plot is
L 57 produced from the observed equilibrium melting tempera-
,%'U 541 A\A’ﬁf‘? alpha (020) ture versus crystallization temperature, where a linear extra-
é s polation can yieldT,o at the intersection of that line and
_2 4'8"5\9\’94;—4(400) Tm = T.. [50] This experiment is not possible with CVD
a5 polymers since cooling from the melt to crystallize the poly-
- PPXN Beta (400) o—o—6-6-0 mer is often not possible. Further, the large-scale motion
4z 00 200 300 400 associated with a melt transition to reach an equilibrium
Post-Deposition Anneal (C) liquid state is often not possible since the dimensions of

the thin film prevent this from occurring. Then, the melt
Fig. 9. d-Spacings from the XRD data versus 30 min successive post- transition is often an irreversible one. The polymer thin
deposition anneals. film does not become isotropic until just before its degrada-
tion temperature{40CC).

As can be seen from Fig. 8, the crystallinity reaches a  Two further conclusions can be made about PPXC with
peak at~250°C but the birefringence does not reach a peak respectto XRD. Fig. 9 shows tlikespacing of PPXC and the
until ~300°C, after which point a decline in the birefrin- other parylene polymers as a function of successive post-
gence exists and PPXC becomes amorphous as seen bygeposition anneals. As can be seen, PPXC exhibits a
XRD. This abrupt change in the birefringence and crystal- decrease ird-spacing as it is annealed at higher tempera-
linity of PPXC is due to the presence of the melting point at tures. This is hot uncommon since many polymers show
~290°C. The melt transition causes large permanent paracrystalline behavior, meaning the crystalline phase is
morphological changes due to the constrainment imposedslightly disordered yet shows periodicity [51]. Paracrystal-
by the dimensions of the thin film and the rotation of the linity is apparent with most polymers and reasonable for
phenyl group of PPXC [48]. This rotation disrupts the crys- CVD polymers since they often polymerize crystallize
tallites and the conformation of the phenyl group’s nearest simultaneously. This occurs for PPXC even below its
neighbors. The discrepancy between the birefringence andglass transition temperature-86°C). Under these condi-
the percent crystallinity peaks is likely attributable to small tions the localized heating due to polymerization initially
crystallites of lower melting point becoming a highly and then the heat due to crystallization later promotes crys-
oriented amorphous phase. Larger crystallites with smaller tallization even though the substrate temperature is below
d-spacings yielding a smaller full width half max (FWHM) T, This phenomenon is only possible at higher sublimation
have a lower surface free energy, which effectively rates which may promote higher localized heating. Crystal-
increases their enthalpy of melting. J.J. Thompson origin- lization during polymerization has been well covered by
ally derived the formula to relate the decrease in melting Wunderlich and colleagues [52—-56].
temperature for crystals of non-infinite size [49]. The full width half max (FWHM) of PPXC versus

60 M post-deposition anneal is shown in Fig. 10. PPXC exhi-
Th = mo[l - —] (15 bits a precipitous drop in its FWHM from the as-depos-
aAHo ¢ ited sample to the sample annealed at °T50This
where T, is the melting temperature for the non-infinite corresponds well to large increase in the percent crystal-
crystal, T, is the ideal melting point for the infinite crystal, linity and a large increase in the peak height of the
ais the edge length for a cubic crystalH, is the enthalpy ~ (020) diffraction plane. A decrease in the FWHM
could be possibly due to three factors: a decrease in

12 the stress of the crystallite, an increase in the crystalline
PPXC (020) perfection, and an increase in crystallite size. The as-
107 deposited PPXC stress was measured -a$0 MPa

VT-4(400) (compressive) and after a 1%D anneal 27 MPa (tensile)
and slowly increases as the annealing temperature is
increased [37]. Using Eq. (12) with PPXC parameters
T of: E=32GPa, CTE= 35 ppm°C, and v= 1/3 gives
041 PPXN alpha (020) G\% 34 MPa for a AT =225C. Experimentally, the stress
PPXN beta (400) was 33 MPa. The silicon substrate has an order of
" magnitude smaller coefficient~@ ppmfC) of thermal
expansion than PPXC~@35 ppm?C). Some degree of
stress relaxation in the polymer's amorphous phase

Fig. 10. Full Width Half Max (FWHM) taken from the most intense peak Can tak? place above it$;. Then when cooled, .t.he
versus 30 min successive post-deposition anneals. PPXC film wants to contract faster than the silicon
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gen thus increasing the lattice constant. They may have the
same crystal structures due to the birefringence data, where
VT-4 has a similar birefringence ®-PPXN at all tempera-
tures up to its degradation temperature (40)0More study
should be undertaken to confirm this finding. Further
evidence for VT-4’s crystal structure comes from compar-
ing PPXC toa-PPXN where they are both monoclinic. The
b-axis lattice constant for PPXC is 12.48(at 250C) where
F as-deposited 12,C a-PPXN is 10.58 A(at 200C), which is 18% larger. Chlor-
. l . . \ . ine is much larger than fluorine therefore this result is not
10 12 14 16 18 20 22 24 surprisingly. The lattice constaaf = b) of VT-4 should be

2 nevertheless larger than that@PPXN due to the presence
of fluorine atoms.

As it can be seen from Fig. 4, VT-4 becomes more nega-
tively birefringent up to its degradation temperature
(~400C), where a rapid increase in the birefringence
substrate will let it, hence the tensile stress. This situa- occurs as a result of bond disruption. Birefringence linearly
tion is similar to nearly all thin film polymers grown on decreases with an increase in crystallinity as seen in Fig. 5.
silicon and then annealed. Like PPXC, VT-4 exhibits a decrease in dsspacing with

Two more explanations for the reduction in FWHM is the increasing post-deposition anneal temperature (Fig. 7). The
increase in crystalline perfection and the increase in crystal- drop ind-spacing compared to PPXC is much larger which
lite size. PPXC’'d-spacings decrease as a function of post- could be related to its high degree of crystallinity as-depos-
deposition anneal lending to a decrease in FWHM. ited.

However, more significant is the increase in crystallite  The decrease in FWHM of VT-4 is attributed to the same
size as measured by the percent crystallinity, where thefactors as that of PPXC since they both exhibit similar
percent crystallinity increases considerably from 16% as- behavior due to their similar above room temperaflys
deposited to 38% after a 18D post-deposition anneal (PPXC~ 36°C, VT-4~ 64°C). The effective slope of the
(Fig. 8). Likely, the FWHM decreases as the percent crystal- FWHM versus post-deposition anneals (Fig. 10) is smaller
linity increases until 29TC. At this point, according to Eq. compared to PPXC due to a smaller increase in percent
(15) the smaller crystallites transform into an oriented amor- crystallinity versus post-deposition anneal. The reduction
phous phase and the larger crystallites become more perfecin the FWHM should be most significant between the as-
(smallerd-spacing, smaller FWHM, and more intense (020) deposited sample and the annealed samples if stress is the
diffraction peak). only consideration. However, the largest increase in percent
crystallinity is also between the as-deposited sample and the
3.2.2. Poly(tetrafluoro-p-xylylene) first anneal at 10@. The main differences between VT-4

The 282 nm as-deposited VT-4 thin film exhibited a large and PPXC are: VT-4's crystal structure, as evident from the
negative birefringence compared to either the PPXC or birefringence data, which influences the orientation of the
PPXN as-deposited thin films. VT-4 apparently possessespolymer thin film, the percent crystallinity of VT-4 in the as-

a high degree of crystallinity in the as-deposited condition deposited condition{39% for VT-4 and~16% for PPXC),

as opposed to PPXN or PPXC, however, many factors mayand the large crystal disorder of VT-4 compared to PPXC.
contribute to this difference such as deposition rate as Most significant of the above findings is the phenyl groups
related to sublimation rate of the precursor, substrate in the main-chain of VT-4 are aligned in the plane of the
temperature, and system pressure. According to its XRD substrate versus PPXC whose phenyl groups tend to align
spectra (Fig. 11), VT-4 does not go through any crystal more perpendicular to the plane of the substrate. This find-
transformations much like PPXC exceptdtspacings coin-  ing has large implications for the dielectric constant of VT-4
cide with PPXN to a great extent (in its high temperature both in-plane and out-of-plane of the thin film. Namely, the
T > 220°C B-phase). The experimentally determined lattice large negative birefringence of VT-4 will cause it to have a

L 300°C

200°C

Intensity (arb. units)

Fig. 11. XRD spectra of VT-4. Peak present is from the (400) diffraction
plane of the hexagonal unit cell.

constants for PPXN arex = 2052, b = 2052, c = 6.58 A
for the hexagonal unit [57]. The study here showedahke
b= 20.06-20.10A varying slightly at lower annealing
temperatures where the — 3 phase transformation was

not totally complete. Assuming VT-4 has the same crystal

structure ag-PPXN,a=b = 22.40-21.09 A for the (400)
diffraction plane. At high temperatures-88C0°C) the VT-4
lattice constant is-5% larger than that @-PPXN, which is

large in-plane capacitance and a relative low out-of-plane
capacitance not desirable for ULSI devices.

3.2.3. Poly(p-xylylene)
Due to PPXN'’s crystallographic phase chargémono-
clinic) to B (hexagonal) starting at 220 its measured bire-

fringence is more complicated than either VT-4 or PPXC.

Most significant, PPXN has &; = 13°C which is below

reasonable since fluorine occupies more space than hydrofoom temperature, much different then either PPXC
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L and its local structure. The as-deposited crystal structure of

W PPXN is the monoclinic alpha form. As with PPXC and VT-
> 4, as-deposited-PPXN shows a disordered crystal struc-
-‘§ r a82°c ture becoming more ordered after successive post-deposi-
= 850G tion anneals to 20C. After the anneal at 25Q, a driving
8 ono exists to transform thex crystals to theB crystals. This
% MM severely disrupts the-PPXN d-spacing as evidenced by
8 F -~ its rapid increase. After the 3%0 post-deposition anneal,
c m thea-PPXN totally transformed intB-PPXN. The3-PPXN

5 e A oo A SEPOSET 5 C formed does not decreasedrspacing likea-PPXN due to

10 12 14 16 18 20 22 24 the nucleation and growth @-PPXN occurring under more

2% favorable conditions. Any decrease in the FWHM according

to Fig. 8 is most primarily due to a crystallite size increase.
Fig. 12. XR_D spgctra of PPXN. Peak at I_ov_v temperatures is present is from p rough calculation using the well known Scherrer formula
the (020) diffraction plane of the monoc_:lmlc _unlt cell and the large peak at_ [32] with a Scherrer constant of 1.05 and a FWHM of 0.280
higher temperatures is from the (400) diffraction plane of the hexagonal unit * . . . .
cell. yielded a crystallite size of-67 nm which is~71% of the
thickness of the thin film. More than likely, the crystallites
are not spherical but elongated in the plane of the film due to
(36°C) or VT-4 (64C) which haveTy's both above room  film thickness 95 nm). The large crystallite size for the
temperature. Tha form of PPXN has the same monoclinic high temperature successive post-deposition anneal of
structure of PPXC and it has been previously proposed thatPPXN is not surprisingly since a high percent crystallinity
VT-4 has the same hexagonal structur@@e®PXN. As can was seen after &380°C anneal. At longer annealing times
be seen from Fig. 4, the birefringence does not change muchit would be interesting to see how large the crystallites
up to 200C but thereafter it rapidly becomes more nega- would become and how high the percent crystallinity
tively birefringent due to the formation @-PPXN. would become for PPXN. According to Fig. 8, PPXN has
Fig. 12 shows the XRD spectra of PPXN. the peaks at the highest percent crystallinity next to VT-4 and then
15.8-16.8(20) are attributed to the (020) diffraction plane PPXC. This might be expected since PPXN is highly
of the monoclinic unit cell with dimensions = 5.92, symmetrical. VT-4 should have a high crystallinity due to
b= 1064, c = 6.55A which were previously determined its high symmetry like PPXN but apparently a larger barrier
[54]. After a ~250°C post-deposition anneak-PPXN exists to further crystallization as compared to PPXN.
begins to transform t@-PPXN which was not complete Finally, PPXC exhibited a high percent crystallinity at its
until successive anneals to 380 The peak at 19.7(26) maximum ~58%. The disruption of the symmetry of the
(a= b = 20.78 A) appearing after 25C and 300C succes- repeating unit by the introduction of chlorine on the phenyl
sive anneals is probably a slightly different (040) hexagonal group would be expected to reduce the crystallinity of
orientation. However, limited XRD spectra are available for PPXC as compared to PPXN. The introduction of chlorine
successive post-deposition anneals of PPXN. The otheronto PPXN would be similar to the introduction of a methyl
crystal transformations are supposedly reversible, however,group on polyethylene. Even the highly symmetrical isotatic
the films here is 95 nm. It has been previously shown that polypropylene exhibits a large reduction in percent crystal-
the birefringence is strongly affected by the thickness of the linity (62—70%) as compared to high density polyethylene
PPXN thin film below~112 nm [44]. The other peak at (>90%) [59].
20.39% (260) in the XRD spectra can be attributed o The FWHM (Fig. 10) data for PPXN shows a decrease for
PPXN (@ = b= 2009A) as reported previously [58]. B-PPXN most probably due to an increase in crystallite size
Correlations between birefringence and crystallinity for which causes an increase in percent crystallinity. The
PPXN are not easily made since PPXN undergoes the3 change in FWHM ofa-PPXN is more complicated. Initi-
transformation at~220°C. The transformation is not ally, a slight increase in the FWHM occurs and then a
immediate and therefore a transition regime exists when decrease, after which point the —  transformation
studying PPXN where at higher temperatures mg@re occurred. The small increase in FWHM is counter to what
PPXN is formed which markedly increases the percent crys- was previously seen for PPXC and VTe4PPXN increases
tallinity to 82% at a post-deposition anneal temperature of in percent crystallinity and itsl-spacing decreases, there-
~38C°C, thereafter a rapid decrease in percent crystallinity fore, an increase in the FWHM might be indicative as an
is evident from Fig. 8 due to the degradation of the polymer increase in the stress state of the film, which might be likely
film at ~400°C. Apparently transformations such as melting and corresponds well to stress studies undertaken on PPXN.
T, and degradatiomy severely disrupt the ordering of allthe A previous study showed the stress state of PPXN to be
parylene polymers studied here, driving the birefringence compressive as-deposited-18 MPa) and after a 15 min
and crystallization to zero. anneal at 20T the stress state was 40 MPa tensile [37].
Thed-spacings of PPXN are related to its crystal structure Therefore, an increase in the stress state of the thin film is
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Table 2
Experimental parameters influencing the separation between adjacent benzene rings

a-PPXN VT-4 PPXC/PPXD
van der Waals atomic radii 120 [61] to 145 [62] in pm (H) 150-160 pm [61] (F) 170-190 pm [61] (CI)
Bond length [60] 109 pm (C-H) 136 pm (C-F) 176 pm (C-CI)

probable but would not be seen in the FWHM data unless it Table 3 shows direct experimental evidence for the separa-

dominates over the decrease in crystalline disorder and thetion between adjacent benzene rings. brexis lattice para-

increase in crystallite size after successive post-depositionmeter from the monoclinic unit cell ef-PPXN, PPXC, and

anneals. PPXD represents the distance between two phenyl groups
(since two repeat units exist per unit cell).

) ] ] The polarizabilities of hydrogen and fluorine are similar

4. Control of optical anisotropy through repeat unit but much larger for chlorine. However, fluorine and chlorine

structure because of their high electronegativties of 4 and 3.45 tend to
decrease the polarizability of neighboring atoms or mole-

As previously discussed, the polarizability of the phenyl ¢, je5 e g. phenyl. In the case of chlorobenzene, its overall

group is greatest in the plane of the ring. Two adjacent o izability is increased to 12.5%Afrom 10.4 A° for
polymer chains (containing a main chain phenyl group) pensene due to the high polarizability of chiorine [21].
will be most stable if both phenyl groups lie in the same \yjih the presence of chiorine, the out-of-plane polarizabil-
plane due to greater dispersion forces. This type of bonding ity of chlorine containing benzene increases to 7 Bgok
may also be considered as instantaneous dipole—induced.\,;orobenzene from 6.65%for benzene. which will be
dipole interaction. The energy of such dispersive bonding jynortant in later discussion [63]. The electronic polariz-

is [60]: abilities of like molecules containing hydrogen, fluorine,

E= —(2,ua)/l’6 (16) and chlorine are compared in Table 4. This trend found in
Table 4 is fairly typical of most molecules which contain a

where u is the mean instantaneous dipole, amds the  halogen atom, namely fluorination causes a decrease and

atomic or molecular polarizability andis the separation  chlorination causes an increase in electronic polarization
between adjacent atoms or molecules. Dispersion forces argelative to the hydrocarbon molecule.

of extremely short-order and generally weak. Of all the  Considering the experimental evidence in Fig. 4 showing
chemical forces or interactions they are generally the weak- PPXN and VT-4 are negatively birefringent (also AF-4) and
est. However, they are very important with regards to the hoth PPXC and PPXD are positively birefringent resulting
bonding of adjacent polymer chains, which is of interest to from the relative orientation of the phenyl groups to the
the present discussion. Much of the energy gained due tosubstrate apparently the most important parameter affecting
specific bonding during polymer crystallization may be this orientation is the separation between adjacent phenyl
associated with the bonding between adjacent polymer groups. This is no surprise since the energy of the dispersion
chains. Sometimes this is the same chain as in the case ofgrces are proportional to A However, why does an

a chain-folded morphology polymer crystallite. These increase in separation result in orientational differences
dispersion forces are often weak but two factors make petween hydrogen/fluorine-containing polymers and chlor-
them important and significant: the close association of ine containing polymers?

atoms or molecule¢E oc 1/r®) and the direct proportional- It must be assumed that the crystalline polymer is ther-
ity between bond strength and the polarizability of the atoms modynamically more stable than an amorphous polymer
or molecules. Table 2 shows the atomic radii and bond due to greater specific interactions (in the case here, the
lengths of the atoms in question which relates to the separa-dispersion forces between adjacent phenyl groups). Assum-
tion between adjacent phenyl groups (or polymer chains). ing an unstressed state of the polymer thin film and that no
other external forces impose on the crystallization or orien-
tation behavior of the thin film polymers studied here, then
the relative orientation of the phenyl groups within the

Table 3
Lattice spacings of CVD thin film polymers

At T< 15CC a-PPXN PPXC PPXD
- - o . o Table 4
b-Axis lattice 10.64 A 12.77 A 13.82A Electronic polarizabilities of diatomic molecules/bonds of the form HX and
parameter cX
(monoclinic)
At T~ 380C B-PPXN VT4 a-PPXN VT-4 PPXC/PPXD
a-Axis lattice 20.52 A 21.09A -
parameter o (A9 [63] 0.819 (H—H) 0.51 (H-F) 2.63 (H-Cl)

(hexagonal) a (A% [64] 0.65 (C—H) 0.68 (C—F) 2.61 (C—Cl)
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crystallized phase of the polymer thin film is also the most extent an increase in rotational inertia of PPXD’s phenyl

stable orientation. A compromise then exists between 100%group.

positive birefringent orientation where little molecular

polarizability exists to stabilize adjacent phenyl bonding

and 100% negative birefringent orientation which is de- 5. Conclusions

stabilized due to the presence of chlorine. Further, the

presence of chlorine results in a greater out-of-plane polar- The increasing demand for low dielectric constant

izability for the benzene ring (7.58%for chlorobenzene  (k < 3.0) CVD polymer thin films to replace Sio reduce

6.65 A% for phenyl) thus stabilizing the rotated phenyl RGCdelay in ULSI devices has prompted the synthesis of

groups [64]. Based on the difference in bond lengths many new polymers. The ultimate properties of the polymer

between C—H and C—-ClI, the distance between adjacentthin films are determined by their anisotropy or local bond-

phenyl groups for PPXC (as opposeddePPXN) should ing. That anisotropy for polymer thin films is complex and is

increase by 61%. Based on the difference in van der Waalsstrongly affected by the thermal history of the polymer. A

atomic radii between atomic hydrogen and atomic chlorine strong understanding of the structure—property relations and

this distance should increase by 38%. However, whebthe how they are influenced by the molecular architecture is

axis of the monoclinic unit cell is experimentally measured imperative for the future development of polymer thin films.

for PPXC it increased only 20% overPPXN. The rotation The study here has shown the value of birefringence

of the benzene rings then allows a closer associationmeasurements as a function of successive post-deposition

between adjacent benzene rings thus creating stronger interanneals. Birefringence is sensitive to the relative orientation

actions. Since the bond strength of dispersion forces of the phenyl group which is influenced by physical trans-

between molecules is proportional ta®lthen a difference  formations such as crystallization, melting and film degra-

of a few angstfms results in much larger differences in dation. Correlations between birefringence measurement

bond stability. were made with X-ray diffraction measurements primarily
A simple example to help illustrate this point is: a 50% in terms of the crystallization of the thin films. XRD data

increase in theép-axis for PPXC to 15.96 Aassuming no had shown a large degree of crystal disorder for VT-4, the

rotation for the phenyl groups and no increase in polariz- presence of stress in the form of PPXN and other con-

ability) would decrease the bond strength 11 times. With the clusions dealing with the anisotropic changes in all of the

rotation of the phenyl groups, theaxis only increases by polymer thin films studied here.

20% to 12.77 Athus decreasing the PPXC bond strength

relative toa-PPXN 3 times. Moreover, an increase in the

out-of-plane polarizability for the chlorine-containing References
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