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Nonuniform H distribution in thin-film hydrogenated amorphous Si
by small-angle neutron scattering
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Small-angle neutron scattering~SANS! is used to search for nonuniform H distributions in hydrogenated
amorphous silicon,a-Si:H. Thin films about 2-mm-thick grown with and without D substitution for H by
plasma-enhanced chemical vapor deposition show both large~.20 nm! and small~,8 nm! heterogeneous
features. The absolute SANS intensities, however, are small and place stringent upper limits on the degree of
H heterogeneity present. These results do not support a recently proposed two-domain, amorphous/
paracrystalline model. The presence of a small amount of microcrystallinity yields much stronger SANS
intensities, consistent with H accumulation in grain boundary regions and/or enhanced microvoid formation. A
clear correlation of the larger scattering features with film surface roughness is found.
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I. INTRODUCTION

Various techniques suggest the presence of heteroge
in high quality hydrogenated amorphous silicon,a-Si:H, de-
veloped for solar cells and other devices. Transmission e
tron microscopy~TEM! shows nanometer-scale, ordere
crystallinelike regions in an amorphous matrix,1–3 while
nuclear magnetic resonance~NMR! data have been inter
preted in terms of clustered and isolated H.4–7 Based on
these results as well as earlier small-angle neutron scatte
~SANS! analysis,8 a two-domain model was recentl
proposed6,9,10 to explain the observed light-induced volum
expansion ofa-Si:H.6,11 The model is one of high-density
crystallinelike ~‘‘paracrystalline’’12! regions, about 1–3 nm
in size, imbedded in a low-density amorphous matrix. It
cludes even lower-density boundary regions surrounding
paracrystalline inclusions. This model implies a highly no
uniform H distribution, with H-free, crystal-like inclusions
separated by H-rich boundary layers from the hydrogena
amorphous matrix. The relative volume fractions of t
amorphous and crystallinelike regions depend on the dep
tion method, with significant differences proposed f
plasma-enhanced chemical-vapor deposition~PECVD! com-
pared to hot-wire CVD~HWCVD!.5,10 Here we focus on the
prominent commercial method for fabricating solar ce
PECVD, for which the paracrystalline volume fractions pr
posed are about 10–20 %.

With a total H content in PECVD films of about 10–1
at. %, the two-domain model9,10 proposes levels near 0 at. %
in the crystalline-like regions, somewhat lower than 10–
at. % in the amorphous matrix, and much higher than this
the boundary regions. Due to the significant H scatter
cross section and the large difference in scattering betwee
and D, SANS experiments with hydrogenated and deuter
films allow for a direct test of such a model and provi
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evidence for alternate morphologies. For these reasons,
vious SANS studies have been attempted but either did
detect sufficient signal from device-quality films13 or inves-
tigated materials whose electronic quality was not w
defined.14–16 By working with stacks of a large number o
device-quality, relatively thin films, coupled with othe
signal-enhancing experimental features described below
overcome issues associated with previous investigations.
ing our approach, we have recently shown that there is
detectable light-induced change in the SANS from eith
PECVD or HWCVD device-quality films,17 in contrast to an
earlier study of sputter-deposited material.15,8,18 We did,
however, observe significant differences in the SANS fro
PECVD and HWCVD material.17 In this work we provide
SANS data from additional PECVD films, and quantify th
results in the context of the proposed two-domain model.9,10

We also identify the importance of surface roughness in
analysis of SANS data from thin film samples. The samp
investigated were made under conditions similar to those
have yielded record high efficiency solar cells19 as well as
under less-optimized conditions for comparison.

II. EXPERIMENT

A set of systematic samples was prepared by rf~13.56
MHz! PECVD in pairs using H- and D-containing sourc
gases, as shown in Table I. Each pair~with H or D! was
made under nominally identical conditions of gas flows, g
pressures, substrate temperatures, and deposition rates.
adjustments in plasma power and H2 /D2 dilution ratios were
used to generate similar deposition rates for the pairs. M
samples were made under conditions of ‘‘high dilution’’ wi
H2 or D2 , which yielded the record devices,19 as well as
better light stability1,3 and improved medium range order.20
©2003 The American Physical Society14-1
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TABLE I. Samples prepared for SANS. Listed are sample identification numbers~I.D.#!, preparation source gases and substrate t
peratures (Ts), number of layers used for SANS sample~N!, total thickness of all layers~t!, H and D concentrations (CH andCD) from IR
analyses, and the ratio of IR intensities~R! as defined in the text. Experimental uncertainties inCH andCD are 10% of the values listed
except forCH for 1D and 2D, which are60.5 at. %, andR are60.02.

Sample
I.D.# Preparation N

t
~mm!

CH

~at. %!
CD

~at. %! R

1H SiH41high H2 dilution, Ts5300 °C 12 24.2 11 0 0.12
1D SiD41high D2 dilution, Ts5300 °C 12 20.4 ;0.5 13 0.25
2H SiH41no H2 dilution, Ts5300 °C 12 24.8 13 0 0.20
2D SiD41no D2 dilution, Ts5300 °C 12 21.0 ;0.5 13 0.23
3H Si2H61high H2 dilution, Ts5225 °C 12 22.6 15 0 0.17

3HD Si2H61high D2 dilution, Ts5225 °C 9 23.0 8.5 6 0.24
4H Si2H61high H2 dilution, Ts5300 °C 8 17.2 12.5 0 0.13

4HD Si2H61high D2 dilution, Ts5300 °C 10 28.9 7.5 5 0.17
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Note that two samples were made with a mixture of H and
using disilane diluted in D2 .

To optimize the signal-to-noise ratio in the SAN
measurements,21 specialc-Si substrates were used with th
following specifications: float-zone wafers, 500625mm
thick, undoped (resistivity.1000V cm), two-side polished
with low surface roughness~,0.5-nm rms roughness, con
firmed by atomic-force microscopy~AFM! to be about 0.15
nm!, and ~100! orientation. The wafers were diced into 2
32.5-cm2 squares to allow films to be grown with at lea
2.4 cm diameter to take advantage of the maximum neu
beam diameter available~2.2 cm!. Films were grown to
nominal thicknesses of about 2mm on groups of four sub-
strates in three sequential depositions to generate 12 la
for stacking in the neutron beam. Due to some variation
the thickness from layer to layer and deposition to deposi
and the need for accurate sample thickness in the quantit
SANS analyses~as well as the infrared absorption analyse!,
a method was developed to measure the thickness of
layer. A few films were measured directly by profilomet
and these were used to calibrate the x-ray scattering inten
(Cu-Ka radiation! at the center of the first amorphous d
fraction peak~27.8° 2u in the Bragg-Brentano geometry20!.
This x-ray intensity was then measured for all layers of e
sample. The total number of layers used for the SANS m
surements and the total thicknesses are listed in Tab
Some of the layers were excluded due to partial delamina
of the film from thec-Si substrates; hence the use of less th
12 layers in some samples. The neutron absorption by
c-Si substrates at a thickness of 0.6 cm is less than 2%.

The SANS experiments were carried out on the 30
beam line NG-3 of the NIST Center for Neutron Research22

Data were collected in the 64364-cm2 area detector over a
momentum transfer range fromq50.05 to 3 nm21 @q
5(4p/l)sinu, where 2u is the scattering angle andl is the
neutron wavelength# using two detector positions~2 and 13
m from the sample!. The 2-m position also utilized a 20-cm
offset to maximize theq range.22 A wavelength of 0.60 nm
was used with a spread ofDl/l534% ~full width at half
maximum! to prevent double Bragg diffraction from th
~100!-orientedc-Si substrates. This choice of parameters
sulted in a high incident neutron flux of approximate
07531
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106 cm22 s21. To reduce background scattering, samp
were measured in an evacuated chamber. The observed
dimensional SANS intensities were circularly symmetric f
all samples and therefore circularly averaged before con
sion into absolute cross sections~cm21 str21! using standard
procedures22 that included subtracting the incoherent scatt
ing ~q independent! due to the substrates. The latter w
measured with a stack of thec-Si substrates of approximatel
the same thickness as the samples~12 layers! and confirmed
to have a magnitude of 1024 cm21 str21,23 thereby showing
that no additional scattering was originating from the sam
substrates.

One experiment was done to search for any strong ani
ropy in the SANS. Sample 4H was mounted at a tilt angle
44° relative to the neutron beam and remeasured. There
little change in the SANS intensities after normalizing to t
effective thickness oft/cos 44°. This tilting technique ha
been used in small-angle x-ray scattering studies24 to reveal
evidence of strong anisotropic scattering from some sam
due to highly oriented features, typically associated with
growth direction of the film.

For four of the deposition conditions shown in Table
companion depositions were made on a high-purity Al f
for small-angle x-ray scattering~SAXS! measurements. De
tails of the SAXS system, measurement techniques,
quantitative data interpretation are available elsewhere.24 Re-
sults from these experiments were compared with those f
SANS to aid in the interpretation. For example, SAXS w
not be sensitive to H/D nonuniformity, while both SAXS an
SANS are sensitive to the presence of microvoids.

In order to interpret the role of H and D, their concentr
tions in each sample were obtained by Fourier transform
frared absorption spectroscopy on one or two layers o
given sample. For thea-Si:H films, both the 640-cm21 Si-H
bending mode and the 2000-cm21 Si-H stretch modes were
used to determine the H content. Calibration factors of
31019 and 1.131020 cm22 were used for these two mode
respectively, based on calibrated samples, in close agree
with earlier calibrations.25 The Si-D bending mode wa
shifted to wave numbers too low for measurement; therefo
only the Si-D stretch mode near 1460 cm21 was used to
4-2
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NONUNIFORM H DISTRIBUTION IN THIN-FILM . . . PHYSICAL REVIEW B 67, 075314 ~2003!
determine the bonded D content. The calibration factor u
for this mode was simply (2)1/2 that of the Si-H stretch mode
based on the masses of H and D.26 The results of this com-
position analysis are presented in Table I. For samples
and 2D, there was evidence of a small residual H con
~;0.5 at. %! due to a weak but nonzero 640-cm21 mode.
This is likely due to residual H present in the plasma de
sition chamber. Note that significant concentrations of
were introduced from the high D2 dilution used for samples
3HD and 4HD.

Some structural information is contained in the IR spec
by examining the detailed lineshape of the Si-H and S
stretch modes~Fig. 1!. Asymmetry in the shape is seen o
the high wavenumber side of both modes. This was analy
by fitting each stretch mode with a superposition of tw
Gaussians restricted to have the same linewidth and com
ing the ratioR of the intensity of the higher wavenumbe
mode~2080–2090 cm21 for H, and 1520–1530 cm21 for D!
to the total intensity of both modes. This ‘‘microstructu
factor’’ has often been used to characterize the quality
a-Si:H, with lower values ofR indicating better materia
since the higher wavenumber mode is associated with m
defective material containing Si-H2 bonds and/or H on inter
nal microvoid surfaces.27–30 The R values obtained here ar

FIG. 1. IR data from four samples as defined in Table I. T
Gaussians and a baseline~dashed lines! are fitted to each mode
yielding the solid line passing through the data.
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included in Table I and are low even for the films 2H and 2
prepared without H2 /D2 dilution, indicating good quality
material.28 For samples 3HD and 4HD, theR’s were the
same within experimental error~60.02! for both the Si-H
and Si-D modes, indicating the same average local bond
arrangements for the two isotopes.

Surface roughness of two of the samples was charac
ized by AFM. Sample 1H was relatively smooth and show
a rms vertical roughness of 4.7 nm, with lateral featu
ranging in size from about 20 nm to more than 100 n
Sample 1D was significantly rougher, with a vertical rm
value of 20 nm and lateral features similar in size to those
1H. In addition, 1D showed clear circular bubble formati
in some regions. These bubbles were of the order of 10mm
in diameter and some had evidently exploded. This is att
uted to accumulation of D2 between the film andc-Si sub-
strate during the deposition process. The 20-nm rms rou
ness of 1D was measured in a region that did not inclu
such bubbles.

To search for evidence of microcrystallinity, x-ray diffrac
tion ~XRD! was performed on at least one layer of ea
sample. These measurements were performed becaus
deposition condition of high H2 or D2 dilution is known to
produce films near the onset of microcrystallinity1 and is
dependent on substrate interactions as well as
thickness.20,31 The XRD measurements were made in t
symmetric Bragg-Brentano geometry with Cu-Ka radiation
selected by a graphite monochromator in the scattered be
Figure 2 shows that microcrystallinity was indeed detected
sample 1D. The microcrystalline peaks are shifted to sligh
lower angles than those of bulk, powderedc-Si ~see the stick
diagram in Fig. 2!, probably due to the typical high compre
sive stresses in such films. Analysis of the relative areas
der the~111!, ~220!, and~311! peaks compared to the area
of the amorphous peaks, as described in Ref. 20, indicat
crystalline volume fraction of about 12% for 1D. Also, th
crystallite size is estimated to be about 8 nm based on
width of the XRD peaks and the Scherrer equation.20 None

FIG. 2. XRD patterns from two of the SANS samples. The st
diagram shows the relative intensities of the Bragg peaks of thec-Si
powder pattern.
4-3
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of the other samples showed evidence of crystallinity a
XRD from the SAXS samples deposited on the Al foil al
showed no evidence of crystallinity, even for the 1D co
panion sample.

III. SANS RESULTS

Figure 3 compares the SANS data from the sample
1H and 1D where several features are of interest:~a! the
intensities from 1D are much higher than those from 1H o
most of theq range;~b! the 1H data at highq reach a well-
defined constant level;~c! the 1D data at highq fall well
below those from 1H; and~d! both samples show a stee
drop in intensity at lowq. Features~b! and ~c! are readily
explained on the basis of the incoherent scattering from
and D. The theoretical expression for thisq-independent in-
tensity is

I inc5~n/4p!@sHCH1sDCD#, ~1!

where sH580.26310224 cm2 and sD52.05310224 cm2

are the neutron incoherent scattering cross sections32 of H
and D, respectively;CH and CD are the H and D atomic
concentrations in the samples, respectively, andn is the av-
erage atomic number density of the sample. The incohe
cross section for Si is negligible compared to that of H
D.32 Takingn55.031022 cm23 and using the concentration
in Table I, one expectsI inc50.035 cm21 str21 for sample
1H, in excellent agreement with the experimental value
0.037 cm21 str21 obtained by fitting the data in Fig. 1 at hig
q. For sample 1D, one expectsI inc50.003 cm21 str21, which
is approached, but not reached by the data in Fig. 3. Tha

FIG. 3. SANS data from samples 1H and 1D. Solid lin
through data are fits of Eq.~7! while the dashed lines show th
scattering intensity due only to Porod and incoherent contributio
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no plateau is found as in the case of 1H. This is appare
due to significant SANS by nanoscale inhomogeneities
this sample causing significant SANS in the highq
51 – 3 nm21 region such that aq-independent region canno
be reached. This level of signal is also approaching the
tection limit of the instrument.

The steep drop at lowq can be attributed to larger sca
objects that can be modeled by the Porod power
intensity33

I L5P/q4, ~2!

where

P52p~Dr!2S/V, ~3!

Dr is the neutron scattering-length density contrast, andS/V
is the total surface area-to-volume ratio of the scattering
jects. The dashed lines in Fig. 3 are the sum of Eqs.~1! and
~2!, illustrating that most of the scattering from sample 1
can be accounted for with these two contributions only, wh
significant additional scattering is present for sample 1D
ing the predicted value ofI inc50.003 cm21 str21. The values
of P (3.531024 and 3.531023 cm21 str21 nm24 for 1H
and 1D, respectively! cannot yield direct information on the
size and volume fraction@as seen by Eq.~3!#, but do indicate
a larger amount of these larger-scale features of sizeL in 1D.
Since L@1/q implies L@10 nm for the Porod region, an
such large features are not expected to be present within
bulk of the films, we propose surface roughness is resp
sible for this effect. As noted above, AFM measureme
were made on these two samples and these data will be
ful in supporting this hypothesis.

To model the nanoscale features, a distribution of sph
cal scattering objects will be used, and to model the surf
roughness the Debye correlation-length model34 will be ap-
plied. Specifically, the intensity from a distribution of nonin
teracting spheres:

I N5A(
i

wiRi
3F2~qRi !, ~4!

whereA is a constant~cm24 str21 in absolute cross-sectio
units!, Ri is the radius of thei th sphere size,wi is the relative
volume fraction of spheres of sizeRi , and F(qRi) is the
scattering form factor for spheres of radiusRi ~Ref. 33!:

F~qRi !53@sin~qRi !2qRi cos~qRi !#/~qRi !
3. ~5!

The correlation-length model intensity~to model the larger
sizes,L! is given by34

I L5a3b/~11a2q2!2, ~6!

wherea is the Debye correlation-length andb is a constant
~in absolute cross-section units of cm24 str21!. Note the lim-
iting behavior ofq24 at aq@1 agrees with the Porod law
@Eq. ~2!#.

Thus all of the SANS data are fitted, with the total inte
sity I T representing nanoscale and larger scale inhomog
ities, and the incoherent scattering from H and D,

s.
4-4
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TABLE II. Fit results from SANS analyses. Column labels are defined in text. Uncertainties in the last significant figures are g
parentheses for some quantities. Uncertainties ina andb are approximately 50% and 20%, respectively, of the values shown.

Sample
QN

(1021 cm24)
^d&

~nm!
a

~nm!
b

(1021 cm24 str21)
QL

(1021 cm24)
I inc

~cm21 str21!
I inc ~th!

~cm21 str21!

1H 0.01~1! 5~3! 30 0.018 0.18~4! 0.037~2! 0.035
1D 2.15~22! 8~1! 50 0.21 2.1~4! <0.005 0.003
2H 0.35~4! 4~1! 30 0.004 0.04~1! 0.040~3! 0.042
2D 0.31~3! 4~1! 100 0.012 0.12~3! <0.009 0.003
3H 0.23~2! 5~1! 30 0.005 0.05~1! 0.043~3! 0.048

3HD 0.08~1! 5~2! 30 0.004 0.04~1! 0.029~4! 0.028
4H 0.09~1! 7~2! 23 0.011 0.11~2! 0.040~4! 0.040

4HD 0.01~1! 7~3! 40 0.003 0.03~1! 0.023~2! 0.024
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where the three contributions are given by Eqs.~1!, ~4!, and
~6!. The parameters to be adjusted in the fits include the
A, wi , Ri , a, b, and I inc . The volume-weighted average d
ameter of the spheres will bêd&52wiRi .

Although the data are readily fitted with this number
parameters, a useful model-independent quantity, the i
grated intensity, often referred to as an ‘‘invariant,’’33 can be
extracted from the data for comparison to model calcu
tions. Here we compute two integrated intensities from
fits to the data:QL , for comparison with surface roughne
data, andQN , for study of the bulk nanostructure in Sec.

QL54pE q2I Ldq, ~8!

QN54pE q2I Ndq. ~9!

In these equations the limits of integration are fromq50 to
q5`, which is possible here based on extrapolating the
ted functions beyond the experimental range. The facto
4p results from the angular integration over all angles un
the assumption of isotropic scattering. Note that integrat
yields QL5p2b based on Eq.~6!.

The solid lines through the data in Fig. 3 are fits of Eq.~7!
with the parameters listed in Table II. An extremely sm
contribution from nanoscale features is found for 1H co
pared to a rather large contribution for 1D. This is reflec
in the more than two orders-of-magnitude increase inQN .
Also, the b parameter andQL show a larger contribution
from the larger-scale features in 1D. Thea parameter indi-
cates a slightly larger correlation length for 1D compared
1H, although both are quite large and consistent with Por
like behavior.

Figures 4–6 show the SANS data and fits for the other
samples investigated, in pairs without/with D for easy co
parison. All data show features noted above with steep
creases at the lowestq’s and approaches to near consta
values at highq. In addition, there is clear evidence of nan
structural features in the intermediateq range for most of the
samples in Figs. 4–6 but none show the strong SANS in
sities seen for 1D. There is more scatter apparent in the
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in the region ofq around 0.2 nm21. This is where the data
from the two detector positions overlap and the intensity
the 13-m position is extremely weak in thisq range.

Values of the fitted parameters for all samples are
cluded in Table II. The values ofI inc can be compared with
the theoretical values,I inc(th), based on Eq.~1! as listed in
the last column of Table II. The excellent agreement in
cates the accuracy of the H and D concentrations obta
from the IR analysis as well as the accuracy of the exp
mental SANS absolute intensity values, based on the t
film thicknesses listed in Table I. The fit results show that
nanostructural objects average from 4 to 8 nm, while
larger scale features are at least 20 nm in size. It is impor
to note the differences in theQN values between the
H-containing films and the D-containing films, in particula
the significant reduction inQN for the two films withpartial

FIG. 4. SANS from samples 2H and 2D. Solid lines are fits
data based on Eq.~7!.
4-5
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D replacement of H. This is a clear indication that som
aspect of the H distribution is nonuniform.

IV. SAXS RESULTS

The SAXS results from the four companion samples
posited on Al foil are summarized in Table III. The shape
the SAXS intensity versusq was similar to that for the SANS
from 1H ~Fig. 3! for all four samples. The data are well fitte
with a Porod term plus a constant term,

I SAXS5Ps /q31I diff , ~10!

where the units are electrons/atom@also known as electron
units ~eu! typical for SAXS#. Note that the Porod term be
haves asq23 rather than asq24 in Eq. ~2! since the SAXS
system uses a line-slit geometry.24 The diffuse scattering
I diff , known as the Laue monotonic scattering,24,35 is due to
electron density fluctuations on the atomic scale and
creases with H content.35 The effect of D onI diff should be
nearly identical to H based on the theory,24,35consistent with
the values listed in Table III. Comparing thePs values in
Table III with theb values in Table II, 1D shows the stron
gest Porod scattering in both SANS and SAXS, and the
2D pair show weaker Porod scattering than 1H. There is
evidence of a contribution from nanoscale features in
SAXS data. Based on the statistical scatter in the data at
q, we can calculate maximumQN’s ~in the same units as th
SANS QN) for two different average diameters of scatteri
objects~Table III!. This is done since the small-angle inte
sity becomes less sensitive as the objects become sm
@see Eq.~4!#. These values can be used to place an up

FIG. 5. SANS from samples 3H and 3HD. Solid lines are fits
data based on Eq.~7!.
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limit on the microvoid fractions in the films. The lack of
detectableQN for sample 1D from the SAXS data, in con
trast to the strongQN from the SANS sample, is likely re
lated to the differences in microcrystallinity in these tw
companion samples deposited on different substrates~Al foil
vs c-Si!. This difference will not be an issue since sample 1
will not be crucial in testing the proposeda-Si:H two-domain
model. The partial microcrystallinity of the SANS 1D
sample will, however, be carefully considered.

V. INTERPRETATION AND DISCUSSION

Our interpretation of the SANS results is based on so
general expressions related to the nonuniformity of
samples described in terms of ‘‘phases.’’ Examples are
crovoids and a homogeneousa-Si:H matrix, or high-H re-
gions and low-H regions of thea-Si:H matrix, or thea-Si:H
matrix and microcrystalline inclusions, etc. Using this a
proach, the integrated intensity, Eq.~8! or ~9!, can be com-

FIG. 6. SANS from samples 4H and 4HD. Solid lines are fits
data based on Eq.~7!.

TABLE III. SAXS results from four companion films. Column
labels defined in text.

Sample
Ps

~eu/nm3!
I diff

~eu!
QN ~>3 nm,<10 nm!

(1021 cm24)
QN ~<2 nm!
(1021 cm24)

1H 4.5 12 <1 <3
1D 28 13 <1 <3
2H 1.8 16 <2 <6
2D 1.2 16 <2 <6
4-6
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puted on the basis of two-phase or three-phase models.33 For
two phases,

Q5~2p!3~r12r2!2F~12F!, ~11!

wherer1 , andr2 are the neutron scattering length densit
of the two phases andF, (12F) are the volume fractions o
the two phases. The inherent assumption is that the size
the scattering features are in the range probed by SA
Similarly, for three phases,

Q5~2p!3@~r12r2!2F1F21~r12r3!2F1F3

1~r22r3!2F2F3#, ~12!

whereF1 , F2 , andF3 are the volume fractions of the thre
phases (F11F21F351). Note that Eq.~12! reduces to Eq.
~11! for F350.

The scattering length density of a phase can be comp
from its mass density, atomic composition, and the kno
neutron scattering lengths,32 bi of each element in the phas

r5NArm( xibiY( xiWi , ~13!

whereNA is Avogadro’s number,rm is the mass density,xi is
the atomic fraction of elementi, andWi is the atomic weight
of elementi. Here lies the important sensitivity of SANS fo
the study of H uniformity ofa-Si:H: the negative sign o
bH(23.74310213 cm) versus the positive sign ofbD
(16.67310213 cm) andbSi (14.15310213 cm), as well as
the comparable magnitudes ofbH , bD , and bSi . Table IV
provides some values ofr for various phases of interes
including those with homogenous amorphous matrices
the eight SANS samples. The inclusion of the high-press
H2 and D2 in voids is included based on the detection of su
objects with pressure in the 10-kbar range as reported in
16.

To find the scattering length densities of the SAN
samples, the mass densities used~Table IV! are based on an

TABLE IV. Scattering length densities,r, useful for modeling.
rm is the mass density.

Phase or Sample
rm

~g/cm3!
r

(1010 cm22)

c-Si 2.33 2.07
a-Si ~no H! 2.29 2.04

Void ~0 atm or 1 atm H2 or D2) 0.00 0.00
Void ~10 kbar H2) 0.14a 23.12
Void ~10 kbar D2) 0.28a 5.58

1H 2.22 1.75
1D 2.20 2.40
2H 2.21 1.69
2D 2.20 2.40
3H 2.19 1.63

3HD 2.19 1.98
4H 2.21 1.70

4HD 2.21 1.98

aFluid normal-H2 ~and normal-D2) density from Ref. 37.
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experimentally determined correlation between H conte
CH ~in at. %!, and flotation density24 measured in our labo
ratory for manya-Si:H films covering a wide range ofCH :

rm~g/cm3!52.291– 0.0068CH , ~14!

The extrapolated value of 2.291 g/cm3 for a-Si agrees with
the measured result that the density of void-freea-Si is 1.8%
less than that ofc-Si.36 Based on Eq.~14!, it is assumed that
the behavior of deuterated films will be

rm52.291– 0.0066CD , ~15!

based simply on the increased mass of D, i.e., the m
change compared to Si will be about 1/28 smaller than
0.0068 slope in Eq.~14!. From Eqs.~14! and~15! and the H
and D compositions in Table I, the values ofr for each
sample are computed from Eq.~13! and listed in Table IV.
Note that each of these represent anaverager assuming a
homogenous film.

A. Surface roughness

To obtain the data presented previously SANS was p
formed through stacked thin films. Because of the signific
sample surfaces present in these measurements, their
sible influence on the results must be carefully taken i
account. The possible importance of surface imperfection
SANS was shown several years ago38 and a Porod (q24)
dependence was documented, similar to our data at lowq.
The role of surface roughness can be estimated if we ass
that deviations from a perfectly smooth surface can be
proximated with voids~of arbitrary shape! on the surface. It
is assumed that the SANS contributions from the larger-sc
features,QL listed in Table II, are due to surface roughne
because their size~.20 nm! compares well to the AFM evi-
dence of lateral roughness. This assumption can be teste
estimating thevertical surface roughnessRrms to compare
with the AFM results for samples 1H and 1D~4.7 and 20 nm,
respectively!. From Eq. ~11! with r150 for voids andr2
5r, the average value for each sample as listed in Table
the effective surface void volume fractions are listed asFs in
Table V. One measure of the surface void fraction is sim
the ratio of rms roughness to the film thickness~2.0 and 1.7
mm, respectively! and this is listed in Table V for the two
samples with available AFM results. The agreement betw
this measure and those predicted fromQL is excellent. The
Fs for the other samples are all smaller, suggesting smoo
surfaces for these samples prepared with the different co
tions listed in Table I. If theFs from the other samples ar
converted into estimatedRrms from the product ofFs and

TABLE V. Estimated surface roughness from SANSQL com-
pared to AFM data. Uncertainties are approximately 20% of
values listed.

Sample Fs Rrms ~AFM!/thickness

1H 0.0024 0.0024
1D 0.014 0.012
4-7
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film thickness, values of 1–3.2 nm are found based on th
SANS data. The rougher surface of 1D is perhaps due to
formation of partially microcrystalline material as doc
mented in Fig. 2. None of the other samples are as roug
1D, consistent with the lack of any detected microcrystall
ity. However, as noted in Table III the SAXS results show
evidence of a rougher surface for sample 1D~larger Ps),
even though no microcrystallinity was detected by XRD
the SAXS sample deposited on the Al foil. From SANS
the other pairs, there is no clear evidence of a trend tow
smoother surfaces using H- or D-containing source ga
although both pairs prepared with disilane show improv
smoothness~smaller QL) with D2 dilution versus H2 dilu-
tion.

Other AFM studies of surface roughness ofa-Si:H films
grown by PECVD observedRrms values and lateral size
similar to those detected here for comparable film thickn
~;1–2mm!.39–42In Ref. 41, experimental data show that t
roughness of microcrystalline films is significantly larg
than amorphous films of similar thickness, about 3.5 nm
0.75 nm at 1-mm thickness. It is interesting that earlie
SANS studies did not attribute evidence of larger scale f
tures to surface roughness.13,14,16 The results from Guy
et al.16 yielded a Porod-like behavior with intensities simil
to those observed here. Although the film was removed fr
the substrate and in powder form for this study, the surf
roughness will have been preserved.

B. Test of two-domain model for samples 1H and 1D

The origin of the nanostructural features, quantified
QN and^d&, defined in Sec. III and listed in Table II, is now
considered. First the two-domain model9,10 is developed as a
three-phase model with the following volume fractions a
scattering length densities: high-density amorphous ma
(Fa ,ra), low-density amorphous boundary (Fb ,rb), and
paracrystals with ac-Si-like behavior (Fc ,rc). Based on the
latest version of the proposed two-domain model,10 with
paracrystals in the 1–3-nm size range, the following val
of these parameters are tested for sample 1H:Fa50.75,
Fb50.15, Fc50.10, andra51.8331010 cm22 ~assuming
8-at. % H in this high-density matrix phase!, rb51.00
31010 cm22 ~assuming the balance of the H is in this low
density boundary region, yielding 33 at. % based on volu
fractions!, and rc52.0431010 cm22 @assuming the
paracrystals contain no H and have a density identica
H-free a-Si ~Table IV!#. Note that these choices yield a
average mass density~2.22 g/cm3, Table IV!, an average H
content~11 at. %, Table I!, and about half the H in the bound
ary regions as in the two-domain model.10 The latter fraction
is consistent with the typical fraction in the NMR cluster
phase for PECVD material. Substituting these values into
three-phase model, Eq.~12!, yields QN52.4131021 cm24,
more than two orders of magnitude larger than the exp
mental result of 0.0131021 cm24 ~Table II!. In fact, a small
microvoid fraction of only 0.01% of unpressurized voids
0.002% of 10-kbar H2 pressurized voids~see Table IV for
r’s! would result in the observedQN .
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To predict the shape and magnitude of the SANS inten
in the two-domain model compared to the actual data in F
3 for sample 1H, we use a spherical core-shell model w
paracrystals having 1–3-nm-diameter cores and 0.2–0.5
thick boundary layers, imbedded in the amorphous matri10

Dimensions are selected to yield the volume fractions u
above. The SANS intensity for spherical core shells can
calculated from43

I N5C@~rb2ra!VTF~qRT!1~rc2rb!VcF~qRc!#
2,

~16!

whereF(qRi) is the form factor for a sphere as given earli
in Eq. ~5!, Vc is the volume of the spherical paracrystal,VT
is the total volume of the paracrystal core plus bound
shell, andC is a constant that can be adjusted to give
sameQN as the three-phase model. Values ofRc50.5, 1.0,
and 1.5 nm are used with equal number densities to crea
rough distribution of spherical paracrystals in the propos
size range. The corresponding boundary thicknesses
yield the 15% volume fraction are 0.18, 0.36, and 0.50 n
respectively. The result is compared with the sample 1H
perimental data in Fig. 7. The contribution from the surfa
roughness,I L , has been subtracted from the experimen
data and only the higherq region of the data is shown sinc
this is the region where objects of the proposed size w
produce a SANS intensity that varies withq. The strong
oscillations in the calculatedI N are due to interference ef
fects associated with the spherical core-shell model for th

FIG. 7. Comparison of SANS data from sample 1H and a co
shell model calculation to simulate the two-domain model. The
of I L from Eq. ~6! has been used to remove the surface roughn
contribution from the data, leaving onlyI N1I inc to compare with
the calculation.
4-8
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TABLE VI. Calculation of QN from two- or three-phase models for sample 1D. The experiment
observedQN52.1531021 cm24 ~Table II!. Column labels are defined in text.

Parameter
set Fa Fb Fc

ra

(1010 cm22)
rb

(1010 cm22)
rc

(1010 cm22)
QN

(1021 cm24)

A 0.88 0 0.12 2.46 - 2.07 0.40
B 0.83 0.05 0.12 2.40 3.81 2.07 2.77
C 0.78 0.10 0.12 2.40 3.01 2.07 1.24
D 0.87 0.01 0.12 2.47 0 2.07 1.86
E 0.87 0.01 0.12 2.41 5.58 2.07 2.83
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choices of radii and boundary thicknesses; a more cont
ous size distribution would tend to wash these out. The
crepancy between the data and the core-shell model calc
tion shows that the two-domain model9,10 does not describe
the morphology of sample 1H. This particular sample is o
that is near the onset of microcrystallinity since it was p
pared under the high H2 dilution, a condition that produced
partial microcrystallinity when switched to the deuterat
gases for sample 1D. However, we note that a somew
lower dilution coupled with a somewhat higher plasm
power was used for 1D to yield a similar deposition rate
1H, so the exact mechanism for the partial microcrystallin
of 1D is unknown. Others have shown that D can lower
partial pressure at which the amorphous-microcrystal
transition occurs.44 The microstructural quality of sample 1H
is also indicated by the low value ofR50.12 from the IR
analysis~Table I!.

A two-domain ~or three-phase! model may, however, be
appropriate to explain the sample 1D data since the ab
calculatedQN52.4131021 cm24 is close to the observe
QN52.1531021 cm24 ~from Table II! and the XRD result
~Fig. 2! indicated approximately 12 vol. % of microcrystal
Also, the size of the microcrystals estimated from the Sch
rer equation20 and the width of the~220! XRD line in Fig. 2
gives 8 nm, in excellent agreement with the average s
^d&58 nm ~Table II! from the SANS analysis. Other ev
dence of a defective, H-rich layer around the microcrys
lites in mixed amorphous-microcrystalline Si:H material h
been reported.45–47 To examine the SANS more carefully
calculation ofQN is done for the various sets of paramete
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in Table VI. Parameter setA assumes only microcrystals an
homogeneous amorphous matrix. The 13-at. % D from the
~Table I! is assumed to be located only in the amorpho
matrix ~thus the concentration there increases to 15 at.!,
the scattering length density is found from Eqs.~13! and~15!
and the microcrystals are assumed to behave asc-Si ~Table
IV !. This set clearly underestimates the integrated SANS
tensity by factor of 5. SetsB andC assume that deuterium i
expelled from thec-Si inclusions and accumulates in
boundary region such that the concentrations are 44 and
at. % for Fb50.05 and 0.10, respectively. One can see t
QN is quite sensitive to theFb and a value of 0.06 with
39-at. % D will reproduce the observedQN . This high con-
centration is consistent with an optical absorption study
partially microcrystalline Si:H films,45 which finds evidence
of 38-at. % H in the boundary region of crystallites below
nm in size. However, a boundary layer thickness of 1.8 n
independent of crystallite size is found in their modeling45

This would correspond to a large value ofFb50.36 for the
average 8-nm-diameter crystallites, much larger than
Fb50.06 required here to fit the SANSQN . The latter vol-
ume fraction implies a boundary layer thickness of about
nm.

In an alternative approach, parameter setsD andE assume
microvoids rather than a boundary region. Using voids a
or 1 atm D2 ~set D!, only slightly more than 1 vol. % is
needed to produce the observedQN , while about 0.7 vol. %
of 10 kbar D2 pressurized voids~setE! is needed.

The SANS from 1D can therefore be explained byc-Si
inclusions either surrounded by D-rich boundary regions
f
orphous
TABLE VII. Two-domain model calculations. Volume fractions ofFa50.75, Fb50.15, andFc50.10 are used. Two distributions o
H/D in the three phases (a:b:c) are assumed: 55%:45%:0% and 65%:35%:0%. The associated scattering length densities of the am
matrix and the boundary layer are shown. The paracrystals are assumed to haverc52.0431010 cm22 in every case.

Sample

55%:45%:0% H/D distribution 64%:36%:0% H/D distribution

ra

(1010 cm22)
rb

(1010 cm22)
QN

(1021 cm24)
ra

(1010 cm22)
rb

(1010 cm22)
QN

(1021 cm24)

1H 1.83 1.00 2.41 1.79 1.24 1.20
2H 1.79 0.75 3.75 1.74 1.06 1.81
2D 2.30 3.51 5.01 2.34 3.12 2.30
3H 1.75 0.42 6.07 1.70 0.86 2.70

3HD 2.00 1.88 0.06 1.99 1.91 0.03
4H 1.80 0.79 3.53 1.76 1.11 1.65

4HD 1.99 1.88 0.05 1.98 1.90 0.03
4-9
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in combination with microvoids. Note that the IR microstru
ture factorR is significantly larger for 1D compared to 1H
~Table I!, indicating more Si-D2-type bonding and/or Si-D
bonding on internal microvoid surfaces.27–30 It is also pos-
sible that both voids and D-rich boundary regions a
present. Evidence of more that 1 vol. % of microvoids
predominantly microcrystalline Si:H films has been fou
from small-anglex-ray scattering experiments, combine
with flotation density measurements.48 Spherelike voids up
to 10 nm in diameter have also been imaged in microcr
talline Si:H by transmission electron microscopy.49

C. Test of two-domain model for samples 2H to 4HD

We now consider the data from the remaining samp
2H, 2D, 3H, 3HD, 4H, and 4HD. Table II and Figs. 4–
show that theQN’s of 2H, 3H, and 4H are significantly large
than for 1H, while the two samples with the H/D mixture
~3HD and 4HD! show significant reductions inQN compared
to their companions containing only H. Based on the tw
domain model,10 with the same volume fractions and H di
tribution among the paracrystals, boundaries, and amorph
matrix as used for 1H, calculations ofQN from Eqs.~12!–
~15! are summarized in Table VII. For the mixed H/
samples, fractions of H/D equal to the atomic concentrati
shown in Table I are assumed in both the amorphous ma
and boundary region. A second scenario of a smaller amo
of H/D in the boundary regions~reduced from 45% to 36%!
is included to indicate the sensitivity ofQN to this split.

Several features within Table VII are noteworthy. F
samples 2H and 2D, theQN’s for both scenarios are approx
mately an order of magnitude larger than the experime
values~Table II! and the 2D value is predicted to be signi
cantly larger than the 2H value. For samples 3H and 4H,
QN’s are more than an order of magnitude too large, but
the H/D mixed samples 3HD and 4HD, the effect of ‘‘co
trast variation,’’33 enabled by the opposite signs of the sc
tering lengths of H and D, is predicted to drastically redu
the QN’s. This approach was previously employed to de
onstrate H non-uniformity in sputter-depositeda-Si:H/D.8,14

Figure 8 shows the dependence of the scattering length
sities on H1D contents for all the samples and illustrates t
weak dependence ofr for samples 3HD and 4HD with frac
tions of D to H at the values listed in Table I. The expe
mentalQN’s for 3HD and 4HD do show a significant redu
tion compared to their 3H and 4HD counterparts~Table II!,
suggesting a contrast matching effect. However, due to
poor general agreement of theQN’s, as well as in the sizes o
the scattering features~Table II!, with the two-domain mode
07531
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predictions, alternate models are now considered to se
for H nanostructures that more closely match the experim
tal data.

D. Microvoid model

Due to the likely presence of small fractions of micr
voids, we first analyze the SAXS results from Table III
place an upper limit on the void fractions in the four com
panion samples studied by SAXS. Equation~11! can be used
with the appropriate scattering length density for SAXS,

rx5nse
1/2, ~17!

where n is the number density of electrons andse is the
electron x-ray~Thomson! cross section57.94310226 cm2.
To calculaten for the amorphous matrix of each sample w
take the electron density ofc-Si (7.031023) times the ratio
of the mass density of the film to that ofc-Si. We consider
two extremes of H2 /D2 pressure,P, within the microvoids, 0
atm and 10 kbar. Evidence of pressures in the 10-kbar ra
at room temperature has been reported fora-Si:H.16 Table
VIII presents the upper limit on void fractions of the two siz
ranges considered in Table III for estimating the upper lim

FIG. 8. Scattering length densitiesr calculated from Eqs.~13!–
~15! as a function of H1D concentrations. For samples 3HD an
4HD, the ratios of D to H were fixed to the values found from
analyses~Table I!.
TABLE VIII. Upper limits of microvoid volume fractions in % based on SAXS results.

Sample
Fv (P50 atm)

~>3 nm,<10 nm!
Fv (P510 kbar)
~>3 nm,<10 nm!

Fv (P50 atm)
~<2 nm!

Fv (P510 kbar)
~<2 nm!

1H <0.01 <0.02 <0.03 <0.05
1D <0.01 <0.02 <0.03 <0.05
2H <0.02 <0.03 <0.06 <0.09
2D <0.02 <0.03 <0.06 <0.09
4-10
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on QN ~SAXS!. It is clear that the void volume fraction
must be quite low in these high-quality films.

Next consider whether voids containing low pressure~0
or 1 atm! or high-pressure H2 /D2 ~10 kbar! can explain the
SANSQN’s and their changes upon deuteration. In this ca
the two-phase model@Eq. ~11!# is used with the scattering
length densities listed in Table IV to find the void fractio
Fv for the two pressures. Results are listed in Table
including calculations for 1H and 1D.

Comparing the SAXS and SANS void interpretations
Tables VIII and IX, a discrepancy is obvious for sample 1
and this can be attributed to the partial microcrocrystallin
present only in the SANS sample~considered earlier in Table
VI calculations!. Regarding the possible void sizes in Tab
VIII, the SANS analyses of Table II show that sizes grea
than 3 nm should be considered. Using these upper l
columns, only sample 1H seems to be consistent with a v
only interpretation. Even the high-pressure scenarios for
and 2D yield larger void fractions from the SANS data th
allowed by the SAXS upper limits. Although it appears tha
void-only interpretation is not likely, it seems reasonable t
the void fractions could be somewhat higher in the 3H/3H
pair than in the 4H/4HD pair due to the lower substrate te
perature used in preparation~Table I!. If we assume that the
D-and H-containing samples of each pair have the same
volume fraction~except for 1H, and 1D!, then the pressureP
inside the voids can be adjusted to generate the experim

TABLE IX. Calculated microvoid volume fractions,Fv , as-
suming all of SANSQN is due to voids, and assuming either low~0
or 1 atm! or high ~10 kbar! pressures of H2 /D2 in the voids. Ex-
perimentalQN’s from Table II are used in Eq.~11! to find Fv .

Sample
Fv ~at 0 or 1 atm!

~vol. %!
Fv ~at 10 kbar!

~vol. %!
P

~kbar!
Fv ~at P!
~vol. %!

1H 0.013 0.002 - -
1D 1.53 0.86 - -
2H 0.50 0.062 1 or 14 0.35 or 0.0
2D 0.22 0.13 1 or 14 0.35 or 0.04
3H 0.34 0.041 4.5 0.10

3HD 0.08 0.15 4.5 0.10
4H 0.13 0.016 10 0.02

4HD 0.010 0.015 10 0.02
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QN’s for the pair. The last two columns of Table IX sho
such pressures and the associated void fractions. Note
under this assumption, the void fractions for 2H and 2D
P514 kbar are now only slightly above the SAXS upp
limit. Such pressures are consistent with the analysis of
lier SANS results,16 but the sizes found in Table II are muc
larger than their 1.3-nm-diameter ‘‘cages,’’16 The material
analyzed in this study16 however was significantly differen
than ours, prepared with much higher H/D concentratio
~22/23 at. %! and void fractions~.1 vol. %!.

E. HÕD composition fluctuation model

Finally, we consider a simple two-phase heterogene
based on an amorphous matrix with two different bond
H/D contents, one phase slightly lower than the average H
content~Table I!, representing the bulk of thea-Si:H/D, and
the other representing a H/D-rich phase. We then exp
what combinations of volume fractions and H/D concent
tion differences are required to generate the observedQN’s
~Table II!. To work with reasonable estimates of the volum
fraction of the H/D-rich phase, we make one of two assum
tions: ~a! the volume fraction is given by theR value found
from the IR analyses as listed in Table I, or~b! the volume
fraction is at a maximum of 50%. The former assumption
supported by a correlation of NMR clustered-phase sig
and the IR intensity of the 2080-cm21 mode.50,6 The latter
assumption yields the minimum possible contrast sin
F(12F) will be the maximum possible value. A 50% frac
tion is not unreasonable since NMR has often yield
clustered-phase fractions of this magnitude or ev
greater.4,50,51The scattering contrast between the two phas
Dr, is then calculated from Eq.~11! and compared with the
calculations in Fig. 8 to extract the difference in H/D co
centration,DCH/D , to determine if either of the two assump
tions are feasible. Table X lists the results.

The H/D composition fluctuations indicated by the calc
lations for either scenario in Table X are quite large exc
for sample 1H, which exhibits the best uniformity of the s
Sample 3HD could not be fitted with this model sinceDr is
larger than allowed as seen in the weak H/D dependenc
Fig. 8. This suggests that at least part ofQN must be due to
another scattering mechanism. Also, theDCH/D calculated
for 4HD is much larger than its companion 4H; however t
uncertainty is large sinceQN is so small (0.01
phase
TABLE X. Scattering length density contrasts and H/D concentration fluctuations under two-
model assumptions.

Sample
F(12F)

IR
Dr

(1010 cm22)
DCH/D

~at. %!
F(12F)

~max.!
Dr

(1010 cm22)
DCH/D

~at. %!

1H 0.11 0.06 2 0.25 0.04 1
2H 0.16 0.30 10 0.25 0.24 8
2D 0.18 0.27 8 0.25 0.22 7
3H 0.14 0.26 9 0.25 0.19 7

3HD 0.18 0.13 Not feas. 0.25 0.11 Not feas.
4H 0.11 0.18 6 0.25 0.12 4

4HD 0.14 0.05 12 0.25 0.04 8
4-11
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31021 cm24) and near the detection limit. In the cases of t
3H/3HD or 4H/4HD pairs, a small fraction of microvoid
could bring each pair into consistency such that the H
composition fluctuations are similar and in the 5–10
range. Samples 3H/3HD would require a larger void fract
but this would be consistent with the lower substrate te
perature used in preparation~Table I!.

VI. SUMMARY AND CONCLUSIONS

A series of eight PECVD films, prepared in pairs with a
without D substitution, has been investigated by SANS a
several other complementary techniques~SAXS, IR, AFM,
XRD!. Careful sample design allowed SANS measurem
of relatively thin, device-quality films. In general, SANS fe
tures from all samples could be divided into sizes that w
relatively large~.20 nm! and relatively small~,8 nm!. The
scattering from smaller scale features was generally w
except for one sample that exhibited partial microcrystal
ity. Good evidence was presented for the assignment of
larger features to film surface roughness, a mechanism
previously identified in SANS studies of similar materials
our knowledge. No single hypothesis could unequivoca
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