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Abstract

The structures of substrate/layer, layer/layer, and layer/air interfaces in optical multilayers made using plasma enhanced chemical vapor

deposition (PECVD) have been probed for the first time using X-ray reflectivity and neutron reflectivity. From the point of view of optical

applications the interfaces are extremely sharp, sharper than is often achievable with the self-assembly of block copolymers or deposition

techniques in which the polymer layers contact while in a fluid state. The average interface width, aI; between layers made from different

precursors is about 40 Å (16 Å rms). The layer/layer interfaces are generally 2–3 times broader than the layer/air interfaces. Polymeric

fluorocarbon films deposited on a Si substrate using PECVD with octafluorocyclobutane (OFCB) monomer show uniform scattering length

density with depth except for a region of molecular thickness immediately adjacent to the substrate. Films made from deuterated benzene

show uniform density throughout the film thickness.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Single layer, multilayer, and graded refractive index

films for photonic applications may all in principle be

fashioned from organic monomers using plasma enhanced

chemical vapor deposition (PECVD) [1]. Plasma polymer-

ized materials offer several advantages over organic layers

deposited by other means, including good adhesion to

substrates, solvent-free processing, smooth and pinhole-free

structure, and long-term chemical, thermal and environ-

mental stability [2].

Key to further exploiting the advantages offered by

PECVD processing is the determination of details of the

layer structures and structure of interfaces between layers.

Because the chemistry of plasma polymerized films is so

complex, considerable effort has been expended to elucidate

the chemical composition and chemical structure of PECVD

films [3–14] using various analytical techniques such as FT-

IR, XPS, and UV–VIS absorption spectroscopy. The study

of the films’ physical structure or morphology has been

limited, generally, to investigations of thickness and

topography or roughness at the surface using techniques

such as ellipsometry [3], and AFM [3,4,11,15– 17].

Ellipsometry is also used extensively to investigate the

optical properties of the films [3,12,14,15,18,19]. Foerch

and coworkers [20] have used surface plasmon spectroscopy

to study changes in the structure of plasma-polymerized

films of allylamine with exposure to solution environments.

As yet few studies of interface structure in PECVD polymer

films have been reported. The interface structure is of

interest from both practical and fundamental points of view.

Practically the interface structure affects optical properties

and dictates adhesion at the interface. Of fundamental

interest is the question of how the crosslinking that occurs in

the PECVD process influences the formation of a polymer/

polymer interface. At interfaces between ordered domains

of block copolymers [21–24] or between immiscible
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polymer pairs [25–29] the interface width reflects the

outcome of a competition between entropic and enthalpic

factors. Interface widths in such systems may be specified in

terms of s; with s being the standard deviation of the

interface position in the direction perpendicular to the

surface ðzÞ; or may be specified in terms of aI defined as

aI ¼
ðfA 2 fBÞ

ð›fðzÞ=›zÞf¼ðfAþfBÞ=2

ð1Þ

where fA and fB denote the compositions of the two phases

away from the interface. aI is the same as
ffiffiffiffi
2p

p
s and values

of aI in the range of 30–80 Å have been reported for ordered

block copolymers [21–24] and immiscible blends [25–29].

These interface widths are measured in a way that

incorporates broadening by capillary waves [27,29,30]

that are present at fluid interfaces.

There have been some studies of the structure of PECVD

films made from other monomer structures using scattering

techniques [31–33]. The structures of amorphous carbon

films prepared by PECVD from hydrogen and methane

precursors have been probed by neutron reflectivity [31].

The measured reflectivity was analyzed with a two-layer

model in which it was assumed that a diamond-like carbon

layer of approximately 30 Å was present at the air interface.

Those authors obtained values of composition, density,

thickness and roughness of each layer. Bontempi et al. [32]

studied the growth process of silicon–nitrogen alloys

deposited on Si substrates by PECVD using X-ray

reflectivity. They were able to determine structural

parameters of the films such as thickness, density and

roughness in the cases of both stoichiometric and non-

stoichiometric films. A 10–15 Å thick oxidized layer with a

lower density was observed at the air interface.

It would be highly advantageous to have detailed

information on the structure of the PECVD films interfaces,

not only the interfaces with the substrate and air, but also

those between layers in multilayer films. The complemen-

tary techniques of X-ray and neutron reflectivity are

uniquely suited to simultaneously providing precise, non-

destructive characterization of all of these interfaces, and

have been used widely in the characterization of other sorts

of polymer interfaces [34–40]. In the current contribution

they have been used to probe the structure of layers made

from benzene (B), deuterated benzene (dB), or OFCB

precursors. Plasma-polymerized B (PP-B) and plasma-

polymerized dB (PP-dB) have comparatively high refractive

indices (n ¼ 1:61 and 1.62 at 500 nm, respectively) while

plasma-polymerized OFCB (PP-OFCB) serves as the low

refractive index film (n ¼ 1:40 at 500 nm). The molecular

structure, thickness of the film, surface roughness, and

detailed structure of the interfaces of thin films of single

species and multilayer films of alternating layers of PP-

OFCB and PP-dB have been quantified in the measurements

described below. Even though there have been several

investigations [3–7,9,10,14] with PECVD films of these

precursors or analogous precursors, detailed structural

information such as the interface width between adjacent

layers in a multilayer is reported here for the first time.

2. Experimental section

2.1. Sample preparation

While the structure of multilayer films is the ultimate

interest of this project, a series of films, including single

layer films from each precursor, a bilayer film, and a

multilayer film of 5 dB/OFCB bilayers, was investigated to

systematically gather structural information. A ‘bilayer’ film of

two layers will be denoted as an ‘A/B bilayer’, where A is the

abbreviation for the precursor of the layer closer to the

substrate. Likewise a multilayer film of two components will be

denoted as an ‘A/B multilayer’, with A being the abbreviation

for the precursor of the layer closer to the substrate.

Principles of the CVD set-up and deposition method have

been published elsewhere [41]. Briefly, the flowing after-

glow reaction system used for plasma polymerization of the

samples was essentially the same as that described

previously [14]. The vacuum in the 10 cm diameter glass

reactor was maintained at 0.5–2 Torr, while 50–200 stan-

dard cm3/min of 99.999% argon was flowed directly

through capacitively coupled electrode plates, with a

primary radio frequency discharge at 13.56 MHz.

HPLC grade B (C6H6) with purity of 99.9%, supplied by

Aldrich Co. [42] or dB (C6D6) with purity of 99.5%,

supplied by Cambridge Isotope Laboratories Inc. [42] was

used as the high-refractive index monomer. The B or dB

reservoir was maintained at 19.0 ^ 0.1 8C by a thermo-

statted water bath to keep the vapor pressure constant. The

other monomer, OFCB (C4F8), supplied by SynQuest

Laboratories Inc. [42] as compressed gas with purity of

.99%, was used as the low refractive index precursor.

These monomers were used as received without further

purification.

Either the B (or dB) vapor or OFCB gas was introduced

into the chamber 7 cm downstream from the plasma zone.

The flow rate of the B vapor was controlled in the range of

0.004–0.5 cm3/min and that of dB vapor was controlled in

the range of 0.004–0.3 cm3/min by a manually adjusted

high-accuracy metering-valve. The flow rate of the OFCB

gas was 0.5–5 cm3/min, controlled by a Sierra 902C flow-

controller [42]. The 200 or 300 diameter silicon wafer substrate

for the film deposition was placed 1–3 cm further down-

stream from the monomer inlet. For the preparation of films

of more than one layer, the precursor materials were

introduced sequentially into the chamber as needed.

2.2. X-ray and neutron reflectivities

X-ray reflectometry (XR) [37,43] and neutron reflecto-

metry (NR) [43] are useful for characterizing the structures
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of thin films in the direction perpendicular to the surface.

They are unique techniques to probe interfacial structures

‘buried’ inside the film. In reflectometry the ratio of

specularly reflected to incident intensity for a flat, thin

film is measured over a range of incident angles to yield a

reflectivity curve. From this curve can be inferred

information about the film thickness and microroughnesses

at the air/film interface, the interface with the substrate, and

interfaces inside the film if they exist. A reflectometry

experiment is sensitive to variations in structure in the

direction normal to the surface because the scattering

vector, q; lies normal to the surface. X-ray reflectometry is

specifically sensitive to differences in the electron densities,

re; which are related to the atomic numbers of the

constituent elements and mass density. These differences

in electron density may alternatively be described using the

real part of the refractive index for X-rays, d; or X-ray

scattering length density (SLD), ðb=VÞx; both of which are

proportional to electron density:

d ¼
l2

2p

b

V

� �
x

ð2Þ

b

V

� �
x
¼ rere ð3Þ

re ¼
NArb

P
bi

MW
; bi ¼ Zi; ð4Þ

where l is the wavelength, b is total scattering length in the

scattering volume V ; re is the classical electron radius, NA is

Avogadro’s number, rb is mass density, Sbi is the total

scattering length in a representative ‘structural unit’ and is

given by the sum of the atomic numbers ðZiÞ of the atoms in

that structural unit, and MW is the molecular weight of this

structural unit. On the other hand, NR is sensitive to

variations in the neutron SLD, ðb=VÞn: While X-ray

scattering length varies in a monotonic fashion through

the periodic table, neutron scattering lengths of the elements

do not and elements or isotopes that differ very little in

atomic number may have strongly different scattering

lengths. Thus contrast for NR can be greatly enhanced by

deuterium labeling due to the widely different scattering

lengths of hydrogen and deuterium. So NR may be sensitive

to structures that cannot be readily probed by XR or vice

versa. In this contribution we take advantage of this

complementarity.

XR was measured using a spectrometer [44] mounted on

a rotating anode source [45] (Rigaku, 12 kW RU200) [42]

with Cu Ka radiation ðl ¼ 1:54 �AÞ or at the beamline 1-BM

[46] ðl ¼ 1:26 �AÞ at the advanced photon source synchro-

tron. Reciprocal space resolutions dqz in both instances are

about 0.001 Å21. To correct the experimentally measured

specular reflection intensity, the background scattering

was estimated by performing longitudinal diffuse scans in

which the detector and incident angles were increased

simultaneously, but with the incident angle offset by 0.1 or

0.078 from the specular condition. This background

intensity was then subtracted from the experimentally

measured specular intensity.

NR was measured on the NG1 reflectometer at the

National Institute of Standards and Technology (NIST)

Center for Neutron Research using a wavelength of 4.75 Å.

Reflectivities were collected with approximately constant

relative resolution in q ðdq=q < 0:02Þ by increasing the sizes

of the collimating and detector slits with increasing incident

angle. This approach takes best advantage of the intensity

available at larger values of q: Variation in the resolution

function with incident angle was considered in the data

fitting by appropriate convolution of the model reflectivity

with a Gaussian resolution function.

The structure of a thin film cannot be obtained by directly

inverting the reflectivity data, due to the loss of phase

information [37,43]. Instead, a candidate model is assumed

for the film structure and the parameters of the model varied

until a simulated reflectivity curve calculated for the model

structure using the Parratt formalism [47] agrees sufficiently

well with the experimental data. In the model the variation

in the refractive index, nðzÞ through an interface between

two adjacent homogeneous layers j and j þ 1 is described by

an error function with interface roughness sj

nðzÞ ¼
nj þ njþ1

2
2

nj 2 njþ1

2
erf

z 2 zjffiffi
2

p
sj

 !
: ð5Þ

NR and XR data are analyzed analogously. Small

differences in the film thicknesses measured with the two

techniques probably derive from the fact that the films are

slightly thinner at their edges than in the center, due to

hydrodynamic effects that occur for the larger samples

required for reflectivity analysis. Both XR and NR capture

global descriptions of film structure, averaging laterally over

mm2 to cm2, depending on the beam footprint, which varies

with the instrument used. The footprint width is constant

with q and equal to 1 mm for the synchrotron XR

measurements, 10 mm for XR measurements with the

rotating anode, and 25 mm for the NR measurements. The

length of the footprint exceeds the sample size at the

smallest q for all types of measurements and decreases with

increasing q for a given instrument. The minimum footprint

length (at q ¼ 0:5 �A21) was 6 mm for synchrotron

measurements, 5 mm for rotating anode measurements,

and 29 mm for NR measurements. While the same samples

were characterized with the two techniques, the locations

studied on a given sample were not identical for XR and NR.

Ellipsometry measurements revealed that the film close to

the edge of the substrate, which might be excluded from the

XR measurements over most of the q range due to the

smaller footprint, is typically about 3% thinner than the film

in the center of the substrate.
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3. Results and discussion

3.1. Interface structure of single layer films

The structure was first determined for a single layer of

PP-OFCB. The NR data are shown in Fig. 1 along with the

best model fit and the corresponding model ðb=VÞn profile.

The corresponding model parameters obtained by both NR

and XR are summarized in Table 1. At the beginning of the

study the mass density of the PP-OFCB film was unknown,

so it was not possible to calculate a priori a value of ðb=VÞn
for the film. However, because the value of ðb=VÞn is higher

for the film than for the substrate, ðb=VÞn for the film can be

determined from the location of the critical edge in the

reflectivity curve. The mass density of the film can then be

calculated [48,49] to be 1.9 ^ 0.08 g/cm3, given [14] that

the ratio of fluorine to carbon, F/C, is 1.8, using the equation,

ðb=VÞn ¼
NArb

P
bi

MW
ð6Þ

where, Sbi is the sum of neutron scattering lengths in a

representative ‘structural unit’, CF1.8, of the plasma

polymerized polymer. The determination of this film’s

mass density is interesting, since this density is difficult to

obtain otherwise.

Once the mass density of the film has been determined by

NR, the X-ray refractive index of the material can be

determined using the following relation with the known

value of the composition,

n ¼ 1 2 dþ ib; ð7Þ

where d is the dispersion term as is defined in Eq. (2) and b

is the absorption term and can be formulated as

b ¼
l

4p
m; ð8Þ

where m is the linear absorption coefficient. While depth

profiles derived from X-ray reflectivity data are often

plotted as d vs. depth, in this paper we plot instead the

quantity ðb=VÞx due to the obvious analogy to the quantity

ðb=VÞn we use to describe the depth profiles obtained from

NR. Conversion between d and ðb=VÞx is readily done using

Eq. (2).

The complementarity of the XR and NR measurements is

highlighted by the analysis of the XR data for the PP-OFCB

single layer film compared in Fig. 2 with simulated

reflectivity curves for two candidate models. A model

envisioning uniform ðb=VÞx through the entire film thickness

is not able to properly capture the variation in fringe

amplitude with scattering vector, as is shown in Fig. 2(a).

Only after all attempts to reconcile the data with such a

model failed was additional complexity introduced into the

Fig. 1. Neutron reflectivity (NR) data (circles) for the PP-OFCB single layer

film and the best fit model reflectivity (solid line) obtained with the model

ðb=VÞn profile shown in the inset. Zero on the depth scale is taken as the

center of the interface between the Si substrate and its oxide layer.

Table 1

Summary of structure model parameter values for single layer films

Layer Parameter PP-OFCB PP-dB

NR XR NR XR

SiOx d (Å)a 12 11 14 8

Interface s (Å)a 2 3 8 3

Transition d (Å) NA 6 NA NA

Interface s (Å) NA 4 NA NA

OFCB or dB d (Å) 251 256 238 249

Interface s (Å) 4 5 5 5

a Uncertainty in d is ^2 Å and that of s inferred from the fitting process

is 15–20%.

Fig. 2. A single X-ray reflectivity (XR) data set (open symbols) for the PP-

OFCB single layer film compared with the simulated reflectivities from two

different candidate model structures represented in the inset. The structures

are described by ðb=VÞx; which is proportional to electron density. (a) XR

data compared with the best fit obtained with a uniform density model

structure. The uniform layer model cannot account for the fringe

amplitudes. (b) XR data compared with the best fit obtained with a

structure model accounting for a low density region adjacent to the

substrate. For clarity, these data and the corresponding best fit have been

shifted by two orders of magnitude from curve (a).
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structure model for the film. The oxygen and nitrogen

contents in the PP-OFCB film are negligible (less than 1%)

[14]. Therefore, one can exclude the possibility that there is

an oxidized layer with lower density at the air surface [32].

One can also exclude the possibility that there is an internal

layer containing significant percentages of any elements

other than carbon and fluorine. However, adding to the

model a transition region of molecular dimension (6 Å)

immediately adjacent to the substrate, as shown in the inset

of Fig. 2, allows one to fit the data well, as shown in Fig.

2(b). Why do the profiles measured by NR and XR differ? If

the region of low ðb=VÞx had the same F/C ratio ( ¼ 1.8) as

does the rest of the film, a dip should also have appeared in

the ðb=VÞn profile derived from the NR data. No dip is seen

in the ðb=VÞn profile. Thus, the composition at the interface

with the substrate is different from that in the bulk.

Therefore, a ‘dip’ shows up in the ðb=VÞx profile, but not

in ðb=VÞn profile. It has been reported [3–5,14] that species

of different F/C ratio can exist in the PP-OFCB structure,

resulting in the ‘average’ structural unit of the polymer

having a composition of CF1.8 [14]. The reactivity of the CF

species with the surface is greater [50] than the reactivities

of the CF2 and CF3 species and the reactivity of the CF

species with the substrate may differ from that of the CF

species with the other species. It is also conceivable that the

more negatively charged CF3 and CF2 species are more

strongly repelled from the negatively charged SiOx surface

than is the CF species. If the substrate selectively reacts with

the CF species there will be a region in which the CF species

is dominant near the substrate. In this case, the ðb=VÞn in the

transition region could be the same as that in the bulk with

the mass density of the region slightly lower than that in the

bulk, i.e. rtr < 1:8 g=cm3: Then the ðb=VÞx of the transition

region would be much lower than that of the bulk.

NR data and the best model fit for a PP-dB single layer

film are shown in Fig. 3, with the corresponding model

ðb=VÞn profile in the inset. There are some advantages in

using deuterated benzene instead of ‘regular’ benzene even

though the ðb=VÞn contrasts for the dB/OFCB and B/OFCB

pairs are about the same. First, incoherent scattering is

reduced by using dB, since the incoherent scattering from

deuterium is much lower than that from hydrogen.

Secondly, one is able to obtain the ðb=VÞn of the film

unambiguously when using dB because the critical angle of

the film is higher than that of the substrate. The surface of

the PP-dB film is as smooth as that of the PP-OFCB film.

While the NR curves for the PP-dB and PP-OFCB films are

qualitatively very similar, the XR curve for the PP-dB film,

shown in Fig. 4, looks very different from that of the PP-

OFCB film. The amplitudes of the fringes in the XR curve

plotted on a linear-log scale initially increase as qz increases

for the PP-OFCB film, while the amplitudes of the fringes

decrease somewhat with increasing qz at higher qz for the

PP-dB film.

It is more difficult to analyze the XR data of the PP-dB

film because not much is known yet from other techniques

about the composition of the PP-dB material. Even though

ðb=VÞn of the PP-dB film has been determined by NR, the

material composition must be known to calculate the exact

value of mass density of the film. However, self-consistently

analyzing XR and NR data from several samples made it

possible to determine the composition of the PP-dB layer to

within a small uncertainty. The composition, expressed in

terms of an average compositional unit CDx; was first

assumed to lie in the range of CD0.7 to CD1.5 (These are not

the exact chemical formulae. The key issue is the D/C ratio).

The material density of the film was calculated for possible

candidate compositions within this range using Eq. (6). A

constant oxygen content of 3 atomic% was assumed

whatever the D/C ratio considered [14]. Then the XR data

for the PP-dB single layer film were fit using the various

possible compositions in this range and the corresponding

Fig. 3. NR data (open symbols) and the best fit obtained with a model

structure shown in the inset for a PP-dB single layer film. The model

structure is described in terms of ðb=VÞn as a function of depth of the film.

Fig. 4. XR data for a PP-dB single layer film measured with a laboratory

Cu Ka source and the best fit obtained with a model structure shown in the

inset.
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calculated densities of the PP-dB film. The best results were

obtained for compositions between CD1.15 and CD1.32. Then

the NR and XR data for the bilayer and multilayer films

were fit using compositions in this more narrowly defined

range and corresponding densities of the layers. The quality

of fit obtained using different sets of parameters was similar

for compositions between CD1.15 and CD1.32. However, the

best results were obtained with the composition CD1.23 and

the results shown in the remainder of the paper were all

obtained with that composition. Plasma polymerization is a

complex process and its chemistry less well understood than

that of conventional polymerization reactions. However, it

seems reasonable to have a higher D/C ratio in the film than

in the precursor itself. If benzene radicals were primarily

incorporated into the polymer one would expect a

composition of CDx with x , 1: The deuterium radicals

are more reactive than the benzene radicals so a higher ratio

of D is incorporated than would be if only benzene radicals

were incorporated in the structure. Using the composition of

CD1.23 one obtains good agreement between the model fit

and the measured reflectivity for the single layer of PP-dB

without adding any special features in the density profile

such as the transition region found for the PP-OFCB film.

The structure of the PP-OFCB film indicated by XR data

measured at The University of Akron and the NR data

measured at NIST is confirmed by the analysis of separate

XR measurements at the 1-BM beamline at the Advanced

Photon Source. XR data from three single layer films of

PP-B and three single layers of PP-OFCB are shown in

Fig. 5. The thicknesses range from 67 to 652 Å for PP-B and

50 to 290 Å for PP-OFCB. The thicknesses of the PP-B

films were estimated by fringe spacings and those of the PP-

OFCB films were obtained by detailed data fitting. The best

fit of each PP-OFCB film data set is superposed on that data

set. Fits to the XR curves of the PP-B films are not presented

because the ‘bulk’ densities of the films are unknown. The

densities of the films cannot be unambiguously determined

by NR because the critical angle of the film is smaller than

that of the substrate. However, the qualitative character of

the XR data from the single layer PP-B films is the same as

that of the data from the single layer PP-dB films.

Qualitative differences between the XR curves from the

PP-B samples and PP-OFCB samples can easily be

observed. In the case of the PP-B films, fringes of gradually

decreasing amplitude propagate to higher qz: The XR curves

for the PP-OFCB films differ from those of PP-B films in

two ways. First, in each XR curve from a PP-OFCB film the

first minimum after the critical edge is not as sharp as the

first minima in the XR curves from the PP-B films.

Secondly, the amplitude of the fringes initially gets bigger

as qz increases for all three PP-OFCB films, which is in good

agreement with the results obtained with the rotating anode

based spectrometer. Again the XR data for the PP-OFCB

films cannot be fit with uniform ðb=VÞx models. There exists

a region of lower ðb=VÞx immediately adjacent to the

substrate for all the samples, as is shown in the inset of Fig.

5. The extents of deficiency in ðb=VÞx and the widths of the

regions are close for the three depth profiles.

3.2. Interface structure of PP-OFCB/dB bilayer film

The structures of the PP-dB and PP-OFCB layers

elucidated by measurements of the single layer films were

consistent with those found in a bilayer film and a multilayer

film. NR data and the best fit for a PP-OFCB/dB bilayer film

are shown in Fig. 6 along with the model structure in the

Fig. 5. Synchrotron XR data measured for six single layers, denoted by their

precursor type and thickness: (a) PP-B, 67 Å, (b) PP-B, 125 Å, (c) PP-B,

652 Å, (d) PP-OFCB, 50 Å, (e) PP-OFCB, 92 Å, (f) PP-OFCB, 290 Å. For

curves (a)–(c) from the PP-B films only the data are shown using solid

lines. For curves (d)–(f) from the PP-OFCB films the data are shown with

open symbols and solid lines superposed on the data indicate the best fits

obtained with model structures shown in the inset for the corresponding

films. Each data set was shifted by two orders of magnitude for clarity.

Fig. 6. NR data (open symbols) for the OFCB/dB bilayer and the best fit

obtained with a model structure shown in the inset.
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inset. The corresponding model parameter values obtained

by both NR and XR are summarized in Table 2. We focus on

the widths of the interface between layers and the interface

with air. The interface between the PP-OFCB and PP-dB

layers has an rms width of 16 Å, or aI ¼ 40 �A; which is

about three times the widths of the film/air interfaces of the

PP-dB or PP-OFCB single layer (4–5 Å rms). Feeding of

the second monomer (dB) began after the first layer had

formed completely. Thus, the OFCB/dB interface width

might be expected to be in the same range as that of OFCB/

air interface for a single layer of PP-OFCB, but instead it is

broader (though still sharp by optical standards). It is highly

unlikely that the interface has been broadened by inter-

diffusion. Both the PP-dB and PP-OFCB are reasonably

tightly crosslinked. The chains or chain segments adjoining

the layer/layer interface are capable of little diffusion [51].

What is not known is how much the segments at

the interface may rearrange during the moments that the

interface is formed by reaction. It is likely that at the same

time PP-dB fragments or segments are being deposited on

the PP-OFCB layer and perhaps tethered to it, elsewhere the

existing PP-OFCB structure may be fragmented by the

reaction. This could lead to some mixing at the interface.

Presumably the degree of mixing may vary with reactivity

of the activated species and thus plasma power.

The rms width of the bilayer/air interface, as measured

by NR, is 13 Å. This is perhaps slightly smaller than the

polymer/polymer interface width, but is decidedly larger

than the air interface widths for both single layers. We

return to a discussion of this width after consideration of the

multilayer structure.

The interesting transition structure observed in the PP-

OFCB single layer was observed also in the bilayer film in

which the PP-OFCB layer was right next to the substrate.

XR data for the OFCB/dB bilayer and comparisons with

model reflectivities for a uniform ðb=VÞx model and a model

with a transition region at the substrate interface are shown

in Fig. 7(a). Corresponding model structure profiles are

shown in Fig. 7(b). The data are presented in a slightly

different way to show more clearly the difference between

the two model reflectivities at higher qz: The quantity

plotted on the ordinate is reflectivity multiplied by q4
z in

order to normalize for the trivial q24
z dependence seen for all

interfaces at larger qz: The quality of the best fit with the

uniform ðb=VÞx profile model is poorer than that obtained

with the transition region model. Moreover, parameter

values providing the best fit for the uniform density model

structure were not realistic. The model structure with

uniform layer density of PP-OFCB found to fit the

experimental data best did not include an SiOx layer and

the interface roughness between the Si substrate and the PP-

OFCB layer was unrealistically small (1 Å rms). If the

thickness and roughness of the SiOx layer were constrained

to reasonable values, we were unable to get a good fit. It has

been reported [8] that SiOx can be etched by a fluorocarbon

Table 2

Summary of structure model parameter values for bilayer film

Layer Parameter PP-(OFCB/dB)

NR XR

SiOx d (Å)a 18 11

Interface s (Å)a 3 2

Transition d (Å) NA 4

Interface s (Å) NA 4

OFCB d (Å) 310 330

Interface s (Å) 16 13

dB d (Å) 83 85

Interface s (Å) 83 85

a Uncertainty in d is ^2 Å and that of s inferred from the fitting process

is 15–20%.

Fig. 7. Comparisons of XR data (a) measured for the OFCB/dB bilayer

using the rotating anode source with simulated reflectivities from two

different model structures shown in (b). Thick lines are used to show both

the best fit and the corresponding model profile for the model accounting

for a low density region adjacent to the substrate. Thin lines denote the best

fit and corresponding model profile for the uniform density model. The XR

data and the best fit obtained with the uniform model are shifted by two

orders of magnitude for clarity. The uniform layer model cannot account for

the fringe amplitudes for values of qz near 0.3 Å21.
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plasma in which highly energetic ion bombardment occurs.

In that work, a transition from fluorocarbon deposition to

etching of the SiOx layer was seen to occur at around 75 W

of bias power. For our study, the power input was 40 W or

below and the Si substrate was placed 8–10 cm further

downstream from the plasma zone. The processing

condition for our samples was less severe than that for

plasma etching, so it is unlikely that the SiOx layer was

etched away during the film deposition process. Further-

more, the XR data for the PP-OFCB single layer film cannot

be fit with a model structure in which there is no SiOx layer.

3.3. Interface structure of a multilayer film

The interface widths and structural uniformity in a

multilayer were studied in a sample in which alternating

layers of PP-dB and PP-OFCB were deposited to form five

bilayers. The NR data and the best fit are shown in Fig. 8.

The corresponding model parameters obtained by NR and

XR are summarized in Table 3. The best fit agrees well with

the measured data and the model structure shown in the

inset is consistent with the results from single layer and

bilayer samples. The average interface roughness between

the layers is 16 ^ 5 Å rms and the outer surface roughness

is 8 Å rms. We conjecture that, just as with the bilayer

sample, this width reflects the effects of local chemistry at

the sample surface as the interface is formed.

The same quality of data fit was obtained for the XR data

from the multilayer film that was used for NR measurement,

as shown in Fig. 9. The average interface roughness between

the layers is 15 ^ 2 Å rms ðaI ¼ 38 �AÞ and the outer surface

roughness is 6 Å rms, which are in good agreement with NR

results. The layer thicknesses derived from the fit of the XR

data are very close to those derived from the NR data.

However, one discrepancy is observed between the NR and

XR data. Interface widths for the dB/OFCB interfaces

derived from the X-ray data are, on average, slightly higher

than those derived from neutron data. Correspondingly,

interface widths for the OFCB/dB interfaces derived from

the neutron data are, on average, slightly higher than those

derived from the X-ray data. One possible explanation for

the former observation is that there is a transition region

between the PP-dB and PP-OFCB layers somewhat like the

transition between SiOx and PP-OFCB in the PP-OFCB

single layer film and in the OFCB/dB bilayer film. In

contrast to the case of an interface between PP-OFCB and

silicon, for the layer/layer interfaces in the multilayer one

does not observe a dip in the ðb=VÞx profile at any point.

Instead, one simply observes a broadening of the interface

because the ðb=VÞx of PP-OFCB is higher than that of PP-dB.

It is not clear why neutrons see the OFCB/dB interfaces as

being broader than do X-rays. We conjecture that, as with

the bilayer film, layer/layer interface width inside the

multilayer is the result of a combination of the intrinsic

roughness of the underlying layer and the effects of

Fig. 8. NR data (open symbols) and the best fit obtained with a model

structure shown in the inset for the multilayer film of PP-5(dB/OFCB).

Table 3

Summary of structure model parameter values for multilayer film

Layer Parameter PP-5(dB/OFCB)

NR XR

SiOx d=s (Å)a 10/3 10/3

dB d=s (Å) 103/13 99/14

OFCB d=s (Å) 155/18 161/13

dB d=s (Å) 97/14 105/19

OFCB d=s (Å) 142/18 136/13

dB d=s (Å) 98/14 101/17

OFCB d=s (Å) 129/24 128/13

dB d=s (Å) 106/14 101/14

OFCB d=s (Å) 144/19 141/12

dB d=s (Å) 99/8 99/14

OFCB d=s (Å) 110/8 114/6

a Uncertainty in d is ^2 Å and that of s inferred from the fitting process

is 15–20%.

Fig. 9. XR data (open symbols) measured using Cu Ka source and the best

fit obtained with a model structure shown in the inset for the multilayer film

of PP-5(dB/OFCB).
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simultaneous deposition of new material with some

fragmentation (sputtering) of previously deposited material.

The OFCB reactive species are expected to sputter more

aggressively that do the dB species and this asymmetry in

reactivity probably leads to differences between the dB/

OFCB and OFCB/dB interfaces that are reflected in the

asymmetry of the reflectivity results. The differences are

sufficiently subtle that they cannot be completely resolved

for this sample with measurements made over the

experimentally available range of q:

The polymer/air interface roughness of the multilayer

film is as low as those of the single layer films. This suggests

that the higher air interface width of the bilayer does not

indicate a general trend of increase in air interface width

with film thickness. If the samples were liquid-like (or had

been liquid-like at some point before vitrifying), the mean

squared roughness at the air interfaces would be expected to

increase logarithmically with the thickness of the film [52].

However, the roughnesses of the highly crosslinked

PECVD films are clearly not dictated by film thickness

and the surface fluctuations are strongly suppressed due to

the strong confinement of the chemical bonds between the

elements. Off-specular scattering that gives additional

evidence of this suppression of the surface fluctuations is

the subject of a separate publication [53].

4. Conclusions

Measurements of PECVD polymer films with neutron

and X-ray reflectivity and self-consistent analysis of the data

sets have provided an unprecedented elucidation of the

interface structure created by the PECVD process. The mass

densities of the PP-dB and PP-OFCB films have been

obtained by analysis of the NR data from a single layer and

the composition of the PP-dB film has been bounded by self-

consistent analysis of all the data from single, bilayer, and

multilayer films. When PP-OFCB is deposited on silicon

with its native oxide, a region indicative of some transient

behavior is seen at the interface. This reflects a shift in the

composition of the film from the material first deposited to

that in the center of the layer, but this shift is extremely

rapid, as the transition region is of order 10 Å thick. The

structures of single layer, bilayer and multilayer films are

self-consistent. Interface widths, aI; between layers made

with different monomer are about 38 ^ 5 Å (15 Å rms)

based on XR and 40 ^ 5 Å (16 Å rms) based on NR, while

the interface formed with air when the deposition ceases is

generally narrower, with an rms roughness of typically 4–

8 Å. The greater width of the layer/layer interfaces is likely

due to chemistry occurring locally at the deposition surface

as the interface is formed. The fact that the roughness at the

air interface does not increase consistently with thickness

results from the strongly cross-linked nature of the material.
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