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a b s t r a c t

Neutron reflectometry (NR) measurements of ultrathin films from octafluorocyclobutane (OFCB) and
benzene (B) precursors deposited using Plasma Enhanced Chemical Vapor Deposition (PECVD) at two
pressures (0.6 and 0.05 torr) reveal that under both deposition conditions there are a 7 nm-thick surface
layer and an approximately 1 nm-thick transition layer next to the substrate which have structures
different than those in the middle of the film. NR measurements of films swollen with solvent reveal that
the density of cross-linking next to the substrate is lower than that in the middle of the film or the region
adjacent to the surface of the film for both precursors. Variations in the cross-link density with pro-
cessing pressure are much stronger for PP-B films than for PP-OFCB films.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Thin films exhibiting highly cross-linked structures have been
targeted for applications such as waveguides, passive filters and
capacitors for dielectric devices [1e4]. Plasma polymerized (PP)
films have attracted recent interest due to their properties
including insolubility, good adhesion to substrates, high cross-
linking density, and a smooth and pin-hole free structure [5e7].
Although there have been some studies of the structure within
these PP films [8e10], a more fundamental understanding of the
film structure, especially the establishment of structure-property
relationships, is critical for finding optimum designs for various
optical and dielectric applications.

Using a single precursor (monomer), it is possible to obtain films
with a variety of structures simply by varying the deposition
conditions, and it is therefore advantageous to understand how the
processing conditions define the structure and properties of such
films. Previously, Kim et al. [9] found that films of plasma poly-
merized homopolymers of benzene and octafluorocyclobutane
(OFCB) precursors of thickness 25e40 nm processed at 30 W
plasma power and 0.6 torr reactor pressure had extremely smooth
interfaces and structures that were uniform through the depth of
: þ1 330 972 5290.
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the film. The only variation in structure with depth reported was
associated with a very thin (ca. 1 nm) transition layer next to the
substrate for films made from OFCB (PP-OFCB). The current
contribution addresses how the structure of 10e20 nm thick PP-
homopolymer films changes when the reactor pressure is varied,
and how the cross-link density varies with depth for the processing
conditions studied. In these ultrathin films, interfacial structure is
the dominant feature of film structure.

Jeon and coworkers [10] studied variations with depth in cross-
link density for PP-(methyl methacrylate) (PMMA) homopolymer
films deposited at 60 W plasma power by collecting neutron
reflectivity (NR) data for the 20e140 nm thick films after swelling
with good solvent-vapor. They reported that the cross-link density
was uniform from the substrate surface to the air interface. Nelson
and coworkers [8] reported that PP-allylamine (AA) and PP-hex-
amethyldisiloxane (HMDS) homopolymer films, deposited at
a plasma power of 10 W and then swollen with water, swelled to
different extents. The hydrophilic PP-AA swelled four times as
much as the hydrophobic PP-HMDS. No indication of variation in
cross-link density through the film was reported.

The present contribution focuses on the role of pressure on the
dry and swollen interface structure of ultrathin (<20 nm) PP-OFCB
and PP-Benzene (PP-B) films deposited at 45 W in contrast to the
thicker films deposited at 30 W power that were studied by Kim
et al. [9]. The differences in the structure with processing
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conditions are studied using NR, which is sensitive to film thick-
ness, composition and density and to interface roughness [11e16].
NR measurements on dry PP-OFCB and PP-B films show a surface
layer with lower scattering length density than the bulk, and in
some cases a very thin transition region at the substrate.
Measurements of swollen PP-OFCB and PP-B films show that
solvent concentration is higher at the substrate than in the middle
of the film or “surface”, revealing that cross-link density varies with
depth inside the film. Details of the film structure vary with reactor
pressure, more so for PP-B films than for PP-OFCB films.
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Fig. 1. NR data (symbols) and the best fit model reflectivity (line) for PP-B single layer
films deposited at high pressure (H-B) and low pressure (L-B). The curves for the L-B
film are shifted for clarity. Error bars in reflectivity figures are smaller than the size of
data symbols.
2. Materials and methods

PP-B films were made from the vapor of HPLC grade liquid
benzene (C6H6) supplied by Aldrich [17]. PP-OFCB films were made
from compressed OFCB supplied by SynQuest Laboratories [17]. The
monomers were 99% pure and no additional purification stepswere
performed. The reactor used was similar to that used by Grant and
coworkers [3]. Plasma power, argon flow rate, downstream
monomer feed location (DS) and monomer flow rate were kept
constant for the samples considered here. Plasma power was 45W.
Ar flow rate was 100 cc/min and the monomer feed rates were
3 cc/min for OFCB and 0.3 cc/min for benzene. Filmswere deposited
on 300 diameter siliconwafers for XPS and NR analysis. One PP-OFCB
film (denoted “H-F”) was deposited in the “high” pressure regime at
a reactor pressure of 0.6 torr and another (“L-F”) at a “low” reactor
pressure of 0.05 torr. PP-B filmswere also deposited at each of these
two reactor pressures and labeled “H-B” and “L-B”.

Surface compositions were determined using XPS with an
incident angle of 30� with respect to the sample surface on
a Surface Science Instruments [17] M-probe spectrometer equipped
with a monochromatic Al Ka source. The penetration depth of the
X-rays was 5 nm at this incident angle. Survey scans covering
binding energies of 0e1000 eV were made using an X-ray power of
200 W and analyzer pass energy of 150 eV. The spectrometer
resolution was 1.5 eV and the analysis area was approximately
400 mm � 1000 mm.

Specular NRwasmeasured at the National Institute of Standards
and Technology (NIST) Center for Neutron Research on the NG1
reflectometer (l ¼ 0.475 nm). The intensity of reflected neutrons
was measured as a function of momentum transfer vector in the
direction normal to the surface qz (¼4psinq/l), which is a function
of incident angle (q). Data were collected with approximately fixed
relative resolution (Dq/q z 0.02) by increasing the sizes of colli-
mating and detector slits with increasing incident angle. The
reflectivity was first measured on as-deposited samples, and then
on samples swollen with good solvent-vapor. Either d-THF, a good
solvent for PP-OFCB, or d-toluene, a good solvent for PP-B, was
placed in a reservoir inside the NR sample chamber and the
reflectivity measured after the sample had been exposed to
solvent-vapor for 12 h (Measurements of the kinetics of swelling
with other samples indicated that the equilibrium was reached on
a time scale of 3 h).

The property of the films to which NR is sensitive is the scat-
tering length density (SLD), or (b/V)n. The value of (b/V)n can be
related to the molecular properties of the film by

ðb=VÞn ¼
NArb

P
bi

MW
(1)

whereMW is themolarmass of a representative “repeat unit” of the
polymer, rb is the mass density in the volume of interest, bi is the
scattering length of element i in the repeat unit, the sum is over all
atoms in the repeat unit, and NA is Avogadro’s number. Thus (b/V)n
varies as a function of both the mass density of the film and the
composition in the film. If phase-sensitive methods employing
reference layers or variation of the surrounding media cannot be
performed for technical reasons [18], then the sample neutron SLD
cannot be obtained directly from NR data because of the loss of
phase information, but must be obtained by a fitting procedure
[19]. A candidate model is assumed for the film structure and the
model parameters are varied until good agreement between the
simulated reflectivity and data is achieved. The model SLD profile is
created by first approximating the structure as a stack of fictitious
layers, each of which has thickness d and uniform scattering length
density (b/V)n. Each of the interfaces in the sample, including the
interface between the substrate and film, the interface between
film and air, and the interface between each pair of layers in the
film, is convoluted with an appropriate error function to represent
the full effective width of the interface, the width of each interface
being parameterized by a value of s for that error function. This
effective width includes both the effect of roughness as well as the
intrinsic width of the interface, since reflectivity experiments only
measure the one-dimensional SLD profile as a function of depth.
The simulated model reflectivity was calculated using the Parratt
formalism [20] and values of the model parameters obtained using
a nonlinear least squares regression of the data.
3. Results and discussion

3.1. As-deposited structure e benzene monomer

Fig.1 shows the neutron reflectivity data and the best fit for PP-B
films deposited in the high and low pressure regimes. The most
evident difference between the reflectivity curves is the difference
in spacing of the interference fringes indicative of the film thick-
nesses. The fringes in the reflectivity curves for both samples
propagate to the highest accessible values of qz, indicating that the
air interfaces are sharp. Parameters of the film structure in each
sample are given in Table 1. In both cases, good fits with a figure of
merit, c2, less than 1.4, were obtained. The SLD profiles corre-
sponding to the best fit curves for the samples are shown in Fig. 2.
In general, SLD model profiles were constructed using three layers
in the underlying “box-like” model. The layer next to the substrate
is denoted as the “bottom” or “transition” layer. We use the term
“transition” layer for a layer that is comparatively thin and which



Table 1
Model parameters for films deposited from benzene at different pressures.

Model Layer Parameter 0.6 torr 0.05 torr

SiOx s (nm) � 10e15% 0.13 0.2
(b/V)n � 0.1 (10�4 nm�2) 3.27 2.97
d (nm) � 0.2 nm 0.6 0.7

Transition layer s (nm) � 10e15% 1.5 1.5
(b/V)n � 0.1 (10�4 nm�2) 0.97 2.0
d (nm) � 0.2 nm 3.1 3.8

Middle layer s (nm) � 10e15% e 0.96
(b/V)n � 0.1 (10�4 nm�2) e 1.03
d (nm) � 0.2 nm e 2.6

Surface layer s (nm) �10e15% 0.29 0.82
(b/V)n � 0.1 (10�4 nm�2) 0.65 0.6
d (nm) � 0.2 nm 8.1 6.9
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lies underneath an abrupt increase in (b/V). For convenience the
layer in the middle of the film is denoted as the “middle” layer and
that next to the air as the “surface” layer. However, a “transition”
layer was not needed for every model. This fictitious profile of box-
like components is then modified by convoluting the interfaces
with error function of appropriate widths. In comparing the
structures of different films it is best to recall that while the
uniform layer parameter values and interface widths summarized
in the table provide some idea of differences among the structures
of the samples, the true shapes of the profiles can only be appre-
ciated by looking at the final SLD plots. The peak on the left of each
SLD profile corresponds to the SiOx layer atop the Si substrate. The
PP-B film itself starts to the right of the SiOx layer in the SLD profile.
For PP-B films only two layers were needed for the film deposited at
higher pressure, while three were required for the film deposited at
lower pressure. The film deposited at higher pressure was not thick
enough for a middle layer structure to develop.

For both deposition pressures, the structures of PP-B films vary
substantially with depth (in contrast to the PP-OFCB films discussed
later). Near the substrate, the SLD drops substantially over a very
thin region followed by smaller, more gradual decreases through
the total thickness.Wenote that this is fundamentally different than
for PP films formed at 30 W from deuterated benzene (PP-dB) by
Kim [9] and benzene (PP-B) by Peri [21]. XR of these PP-B ultrathin
films deposited at 45W (not shown) exhibit key features consistent
with the NR data, i.e. strong variations in (b/V)x with depth, and
apparent densities much lower than those of films deposited at
30W. Thus, it seems that the transition in structure at the substrate
appears upon the increase of deposition power from 30W to 45W.
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Fig. 2. (b/V)n Models for PP-B samples deposited at 0.6 torr (solid line) and 0.05 torr
(dashed line). Zero on the depth scale is taken as the center of the interface between
the Si substrate and its oxide layer.
The SLD profiles in Fig. 2 also reveal that the rms roughness of
the polymereair interface is greater for the film deposited at 0.05
torr (0.82 nm) than for the film deposited at 0.6 torr (0.29 nm). We
conjecture that under the conditions of higher deposition rate (0.05
torr samples), there is not enough time for incoming fragments to
diffuse laterally on the surface to achieve optimal smoothing of the
new surface.

Finally, we see that the composition near the air interface is
different from that of the composition in the interior of the film.
This “surface layer” again appears here for films formed at 45 W,
while it was not seen [9,21] for PP-dB and PP-B films deposited at
30 W. The region of reduced scattering length density next to the
air surface has about the same thickness, ca. 7 nm, for the deposi-
tions at the two pressures. Since both films are ultrathin, the result
of having both a ca. 3.5 nm thick “transition” layer and a surface
layer of 7 nm is a SLD profile that is markedly non-uniform with
depth. XPS analysis also showed that both films had an oxygen
composition of 4 atom% at the surface, which is notable because the
monomer contains no oxygen. Several studies [22e28] have
pointed out that plasma polymerized films contain residual free
radicals and dangling bonds that can form active oxidization
centers [29e32]. Jiang and coworkers [33] reported 4 atom%
oxygen on the surface of PP-B films (deposited at the same condi-
tions of 45 W plasma power, 0.05 torr chamber pressure and argon
flow rate of 10 cc/min) and there was a large concentration of free
residual radicals within the films. Their XPS results also showed
that the oxygen was confined primarily to the surface region,
consistent with the contention that the oxygen diffuses into the
film when exposed to ambient conditions. Swelling measurements
discussed below show how the cross-linking density varies with
depth in the films.
3.2. As-deposited structure e OFCB monomer

Fig. 3 shows the NR data and best fit curves for PP-OFCB samples
deposited at 0.6 torr and 0.05 torr using OFCB monomer. The film
characteristic of central interest is the uniformity of SLD with
depth. Parameters of the film structure for each sample corre-
sponding to the best fit are given in Table 2 and the SLD profiles are
shown in Fig. 4. In contrast to the case of the PP-B films, the SLD
profiles of the PP-OFCB films seem unaffected by deposition pres-
sure aside from a change in deposition rate (i.e. if the deposition
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Fig. 3. NR data (symbols) and the best fit model reflectivity (line) for PP-OFCB films
deposited at 0.6 torr pressure (H-F) and 0.05 torr pressure (L-F). The curves for L-F are
shifted for clarity.



Table 2
Model parameters for films deposited at different pressures using OFCB monomer.

Model Layer Parameter 0.6 torr 0.05 torr

SiOx s (nm) � 10e15% 0.32 0.3
(b/V)n � 0.1 (10�4 nm�2) 3.25 3.25
d (nm) � 0.2 nm 0.77 0.72

Transition layer s (nm) � 10e15% 0.12 0.22
(b/V)n � 0.1 (10�4 nm�2) 2 2.3
d (nm) � 0.2 nm 0.3 0.3

Middle layer s (nm) � 10e15% 3.5 3.5
(b/V)n � 0.1 (10�4 nm�2) 3.6 3.7
d (nm) � 0.2 nm 9.7 13.3

Surface layer s (nm) � 10e15% 0.49 0.35
(b/V)n � 0.1 (10�4 nm�2) 3.2 3.2
d (nm) � 0.2 nm 7.0 6.9
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times for the two films depicted in Fig. 4 had been chosen to ach-
ieve exactly equal overall thicknesses, the two SLD profiles would
be very similar). The SLD profiles of both films show “transition
layers” at the substrate and a surface layer of lower SLD.

An important difference between the structure of the PP-OFCB
film deposited at 45W reported here and that of the film deposited
at 30 W reported earlier by Kim and coworkers [9] is the “surface
layer” seen here. The “surface” layer of approximately 7 nm thick-
ness is seen in both OFCB and benzene films, suggesting that its
existence is not primarily dictated by details of the chemistry, but is
instead a general feature of the deposition mechanism. The origin
of the “surface” layer is probably through post-deposition reactions
between residual radicals/dangling bonds near the film surface and
moisture and oxygen in the air upon exposure to an ambient
atmosphere, Although the electronegative fluorine on the PP-OFCB
film surface strongly repels oxygen [34], sufficient oxygen (0.9
atom%) is incorporated to create a surface layer due to the large
number of residual free radicals.

We note a difference in the sensitivity of the surface roughness
to deposition pressure for PP-B and PP-OFCB films. While the
roughness of the PP-B films changed markedly with deposition
pressure, the roughness of the PP-OFCB films did not. They were
0.35 nm for the film deposited at 0.05 torr and 0.49 nm for the film
deposited at 0.6 torr, a difference at the edge of our estimated
uncertainties. We conjecture that this insensitivity to pressure is
connectedwith the fact that while the deposition rate for PP-B films
changed by 400% with the pressure increase from 0.05 to 0.6 torr,
the deposition rate for PP-OFCB films changed by only 40%.
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Fig. 4. (b/V)n Models for PP-OFCB samples deposited at 0.6 torr (solid line) and 0.05
torr (dashed line). Zero on the depth scale is taken as the center of the interface
between the Si substrate and its oxide layer.
3.3. Cross-link density comparisons e benzene monomer

After swelling to equilibrium in d-toluene vapor, the PP-B film
thickness increases dramatically and the fringes become very
poorly defined as shown in Fig. 5, indicating that the roughnesses of
the interfaces responsible for the fringes increase with swelling.
Best fits to the data from the swollen PP-B films are shown in Fig. 5
and the corresponding SLD profiles are shown in Figs. 6 and 7. The
fits to the data for swollen films were done assuming the amount of
solvent in the film implied by the change in overall thickness must
be consistent with the amount of solvent implied by the increase in
b/V integrated over the thickness of the film, assuming ideal mixing.

The SLD profile for the swollen H-B film reveals a broad region
with high (b/V)n near the substrate. For both films, this SLD in the
swollen sample is much higher than the SLD in the as-deposited
sample because the SLD of d-toluene (5.66 � 10�4 nm�2) is much
larger than the SLD of the dry polymer (w1.1 � 10�4 nm�2).
Comparing the thicknesses of the dry and swollen films shows that
the PP-B films swelled by a factor of three. Comparing the (b/V)n of
pure solvent and that present in the swollen film, one can infer that
this layer adjacent to the substrate contains about 90% solvent, so
the cross-link density in the transition layer is low. Progressing
upward toward the air interface, (b/V)n decreases monotonically,
indicating that the film is increasingly more cross-linked towards
the outer surface. However, not much can be said about cross-
linking right at the air interface because the SLD reaches zero after
passing the polymereair interface. It is also possible that after
swelling, the interface gets very rough, and the broad interface
profile next to the air results from a combination of continuous
change in cross-link density with depth and the increased
roughness.

Both of the films show gradients in swelling with depth;
however, for the PP-B film deposited at 0.05 torr, the value of (b/V)n
peaks at the substrate interface and immediately begins to decrease
in the direction of the air interface. For the film deposited at 0.6 torr,
(b/V)n remains high near the substrate over some depth, and then
decreases as one moves up toward the surface. Further analysis of
the SLD profiles from the swollen films allows one to draw
conclusions on the variations in cross-link density with depth. The
central result is that, for both PP-B and PP-OFCB films, the cross-link
density is lower at the oxide-interface than in either the middle of
the film or at the air-interface.
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after swelling. The curves for the L-B sample have been shifted along the y-axis for
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We can use variations in one-dimensional swelling ratio with
depth as a measure of how the cross-link density varies. We have
estimated the value of one-dimensional swelling ratio as a function
of depth and mapped the depth in the swollen film that corre-
sponds to each depth in the dry film. Two main assumptions were
used. First, we assumed that the swelling was highly anisotropic,
and ignored swelling in the in-plane directions, since covalent
bonds with the substrate hinder expansion laterally at the interface
with the substrate. This is unimportant as regards the precision
with which we can calculate the swelling in the z-direction,
because we have measured the total swelling in that direction.
However, lateral expansion does occur, and stresses induced by in-
plane expansion do play a role in the overall behavior of the film. (In
the remainder of the text “swelling ratio” is used to refer to the one-
dimensional swelling ratio.) Secondly, we neglected accounting
explicitly for the possible presence of air or voids in the film and
assumed only two components; polymer and solvent, were
present, so that
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Fig. 7. SLD profiles for the as-deposited (dashed line) and swollen (solid line) sample
deposited at low pressure (LeB). Points marked on the two SLD profiles with matching
symbols denote points mapped onto one another in the calculation of swelling ratio.
where the subscript i denotes the ith differential slice of the
structure at depth, zi, from a reference plane. We begin the calcu-
lation at the silicon oxide surface (z ¼ 0), since the position of the
first differential slice of film there does not move, and calculate
what the solvent concentration is. Then using this solvent
concentration we calculate Ri, the swelling ratio in layer i,

fsolvent;i ¼ 1�
�
1
Ri

�
(3)

and the thickness Dzi,swollen, to which the first differential slice of
film swelled,

Dzi;swollen ¼ Dzi;dry � Ri: (4)

The depths in the swollen film corresponding to depths in the dry
film are then calculated by working our way up to the top of the
film, making sure that Eqs. (2)e(4) are satisfied self-consistently all
through the depth profile. Fig. 8 shows the variation in swelling
ratio as a function of depth in the as-deposited (“dry”) film. For the
film deposited at 0.6 torr pressure, the swelling ratio next to the
oxide layer is 10.5 (Fsolvent ¼ 0.91) and drops sharply to a value of 2
(Fsolvent ¼ 0.50) and then more slowly through the remainder of
film thickness. In contrast, for the film deposited at 0.05 torr
pressure, the swelling ratio next to the oxide-interface reaches only
2.4 (Fsolvent ¼ 0.58) and drops to value of about 1.3 that persists
through the rest of the film. The film deposited at high pressure has
much lower cross-linking. The presence of cross-linking in the
sample deposited at 0.6 torr is consistent with the observation of
Jiang and coworkers [34] that such films immersed in acetone
(which is not as good a solvent for PP-B as is toluene) did not
dissolve. The higher cross-linking density of the films deposited at
0.05 torr is also consistent with the observation, by the same group,
that when films deposited at 0.05 torr were swollen with acetone
overnight, fragments of film came off the substrate. This is
consistent with an argument that for the more highly cross-linked
film deposited at lower pressure, higher internal stresses are
present. Förch et al. have reported [35] that the reason a highly
cross-linked film is more prone to fracture than a loosely cross-
linked film is that lateral expansion upon exposure to solvents
creates higher internal stresses in highly cross-linked films.

The large difference in cross-linking with pressure could arise
from variation in radical concentration with pressure. Plasma
polymerization often follows a free-radical mechanism where
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Fig. 8. Swelling ratio with dry depth for PP-B samples deposited at 0.6 and 0.05 torr
pressure.
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a radical (R*) initiates the process, followed by propagation through
reactions with monomers (M), which lead to an ideal polymer:

R* þ M / R1* þ M / R2* þ M / R3* þ M / Uncross-linked
polymer Rn

The competing reaction is:

Rj* þ R* / Cross-linked Product.

Based on the above reactions, the amount of cross-linking will
then be determined by the ratio of radicals to monomer, [R*]/[M],
and [M] is proportional to total pressure. The trend in radical
density with pressure is difficult to know, but, in fact, the radical
density may decline with increasing pressure due to gas-phase
recombination, especially in an afterglow configuration (i.e. with
DS feed). Therefore, as the pressure is increased, the ratio [R*]/[M]
may decrease since [M] is kept constant through the polymeriza-
tion, leading to a less cross-linked product.

3.4. Cross-link density comparisons e OFCB monomer

The reflectivity data and best fits for the swollen PP-OFCB
samples are shown in Fig. 9 and comparisons of the SLD profiles for
each sample are shown in Figs. 10 and 11. The spacing of the fringes
decreases with swelling due to the increase in film thickness for
both films. The fringe amplitude increases upon swelling for the
film deposited at 0.6 torr, while it does not for the film processed at
0.05 torr. This indicates the roughnesses or widths of the interfaces
responsible for the fringes do not change with swelling for the film
processed at lower pressure, and that the SLD contrasts across
those same interfaces change little, if at all, for that film. However,
for the film processed at high pressure, the change in amplitude
with swelling can be attributed to the greater scattering length
density contrast between film and air after swelling with deuter-
ated solvent. X-ray reflectivity (XR) measurements of the films
made following the swelling and drying of the films indicated no
changes in the films’ thicknesses. That is, no material was extracted
from the films by the swelling with vapor.

After swelling, the neutron SLD varies with depth in a more
pronounced way than for the as-deposited film. If the shape of the
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Fig. 9. NR data (symbols) and best fit curves (solid lines) after swelling for PP-OFCB
samples deposited using 0.6 torr (H-F) and 0.05 torr (L-F). The pair of curves for the
sample deposited using low pressure has been shifted along the y-axis for clarity.
SLD profile after swelling paralleled closely the shape before
swelling one could infer that the film had swelled uniformly with
depth, indicating uniformity in cross-link density with depth. The
marked alterations in the shape of the SLD profile upon swelling for
both samples indicate that the cross-link density is non-uniform
with depth in both films. The larger increase in (b/V)nwith swelling
near the substrate indicates much more swelling there, hence
a lower cross-link density, than in either the middle or the near-
surface region of the film. This behavior is observed for the PP-OFCB
films deposited at both pressures. A key finding is that the overall
degree of swelling for the PP-OFCB film, 1.4 for H-F and 1.6 for L-F,
does not varymuchwith reactor pressure. However, there are some
substantial differences in local values of swelling ratio at different
depths in the samples.

Quantitative comparisons of the dry and swollen profiles show
that the “transition” layer swells much more for the film deposited
at 0.6 torr than for the film deposited at 0.05 torr. Figs. 10 and 11
show the mappings of SLD after swelling to SLD before swelling
and Fig. 12 shows how the swelling ratio varies with depth in the
dry film for the samples deposited at 0.6 torr and 0.05 torr pressure.
The swelling ratio next to the oxide layer reaches 15 (Fsolvent¼ 0.93)
for the film deposited at 0.6 torr and 4 (Fsolvent ¼ 0.76) for the film
deposited at 0.05 torr. The depth over which this large swelling is
estimated to take place is very small (ca.1 nm), and is of the order of
the depth resolution of a reflectivity measurement made with this
range of scattering vector. Therefore, the relative uncertainty of the
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Fig. 11. SLD profiles for the as-deposited (empty squares) and swollen (solid line) PP-
OFCB sample deposited at low pressure (L-F).
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Fig. 12. Variation in swelling ratio with dry depth for PP-OFCB samples deposited at
0.6 (solid line) and 0.05 torr (dashed line).
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maximum swelling ratio is much greater than the uncertainty in
the swelling ratio elsewhere in the film. The swelling ratio
continues to drop as one moves up from the transition layer to the
surface, though much less steeply.

For both films there is also a change in cross-link density
between the middle of the film and the near-surface region, but the
large difference at the substrate interface is the focus of our
attention. In the absence of detailed information about how the
elemental composition of the film varies with depth, we must be
cautious in drawing inferences about the connections between
chemistry and the cross-link density. Two observations seem
reasonable, however. First, at lower reactor pressure, the impacts of
fragments with the substrate surface occur with higher energies.
Secondly, in the transition region, immediately adjacent to
substrate, the silicon and oxygen atoms in the substrate oxide are
available to play a role in building the film structure, whereas
farther from the substrate Si and O should be much less important.
We conjecture that the higher impact energies at low pressure lead
to the higher cross-linking density in the transition region seen for
the low pressure PP-OFCB sample. Since the SLD in the dry film
changes so rapidly with depth next to the substrate, we know, as
pointed out by Kim et al. [9], that the character of the film structure
must change markedly as soon as the oxide surface is “masked” by
a layer of PP polymer. The result from the swelling measurement
makes clear that this rapid change with depth is not only a change
in composition (which we can see in part with NR due to the strong
contrast for F atoms), but is also a change in cross-linking density.
So the cross-linking density may be affected by changes in the
degree towhich Si and O are incorporated into the structure as well
as by changes in the relative abundance of different sorts of CxFy
groups [36e39]. We close our discussion of the PP-OFCB films by
underscoring that for PP-OFCB a change in reactor pressure brings
far less change in fragmentation rate than in the case of benzene
and therefore the change in overall degree of cross-linking with
pressure is much smaller for PP-OFCB as well. In the ultrathin films
considered here, the local differences in cross-linking in interfacial
regions can play an appreciable role in determining overall film
swelling ratio, but for thicker films the overall swelling ratio for
PP-OFCB might be effectively unchanged by reactor pressure.

4. Conclusions

For ultrathin PP films, variations in structure with depth near
the substrate and near the surface become very apparent, while the
structure that is present in the “middle” of such a film is deem-
phasized. Therefore, using NR, non-uniformities in structure with
depth, which provide clues to various facets of the deposition
mechanism, become apparent. For the films deposited at 45 W
studied here, both a “transition layer” near the substrate [9] and
a surface layer of about 7 nm thickness are present for both PP-B
and PP-OFCB films.

Changes in reactor pressure at 45W plasma power lead to much
stronger changes in the depth dependent structure for PP-B films
than for PP-OFCB films. By measuring the depth distribution of
solvent in PECVD films swollen with vapor, unprecedented infor-
mation about variations in cross-link density with depth and their
dependence on processing pressure has been obtained. In partic-
ular, the overall cross-linking varies much more strongly with
pressure for PP-B films than for PP-OFCB films. For both monomers
the cross-link density is lowest next to the substrate where depo-
sition begins. The non-uniformity in swelling ratio is more highly
localized and the excursion in swelling ratio value larger for the
PP-OFCB films, though overall the PP-OFCB films are more uniform
in structurewith depth than are the PP-B films. The control of cross-
link density and its variation with depth using deposition param-
eters should be important for optimizing the robustness of PECVD
coatings when exposed to potentially damaging solvents. This
control could also be used to design the response of PECVD films to
environmental stimuli in cases where the films are intended to
sense environmental changes.
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