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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 scatterif@ANS) is used to search for nonuniform H distributions in hydrogenated
amorphous silicona-Si:H. Thin films about 2um-thick grown with and without D substitution for H by
plasma-enhanced chemical vapor deposition show both [a*@® 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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[. INTRODUCTION evidence for alternate morphologies. For these reasons, pre-
vious SANS studies have been attempted but either did not
Various techniques suggest the presence of heterogeneitietect sufficient signal from device-quality fillior inves-

in high quality hydrogenated amorphous silicerSi:H, de-  tigated materials whose electronic quality was not well
veloped for solar cells and other devices. Transmission elecefined!*~'® By working with stacks of a large number of
tron microscopy (TEM) shows nanometer-scale, ordered,device-quality, relatively thin films, coupled with other
crystallinelike regions in an amorphous mattix, while  signal-enhancing experimental features described below, we
nuclear magnetic resonan¢BlMR) data have been inter- overcome issues associated with previous investigations. Us-
preted in terms of clustered and isolated*H.Based on ing our approach, we have recently shown that there is no
these results as well as earlier small-angle neutron scatteringetectable light-induced change in the SANS from either
(SANS) analysis} a two-domain model was recently PECVD or HWCVD device-quality film&7 in contrast to an
proposeft®'®to explain the observed light-induced volume earlier study of sputter-deposited matefat:!® We did,
expansion ofa-Si:H.>** The model is one of high-density, however, observe significant differences in the SANS from
crystallinelike (“paracrystalline”*? regions, about 1-3 nm PECVD and HWCVD materid!’ In this work we provide
in size, imbedded in a low-density amorphous matrix. It in-SANS data from additional PECVD films, and quantify the
cludes even lower-density boundary regions surrounding thgesults in the context of the proposed two-domain médel.
paracrystalline inclusions. This model implies a highly non-we also identify the importance of surface roughness in an
uniform H distribution, with H-free, Crystal—like inclusions, ana|y3i5 of SANS data from thin film Samp|es_ The Samp|es
separated by H-rich boundary layers from the hydrogenatefhvestigated were made under conditions similar to those that
amorphous matrix. The relative volume fractions of thehave yielded record high efficiency solar c&llss well as

amorphous and crystallinelike regions depend on the deposimder less-optimized conditions for comparison.
tion method, with significant differences proposed for

plasma-enhanced chemical-vapor deposit®ECVD) com-

pared to hot-wire C\/.I:(HWCVD).5le Here we focus on the L. EXPERIMENT

prominent commercial method for fabricating solar cells,

PECVD, for which the paracrystalline volume fractions pro- A set of systematic samples was prepared byl6.56

posed are about 10—20 %. MHz) PECVD in pairs using H- and D-containing source
With a total H content in PECVD films of about 10-12 gases, as shown in Table I. Each paiith H or D) was

at. %, the two-domain mod&l® proposes levels near 0 at. % made under nominally identical conditions of gas flows, gas

in the crystalline-like regions, somewhat lower than 10—12pressures, substrate temperatures, and deposition rates. Slight

at. % in the amorphous matrix, and much higher than this iradjustments in plasma power and A, dilution ratios were

the boundary regions. Due to the significant H scatteringised to generate similar deposition rates for the pairs. Most

cross section and the large difference in scattering between simples were made under conditions of “high dilution” with

and D, SANS experiments with hydrogenated and deuterateld, or D,, which yielded the record devicé$,as well as

films allow for a direct test of such a model and providebetter light stability® and improved medium range ord@r.
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TABLE I. Samples prepared for SANS. Listed are sample identification nuntbBr#f), preparation source gases and substrate tem-
peratures Ts), number of layers used for SANS samld, total thickness of all layer&), H and D concentrationsddy andCp) from IR
analyses, and the ratio of IR intensitié®) as defined in the text. Experimental uncertaintie€ipand Cp are 10% of the values listed,
except forCy, for 1D and 2D, which are-0.5 at. %, andR are =0.02.

Sample t (o Cp

1.D.# Preparation N (pem) (at. % (at. % R
1H SiH,+ high H, dilution, T¢=300°C 12 24.2 11 0 0.12
1D SiD,+ high D, dilution, T¢=300°C 12 20.4 ~0.5 13 0.25
2H SiH,;+no H, dilution, Tg=300°C 12 24.8 13 0 0.20
2D SiD,+no D, dilution, Tg=300°C 12 21.0 ~0.5 13 0.23
3H ShHg+high H, dilution, Tg=225°C 12 22.6 15 0 0.17
3HD ShHg+high D, dilution, Tg=225°C 9 23.0 8.5 6 0.24
4H ShHg+high H, dilution, Ts=300°C 8 17.2 12,5 0 0.13
4HD Si,Hg+ high D, dilution, T,=300°C 10 28.9 7.5 5 0.17

Note that two samples were made with a mixture of H and D1¢f cm™2s™ . To reduce background scattering, samples
using disilane diluted in b were measured in an evacuated chamber. The observed two-
To optimize the signal-to-noise ratio in the SANS gimensional SANS intensities were circularly symmetric for
measurements, specialc-Si substrates were used with the 4| samples and therefore circularly averaged before conver-

following specifications: float-zone wafers, 50@5um  gjon into absolute cross sectiofsn *str %) using standard
thick, undoped (resistivity 1000() cm), two-side polished rocedure? that included subtracting the incoherent scatter-
with low surface roughness<0.5-nm rms roughness, con- joo (4 independent due to the substrates. The latter was
firmed by atomic-force microscopiAFM) to be about 0.15 0 4qred with a stack of tieSi substrates of approximately

2(?’5‘:"22?(150@;252?232' qu?n;v?;eéz wre(;e :'C?t?] Igtt?eisst the same thickness as the samplEs layers and confirmed
' qu Wl grown wi to have a magnitude of I6 cm *str*,23

) ; str =,“° thereby showing
2.4 cm diameter to take advantage of the maximum neutroH1 i dditional tteri icinating f th |
beam diameter availabl€.2 cm. Films were grown to at no additional scattering was originating from the sampie
nominal thicknesses of about2m on groups of four sub- substrates. . .
strates in three sequential depositions to generate 12 layers Oqe experiment was done to search for any str.ong anisot-
for stacking in the neutron beam. Due to some variation if©PY in the SANS. Sample 4H was mounted at a tilt angle of
the thickness from layer to layer and deposition to depositiorf#4” relative to the neutron beam and remeasured. There was
and the need for accurate sample thickness in the quantitativéfle change in the SANS intensities after normalizing to the
SANS ana|yse$as well as the infrared absorption ana|yses effective thickness of/cos44°. This tlltlng teChnique has
a method was developed to measure the thickness of eadigen used in small-angle x-ray scattering stidies reveal
layer. A few films were measured directly by profilometry evidence of strong anisotropic scattering from some samples
and these were used to calibrate the x-ray scattering intensigue to highly oriented features, typically associated with the
(Cu-K, radiation at the center of the first amorphous dif- growth direction of the film.
fraction peak(27.8° 2 in the Bragg-Brentano geometfy. For four of the deposition conditions shown in Table I,
This x-ray intensity was then measured for all layers of eaclttompanion depositions were made on a high-purity Al foil
sample. The total number of layers used for the SANS meafor small-angle x-ray scatteringBAXS) measurements. De-
surements and the total thicknesses are listed in Table tails of the SAXS system, measurement techniques, and
Some of the layers were excluded due to partial delaminatioquantitative data interpretation are available elsewftRe-
of the film from thec-Si substrates; hence the use of less tharsults from these experiments were compared with those from
12 layers in some samples. The neutron absorption by th8ANS to aid in the interpretation. For example, SAXS will
c-Si substrates at a thickness of 0.6 cm is less than 2%. not be sensitive to H/D nonuniformity, while both SAXS and

The SANS experiments were carried out on the 30-mSANS are sensitive to the presence of microvoids.

beam line NG-3 of the NIST Center for Neutron Resedfch.  In order to interpret the role of H and D, their concentra-
Data were collected in the 6464-cnt area detector over a tions in each sample were obtained by Fourier transform in-
momentum transfer range froq=0.05 to 3 nm?! [q frared absorption spectroscopy on one or two layers of a
= (47/\)sin 6, where 2 is the scattering angle andis the  given sample. For tha-Si:H films, both the 640-cm* Si-H
neutron wavelengthusing two detector position® and 13  bending mode and the 2000-ciSi-H stretch modes were
m from the sample The 2-m position also utilized a 20-cm used to determine the H content. Calibration factors of 2.3
offset to maximize they range®? A wavelength of 0.60 nm X 10'° and 1.1x 10?° cm™2 were used for these two modes,
was used with a spread &f\/\ =34% (full width at half  respectively, based on calibrated samples, in close agreement
maximum) to prevent double Bragg diffraction from the with earlier calibrationd® The Si-D bending mode was
(100)-orientedc-Si substrates. This choice of parameters re-shifted to wave numbers too low for measurement; therefore,
sulted in a high incident neutron flux of approximately only the Si-D stretch mode near 1460 cthwas used to
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FIG. 2. XRD patterns from two of the SANS samples. The stick
diagram shows the relative intensities of the Bragg peaks af-Bie
powder pattern.

300

included in Table | and are low even for the films 2H and 2D
prepared without K/D, dilution, indicating good quality
material?® For samples 3HD and 4HD, thR's were the
same within experimental errdr-0.02 for both the Si-H
and Si-D modes, indicating the same average local bonding
arrangements for the two isotopes.
Surface roughness of two of the samples was character-
1400 1600 1800 2000 2200 ized by AFM. Sample 1H was relatively smooth and showed
-1 a rms vertical roughness of 4.7 nm, with lateral features
wavenumber (cm ) ranging in size from about 20 nm to more than 100 nm.
Sample 1D was significantly rougher, with a vertical rms
value of 20 nm and lateral features similar in size to those of
1H. In addition, 1D showed clear circular bubble formation
in some regions. These bubbles were of the order ofut0
determine the bonded D content. The calibration factor useth diameter and some had evidently exploded. This is attrib-
for this mode was simply (2% that of the Si-H stretch mode uted to accumulation of Pbetween the film and-Si sub-
based on the masses of H and®Drhe results of this com- strate during the deposition process. The 20-nm rms rough-
position analysis are presented in Table I. For samples 1Dess of 1D was measured in a region that did not include
and 2D, there was evidence of a small residual H contensuch bubbles.
(~0.5 at.% due to a weak but nonzero 640-cilmode. To search for evidence of microcrystallinity, x-ray diffrac-
This is likely due to residual H present in the plasma depotion (XRD) was performed on at least one layer of each
sition chamber. Note that significant concentrations of Dsample. These measurements were performed because the
were introduced from the high Ddilution used for samples deposition condition of high Hor D, dilution is known to
3HD and 4HD. produce films near the onset of microcrystallihignd is
Some structural information is contained in the IR spectralependent on substrate interactions as well as film
by examining the detailed lineshape of the Si-H and Si-Dthicknes<%®! The XRD measurements were made in the
stretch modegFig. 1). Asymmetry in the shape is seen on symmetric Bragg-Brentano geometry with ®y; radiation
the high wavenumber side of both modes. This was analyzeselected by a graphite monochromator in the scattered beam.
by fitting each stretch mode with a superposition of twoFigure 2 shows that microcrystallinity was indeed detected in
Gaussians restricted to have the same linewidth and computample 1D. The microcrystalline peaks are shifted to slightly
ing the ratioR of the intensity of the higher wavenumber lower angles than those of bulk, powdei@&i (see the stick
mode(2080—2090 cm! for H, and 1520—1530 citt for D) diagram in Fig. 2, probably due to the typical high compres-
to the total intensity of both modes. This “microstructure sive stresses in such films. Analysis of the relative areas un-
factor” has often been used to characterize the quality ofler the(111), (220, and(311) peaks compared to the areas
a-Si:H, with lower values ofR indicating better material of the amorphous peaks, as described in Ref. 20, indicates a
since the higher wavenumber mode is associated with morerystalline volume fraction of about 12% for 1D. Also, the
defective material containing SisHbonds and/or H on inter- crystallite size is estimated to be about 8 nm based on the
nal microvoid surface®’ 3 The R values obtained here are width of the XRD peaks and the Scherrer equatibhlone

1000 -

IR Absorption coefficient (cm_1)

500 -

FIG. 1. IR data from four samples as defined in Table I. Two
Gaussians and a baselitdashed linesare fitted to each mode
yielding the solid line passing through the data.
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10°% e S —_— no plateau is found as in the case of 1H. This is apparently
: . 1H ] due to significant SANS by nanoscale inhomogeneities in
this sample causing significant SANS in the high
2 + 1D =1-3nm ! region such that g-independent region cannot
E L 4 E be reached. This level of signal is also approaching the de-
e “-P/a 1 tection limit of the instrument.
» — fit 1 The steep drop at low can be attributed to larger scale
0 10" | objects that can be modeled by the Porod power law
£ intensity*>
(@]
2 o0 L I =Pig’, @
‘» where
o ’
0L P=2m(Ap)°SIV, (©)]
n Ap is the neutron scattering-length density contrast, ahd
pd is the total surface area-to-volume ratio of the scattering ob-
(7’5) 1072 L jects. The dashed lines in Fig. 3 are the sum of Efjsand
3 (2), illustrating that most of the scattering from sample 1H
. . - == can be accounted for with these two contributions only, while

significant additional scattering is present for sample 1D us-
ing the predicted value df,.=0.003 cm ! str 1. The values
q (nm_1) of P (3.5x10 * and 3.5¢10 2 cm !str ‘nm * for 1H
and 1D, respectivejycannot yield direct information on the
FIG. 3. SANS data from samples 1H and 1D. Solid lines Size and volume fractiofas seen by Eq3)], but do indicate
through data are fits of Eq7) while the dashed lines show the a larger amount of these larger-scale features oflsirelD.
scattering intensity due only to Porod and incoherent contributionsSince L>1/q implies L>10 nm for the Porod region, and
such large features are not expected to be present within the
of the other samples showed evidence of crystallinity andulk of the films, we propose surface roughness is respon-
XRD from the SAXS samples deposited on the Al foil alsosible for this effect. As noted above, AFM measurements
showed no evidence of crystallinity, even for the 1D com-were made on these two samples and these data will be use-
panion sample. ful in supporting this hypothesis.
To model the nanoscale features, a distribution of spheri-
IIl. SANS RESULTS cal scattering objects will be used, and to model the surface
roughness the Debye correlation-length mdtielill be ap-

Figure 3 compares the SANS data from the sample paipjied. Specifically, the intensity from a distribution of nonin-
1H and 1D where several features are of interést:the  teracting spheres:

intensities from 1D are much higher than those from 1H over

most of theq range;(b) the 1H data at higly reach a well- 5

defined constant levelc) the 1D data at highy fall well In=A2 WR*F2(qR), (4)
below those from 1H; andd) both samples show a steep '

drop in intensity at lowg. Featuregb) and (c) are readily  whereA is a constanfcm “str ! in absolute cross-section
explained on the basis of the incoherent scattering from Hinits), R; is the radius of théth sphere sizay; is the relative
and D. The theoretical expression for tiggsndependent in-  yolume fraction of spheres of siZR,, and F(qR) is the
tensity Is scattering form factor for spheres of radiRs (Ref. 33:

107! 10°

line=(N/4m)[04Chi+ oo Col, @) F(qR)=3[sinqR)—qR cogqR)J/(aR)®.  (5)
where 0,=80.26x10 ?*cn? and op=2.05x10 %4 cn?
are the neutron incoherent scattering cross secfiasfsH
and D, respectivelyC,, and Cp are the H and D atomic
concentrathns in the samp_les, respectively, ansl the av- I =a3b/(1+a2q?)?, (6)
erage atomic number density of the sample. The incoherent
cross section for Si is negligible compared to that of H orwherea is the Debye correlation-length ardis a constant
D.32 Takingn=15.0x 10?? cm* and using the concentrations (in absolute cross-section units of cfrstr 1). Note the lim-
in Table I, one expects$;,.=0.035cm * str ! for sample iting behavior ofq~* at ag>1 agrees with the Porod law
1H, in excellent agreement with the experimental value ofEq. (2)].
0.037 cm ! str ! obtained by fitting the data in Fig. 1 at high  Thus all of the SANS data are fitted, with the total inten-
g. For sample 1D, one expedtg.=0.003 cm str !, which  sity I representing nanoscale and larger scale inhomogene-
is approached, but not reached by the data in Fig. 3. That isties, and the incoherent scattering from H and D,

The correlation-length model intensityo model the larger
sizes,L) is given by*
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TABLE Il. Fit results from SANS analyses. Column labels are defined in text. Uncertainties in the last significant figures are given in
parentheses for some quantities. Uncertainties amd b are approximately 50% and 20%, respectively, of the values shown.

QN <d> a b QL Iinc Iinc (th)

Sample (10** ecm™%) (nm) (nm) (102t em~*str 1) (10** ecm™%) (cm tstrd (cm tstrd
1H 0.012) 5(3) 30 0.018 0.18%) 0.03712) 0.035
1D 2.1522) 8(1) 50 0.21 2.14) =<0.005 0.003
2H 0.354) 4(1) 30 0.004 0.041) 0.04Q3) 0.042
2D 0.313) 4(1) 100 0.012 0.1®) <0.009 0.003
3H 0.232) 5(1) 30 0.005 0.081) 0.0433) 0.048
3HD 0.081) 5(2) 30 0.004 0.041) 0.0294) 0.028
4H 0.091) 7(2) 23 0.011 0.112) 0.0404) 0.040
4HD 0.011) 7(3) 40 0.003 0.081) 0.0232) 0.024

lr=In+ 1L+ line, (7) in the region ofq around 0.2 nm'. This is where the data

o . from the two detector positions overlap and the intensity at
where the three contnbutlons' are given by E(q$ (4), and  the 13-m position is extremely weak in thisrange.
(6). The parameters to be adjusted in the fits include the set \,,es of the fitted parameters for all samples are in-

A wi, R, a b andli,c. The volume-weighted average di- o) ged in Table II. The values df,. can be compared with

ameter of the spheres will bgl)=2w;R; . . . .
. . . the theoretical values,,(th), based on Eql) as listed in
Although the data are readily fitted with this number of the last column of Table Il. The excellent agreement indi-

g?ar?en;?:ﬁgs;yusfetg rr:f(;(;lreelzjlrlgeaf)segge“?rrvgﬁgrr%gt%;;hg emtec'ates the accuracy of the H and D concentrations obtained
' : ! from the IR analysis as well as the accuracy of the experi-

extracted from the data for comparison to model CaICUIagfnental SANS agsolute intensity values baged on theptotal

tions. Here we compute two integrated intensities from the, ) . ) o

fits to the dataQ, , for comparison with surface roughness ilm thicknesses listed in Table I. The fit results show that the

data, andQy, for study of the bulk nanostructure in Sec. V: hanostructural objects average from 4.t0 .8 nm, vyhile the
' ' larger scale features are at least 20 nm in size. It is important

to note the differences in th&, values between the
QL=47-rf g%, dq, (8 H-containing films and the D-containing films, in particular,
the significant reduction iQy for the two films withpartial

QN:47TJ g?lyda. 9

In these equations the limits of integration are frgmO0 to

g=c0, which is possible here based on extrapolating the fit-

ted functions beyond the experimental range. The factor of «
47 results from the angular integration over all angles under '
the assumption of isotropic scattering. Note that integration @
yields Q, = 7?b based on Eq(6). T

The solid lines through the data in Fig. 3 are fits of EA).
with the parameters listed in Table 1l. An extremely small
contribution from nanoscale features is found for 1H com-
pared to a rather large contribution for 1D. This is reflected
in the more than two orders-of-magnitude increas&jp.
Also, the b parameter and), show a larger contribution
from the larger-scale features in 1D. Theparameter indi-
cates a slightly larger correlation length for 1D compared to
1H, although both are quite large and consistent with Porod-
like behavior.

Figures 4—6 show the SANS data and fits for the other six
samples investigated, in pairs without/with D for easy com-
parison. All data show features noted above with steep de-
creases at the lowesfs and approaches to near constant
values at highg. In addition, there is clear evidence of nano- q (nm_1)
structural features in the intermediateange for most of the
samples in Figs. 4—6 but none show the strong SANS inten- FIG. 4. SANS from samples 2H and 2D. Solid lines are fits to
sities seen for 1D. There is more scatter apparent in the dattata based on Eq7).

SANS Intensity (cm

10~! 10°
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FIG. 5. SANS from samples 3H and 3HD. Solid lines are fits to  F|G, 6. SANS from samples 4H and 4HD. Solid lines are fits to
data based on E@7). data based on Ed7).

D replacement of H. This is a clear indication that some

aspect of the H distribution is nonuniform. limit on the microvoid fractions in the films. The lack of a

detectableQy for sample 1D from the SAXS data, in con-
trast to the stron@y from the SANS sample, is likely re-
IV. SAXS RESULTS lated to the differences in microcrystallinity in these two
The SAXS results from the four companion samples deompanion samples deposited on different substi@tefoil
posited on Al foil are summarized in Table Iil. The shape of VS ¢-Si). This difference will not be an issue since sample 1D
the SAXS intensity versugwas similar to that for the SANS  Will not be crucial in testing the proposeesSi:H two-domain

from 1H (Fig. 3 for all four samples. The data are well fitted M0del. The partial microcrystallinity of the SANS 1D
with a Porod term plus a constant term, sample will, however, be carefully considered.

I saxs= Ps/a3+ gt , (10

where the units are electrons/atgalso known as electron
units (eu) typical for SAXS]. Note that the Porod term be-
haves agy~° rather than ag~* in Eq. (2) since the SAXS

system uses a line-slit geomeffyThe diffuse scattering crovoids and a homogeneoasSi:H matrix, or high-H re-

g, known as the Laue monotonic scatterf’r‘ij, is due to ._gions and low-H regions of tha-Si:H matrix, or thea-Si:H
electron density fluctuations on the atomic scale and in-

) matrix and microcrystalline inclusions, etc. Using this ap-

creases with H conterit. The effect of D onl 44 should be : , : !

. . ; ) roach, the integrated intensity, or (9), can be com-
nearly identical to H based on the thedfy° consistent with P g Y, B@) or (9)
the values listed in Table Ill. Comparing tH&; values in o
Table 11l with theb values in Table I, 1D shows the stron- TABLE lll. SAXS results from four companion films. Column
gest Porod scattering in both SANS and SAXS, and the 2H2Pels defined in text.
2D pair show weaker Porod scattering than 1H. There is no

V. INTERPRETATION AND DISCUSSION

Our interpretation of the SANS results is based on some
general expressions related to the nonuniformity of the
samples described in terms of “phases.” Examples are mi-

evidence of a contribution from nanoscale features in th ample (eu|7rf ) (Ig'g) Qn ((ZI%ZQT;;})O nm ?sz(f sz'jr};)
SAXS data. Based on the statistical scatter in the data at hig

g, we can calculate maximu@y’s (in the same units as the  1H 45 12 <1 <3
SANS Qy) for two different average diameters of scattering 1D 28 13 <1 <3
objects(Table Ill). This is done since the small-angle inten- 2H 1.8 16 <2 <6
sity becomes less sensitive as the objects become smallerpp 1.2 16 <2 <6

[see Eq.(4)]. These values can be used to place an uppet
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TABLE V. Scattering length densitieg, useful for modeling. TABLE V. Estimated surface roughness from SANE com-
Pm is the mass density. pared to AFM data. Uncertainties are approximately 20% of the
values listed.
Pm p

Phase or Sample (glcn®) (10°° cm™3?) Sample b, Rims (AFM)/thickness

c-Si 2.33 2.07 1H 0.0024 0.0024
a-Si (no H 2.29 2.04 1D 0.014 0.012
Void (0 atm or 1 atm H or D,) 0.00 0.00

Void (10 kbar H) 0.14 -3.12 _ . _

Void (10 kbar D) 0.28 5.58 experimentally determined correlation between H content,
1H 299 1.75 Cy (in at. 99, and flotation densif} measured in our labo-
1D 220 240 ratory for manya-Si:H films covering a wide range @& :

;g ;:;3 ;:ig pm(g/cn?)=2.291—-0.0068,, (14)
3H 2.19 163 The extrapolated value of 2.291 g/éfor a-Si agrees with
3HD 2.19 1.98 the measured result that the density of void-fae8i is 1.8%
4H 221 1.70 less than that o€-Si.*® Based on Eq(14), it is assumed that
4HD 2.21 1.98 the behavior of deuterated films will be
#Fluid normal-H (and normal-B) density from Ref. 37. pm=2.291-0.0066, (15)
puted on the basis of two-phase or three-phase mdtiElsr ~ based simply on the increased mass of D, i.e., the mass
two phases, change compared to Si will be about 1/28 smaller than the
0.0068 slope in Eq.14). From Egs(14) and(15) and the H
Q=(2m)%(p1= po)*P(1- D), (1) and D compositions in Table I, the values pffor each

wherep;, andp, are the neutron scattering length densitiesS@Mple are computed from E(L3) and listed in Table IV.
of the two phases an, (1— ®) are the volume fractions of Note that each of these representareragep assuming a
the two phases. The inherent assumption is that the sizes BPmogenous film.

the scattering features are in the range probed by SANS.

Similarly, for three phases, A. Surface roughness
_ 3 AT (e 0a)2 To obtain the data pres_en_ted previously SANS was per-
Q=(2m) (P17 p2) 1P+ (p1=p3) @1 Py formed through stacked thin films. Because of the significant
+(pp—p3)’P,P3], (12 sample surfaces present in these measurements, their pos-

sible influence on the results must be carefully taken into

whered,, @3, and®; are the volume fractions of the three 50040t The possible importance of surface imperfections in

phases®;+®,+®3=1). Note that Eq(12) reduces to Ed.  gaNS was shown several years &yand a Porod ¢ %)

(1) for ®3=0. dependence was documented, similar to our data atglow

The scattering length density of a phase can be computeghq e of surface roughness can be estimated if we assume
from its mass density, atomic composition, and the knowny, o+ geviations from a perfectly smooth surface can be ap-
neutron scattering lengtfi$); of each element in the phase, proximated with void<of arbitrary shapeon the surface. It

is assumed that the SANS contributions from the larger-scale
p=Nppm> xibi/E X;\Wi | (13)  featuresQ, listed in Table Il, are due to surface roughness
because their size>20 nm compares well to the AFM evi-
whereN, is Avogadro’s numbelp,, is the mass density; is  dence of lateral roughness. This assumption can be tested by
the atomic fraction of elemenmtandW; is the atomic weight estimating thevertical surface roughnesR,,s to compare
of elementi. Here lies the important sensitivity of SANS for with the AFM results for samples 1H and 1B.7 and 20 nm,
the study of H uniformity ofa-Si:H: the negative sign of respectively. From Eq.(11) with p;=0 for voids andp,
by(—3.74<10 ¥ cm) versus the positive sign obp =p, the average value for each sample as listed in Table 1V,
(+6.67x10 ¥ cm) andbg; (+4.15<10 3 cm), as well as  the effective surface void volume fractions are listedbgsn
the comparable magnitudes bf,, by, andbg;. Table IV  Table V. One measure of the surface void fraction is simply
provides some values gf for various phases of interest, the ratio of rms roughness to the film thickng¢20 and 1.7
including those with homogenous amorphous matrices foum, respectively and this is listed in Table V for the two
the eight SANS samples. The inclusion of the high-pressursamples with available AFM results. The agreement between
H, and D, in voids is included based on the detection of suchthis measure and those predicted fr@Qn is excellent. The
objects with pressure in the 10-kbar range as reported in Ref for the other samples are all smaller, suggesting smoother
16. surfaces for these samples prepared with the different condi-

To find the scattering length densities of the SANStions listed in Table I. If thebg from the other samples are

samples, the mass densities ug&able 1V) are based on an converted into estimateR,,s from the product of®g and
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film thickness, values of 1-3.2 nm are found based on thest 0.10 ————— .

SANS data. The rougher surface of 1D is perhaps due to the « 1H data

formation of partially microcrystalline material as docu- _

mented in Fig. 2. None of the other samples are as rough a~ 0.09 1 © 1H data IL ]
1D, consistent with the lack of any detected microcrystallin- = core—shell model
ity. However, as noted in Table Il the SAXS results showed _" 0.08 |
evidence of a rougher surface for sample (érger Py), !
even though no microcrystallinity was detected by XRD in
the SAXS sample deposited on the Al foil. From SANS on 0.07
the other pairs, there is no clear evidence of a trend towarc
smoother surfaces using H- or D-containing source gases
although both pairs prepared with disilane show improved
smoothnesgsmaller Q) with D, dilution versus H dilu-
tion.

Other AFM studies of surface roughnessas$i:H films
grown by PECVD observedR, s values and lateral sizes
similar to those detected here for comparable film thickness
(~1-2um).3*-*2|n Ref. 41, experimental data show that the :
roughness of microcrystalline films is significantly larger 0.03 r 1
than amorphous films of similar thickness, about 3.5 nm vs L
0.75 nm at lum thickness. It is interesting that earlier 10°
SANS studies did not attribute evidence of larger scale fea-
tures to surface roughnets*1® The results from Guy (nm_1)
et al® yielded a Porod-like behavior with intensities similar 9
to those Observed here. Although the f||m was removed from FIG. 7. Comparison of SANS data from samp|e 1H and a core-
the substrate and in powder form for this study, the surfacghell model calculation to simulate the two-domain model. The fit
roughness will have been preserved. of I, from Eq. (6) has been used to remove the surface roughness

contribution from the data, leaving only+I;,. to compare with
the calculation.

-1
inc

cm

0.06

0.05

SANS Intensity

0.04

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

The origin of the nanostructural features, quantified by, 10 Predict the shape and magnitude of the SANS intensity
Qy and(d), defined in Sec. Ill and listed in Table I, is now in the two-domain model compareq to the actual data in F_|g.
considered. First the two-domain mod#lis developed as a 3 for sample 1H, we use a spherical core-shell model with
three-phase model with the following volume fractions andParacrystals having 1-3-nm-diameter cores and 0.2-0.5 nm

scattering length densities: high-density amorphous matrifick boundary layers, imbedded in the amorphous mafrix.
(®,.p.), low-density amorphous boundarybf,p,), and Dimensions are selected to yield the volume fractions used

paracrystals with a-Si-like behavior (0 ,p.). Based on the above. The SANS intensity for spherical core shells can be
latest version of the proposed two-domain madelyith calculated frorfy

paracrystals in the 1-3-nm size range, the following values _ B B 2

of these parameters are tested for sample ®4=0.75, In=Cl(p=pa) VIF(ARr) + (pe= pp)VeF (ARe)] ’(16)
®,=0.15, ®.=0.10, andp,=1.83x 10 cm 2 (assuming
8-at.% H in this high-density matrix phasep,=1.00 whereF(qR)) is the form factor for a sphere as given earlier

X 10'° cm™2 (assuming the balance of the H is in this low- in Eq. (5), V. is the volume of the spherical paracrysté,
density boundary region, yielding 33 at. % based on volumés the total volume of the paracrystal core plus boundary
fractiong, and p.=2.04x10*°cm 2 [assuming the shell, andC is a constant that can be adjusted to give the
paracrystals contain no H and have a density identical tdameQy as the three-phase model. ValuesRa=0.5, 1.0,
H-free a-Si (Table IV)]. Note that these choices yield an and 1.5 nm are used with equal number densities to create a
average mass densit@.22 g/cmi, Table 1V), an average H rough distribution of spherical paracrystals in the proposed
content(11 at. %, Table), and about half the H in the bound- size range. The corresponding boundary thicknesses that
ary regions as in the two-domain mod@IThe latter fraction yield the 15% volume fraction are 0.18, 0.36, and 0.50 nm,
is consistent with the typical fraction in the NMR clustered respectively. The result is compared with the sample 1H ex-
phase for PECVD material. Substituting these values into th@erimental data in Fig. 7. The contribution from the surface
three-phase model, E@12), yields Qy=2.41x 10?* cm™ 4, roughness], , has been subtracted from the experimental
more than two orders of magnitude larger than the experidata and only the highey region of the data is shown since
mental result of 0.0% 1071 cm™# (Table I)). In fact, a small  this is the region where objects of the proposed size will
microvoid fraction of only 0.01% of unpressurized voids or produce a SANS intensity that varies with The strong
0.002% of 10-kbar K pressurized voidg¢see Table IV for oscillations in the calculatety are due to interference ef-
p's) would result in the observe@Qy . fects associated with the spherical core-shell model for these

075314-8



NONUNIFORM H DISTRIBUTION IN THIN-FILM . . . PHYSICAL REVIEW B 67, 075314 (2003

TABLE VI. Calculation of Qy from two- or three-phase models for sample 1D. The experimentally
observedQy=2.15x 10?* cm * (Table Il). Column labels are defined in text.

Parameter Pa Pb Pe Qn
set d, d, b, (10°cm™?)  (10°cm™?)  (10¥cm™?)  (10%tcm?)
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 0.12 241 5.58 2.07 2.83

choices of radii and boundary thicknesses; a more continun Table VI. Parameter sé& assumes only microcrystals and
ous size distribution would tend to wash these out. The dishomogeneous amorphous matrix. The 13-at. % D from the IR
crepancy between the data and the core-shell model calculéfable ) is assumed to be located only in the amorphous
tion shows that the two-domain mo@éf does not describe matrix (thus the concentration there increases to 15 jt. %
the morphology of sample 1H. This particular sample is onehe scattering length density is found from E(k3) and(15)
that is near the onset of microcrystallinity since it was pre-and the microcrystals are assumed to behave Sis(Table
pared under the high Hdilution, a condition that produced V). This set clearly underestimates the integrated SANS in-
partial microcrystallinity when switched to the deuteratedtensity by factor of 5. SetB andC assume that deuterium is
gases for sample 1D. However, we note that a somewhaixpelled from thec-Si inclusions and accumulates in a
lower dilution coupled with a somewhat higher plasmaboundary region such that the concentrations are 44 and 29
power was used for 1D to yield a similar deposition rate toat. % for ®,=0.05 and 0.10, respectively. One can see that
1H, so the exact mechanism for the partial microcrystallinityQy is quite sensitive to tha&, and a value of 0.06 with
of 1D is unknown. Others have shown that D can lower the39-at. % D will reproduce the observ&l,. This high con-
partial pressure at which the amorphous-microcrystallinecentration is consistent with an optical absorption study of
transition occuré? The microstructural quality of sample 1H partially microcrystalline Si:H filmé® which finds evidence
is also indicated by the low value &8=0.12 from the IR  of 38-at. % H in the boundary region of crystallites below 20
analysis(Table |). nm in size. However, a boundary layer thickness of 1.8 nm,
A two-domain (or three-phagemodel may, however, be independent of crystallite size is found in their modelffg.
appropriate to explain the sample 1D data since the abovehis would correspond to a large value &f,=0.36 for the
calculatedQy=2.41x 10 cm™* is close to the observed average 8-nm-diameter crystallites, much larger than the
Qn=2.15x10?* cm™* (from Table I) and the XRD result ®,=0.06 required here to fit the SANS . The latter vol-
(Fig. 2) indicated approximately 12 vol. % of microcrystals. ume fraction implies a boundary layer thickness of about 0.6
Also, the size of the microcrystals estimated from the Scheram.
rer equatio”’ and the width of th&220) XRD line in Fig. 2 In an alternative approach, parameter §&endE assume
gives 8 nm, in excellent agreement with the average sizenicrovoids rather than a boundary region. Using voids at 0
(dYy=8nm (Table Il) from the SANS analysis. Other evi- or 1 atm B (setD), only slightly more than 1 vol. % is
dence of a defective, H-rich layer around the microcrystal-needed to produce the observ@q, while about 0.7 vol. %
lites in mixed amorphous-microcrystalline Si:H material hasof 10 kbar D, pressurized voidésetE) is needed.
been reporte@® %’ To examine the SANS more carefully,  The SANS from 1D can therefore be explained bgi
calculation ofQy is done for the various sets of parametersinclusions either surrounded by D-rich boundary regions or

TABLE VII. Two-domain model calculations. Volume fractions @f,=0.75, ®,=0.15, and®.=0.10 are used. Two distributions of
H/D in the three phases(b:c) are assumed: 55%:45%:0% and 65%:35%:0%. The associated scattering length densities of the amorphous
matrix and the boundary layer are shown. The paracrystals are assumed e, ka&:64x 10'° cm™2 in every case.

55%:45%:0% H/D distribution 64%:36%:0% H/D distribution
Pa Pb Qn Pa Pb Qn

Sample (10 cm?) (10 cm?) (10 ecm™ %) (10 cm™?) (10 cm?) (1% cm™ %)
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 2.30 351 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
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in combination with microvoids. Note that the IR microstruc- - T

ture factorR is significantly larger for 1D compared to 1H TA
(Table ), indicating more Si-B-type bonding and/or Si-D € 4:00 ]
bonding on internal microvoid surfacés:* It is also pos- o°

sible that both voids and D-rich boundary regions are

present. Evidence of more that 1 vol.% of microvoids in

predominantly microcrystalline Si:H films has been found
from small-anglex-ray scattering experiments, combined

with flotation density measuremerifsSpherelike voids up

to 10 nm in diameter have also been imaged in microcrys-
talline Si:H by transmission electron microscdiy.

3.00

2.00

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

We now consider the data from the remaining samples
2H, 2D, 3H, 3HD, 4H, and 4HD. Table Il and Figs. 4—6
show that theQy’s of 2H, 3H, and 4H are significantly larger
than for 1H, while the two samples with the H/D mixtures . . . . .
(3HD gnd 4HD s_how signifi_cgnt reductions iQy compared 0'000_0 01 0.2 0.3 04 05
to their companions containing only H. Based on the two-
domain modet? with the same volume fractions and H dis-
tribution among the paracrystals, boundaries, and amorphous FIG. 8. Scattering length densitipscalculated from Eqs(13)—
matrix as used for 1H, calculations Qfy from Egs.(12— (15 as a function of H-D concentrations. For samples 3HD and
(15 are summarized in Table VII. For the mixed H/D 4HD, the ratios of D to H were fixed to the values found from IR
samples, fractions of H/D equal to the atomic concentrationgnalysegTable .
shown in Table | are assumed in both the amorphous matrix
and boundary region. A second scenario of a smaller amoumtredictions, alternate models are now considered to search
of H/D in the boundary region§educed from 45% to 36% for H nanostructures that more closely match the experimen-
is included to indicate the sensitivity 6Jy to this split. tal data.

Several features within Table VII are noteworthy. For
samples 2H and 2D, th@y’s for both scenarios are approxi- D. Microvoid model

mately an order of magnitude larger than the experimental Due to the likely presence of small fractions of micro-

values(Table Il) and the 2D value is predicted to be signifi- . :
cantly larger than the 2H value. For samples 3H and 4H, thé/Olds, we first analyze the SAXS results from Table Il to

Qy’s are more than an order of magnitude too large, but fOIplac.e an upper limit on the void fractions in the four com-
thg H/D mixed samples 3HD and 4HD, the effect o;‘ “con- Panion samples studied by SAXS. Equatlag) can be used

trast variation,”® enabled by the opposite signs of the scat-W'th the appropriate scattering length density for SAXS,

tering lengths of H and D, is predicted to drastically reduce p=ngl? 17)
the Qu's. This approach was previously employed to dem- X e’

onstrate H non-uniformity in sputter-depositasi:H/D.81*  wheren is the number density of electrons ang is the
Figure 8 shows the dependence of the scattering length deetectron x-ray(Thomson cross sectios 7.94x 1026 cn.

sities on H+ D contents for all the samples and illustrates theTo calculaten for the amorphous matrix of each sample we
weak dependence gffor samples 3HD and 4HD with frac- take the electron density @tSi (7.0< 107 times the ratio
tions of D to H at the values listed in Table |. The experi- of the mass density of the film to that ofSi. We consider
mentalQy’s for 3HD and 4HD do show a significant reduc- two extremes of K/D, pressureP, within the microvoids, 0

tion compared to their 3H and 4HD counterpaitable II), atm and 10 kbar. Evidence of pressures in the 10-kbar range
suggesting a contrast matching effect. However, due to that room temperature has been reported #8i:H.1° Table
poor general agreement of tRg's, as well as in the sizes of VIl presents the upper limit on void fractions of the two size
the scattering featuré¢3able I), with the two-domain model ranges considered in Table Il for estimating the upper limits

1H,2H,3H,4H

Scattering length density (10

H+D atomic fraction

TABLE VIII. Upper limits of microvoid volume fractions in % based on SAXS results.

®, (P=0atm) ®, (P=10 kbar) ®, (P=0atm) ®, (P=10 kbar)
Sample (=3 nm, <10 nm (=3 nm,<10 nm (<2 nm (<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
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TABLE IX. Calculated microvoid volume fractionsp,, as-  Qy's for the pair. The last two columns of Table IX show
suming all of SANSQy, is due to voids, and assuming either I6lv  such pressures and the associated void fractions. Note that
or 1 atm or high (10 kbaj pressures of b/D, in the voids. Ex-  under this assumption, the void fractions for 2H and 2D at

perimentalQy’'s from Table Il are used in Eq11) to find @, . P=14 kbar are now only slightly above the SAXS upper
limit. Such pressures are consistent with the analysis of ear-
®, (@tOorlam @, (atl0kbay P @, (@tP)  jier SANS results® but the sizes found in Table Il are much
Sample (vol. %) (vol. %) (kbap  (vol. %) larger than their 1.3-nm-diameter “cages® The material
1H 0.013 0.002 } . analyzed in this stud§ however was significantly different
1D 1.53 0.86 B} . than ours, prepared with much higher H/D concentrations
oH 0.50 0.062 lor14 0350r0.04 (22/23 at.% and void fractiong>1 vol. %).
2D 0.22 0.13 lorl4 0.350r0.04
3H 034 0.041 45 0.10 E. H/D composition fluctuation model
3HD 0.08 0.15 4.5 0.10 Finally, we consider a simple two-phase heterogeneity
4H 0.13 0.016 10 0.02 based on an amorphous matrix with two different bonded
4HD 0.010 0.015 10 0.02 H/D contents, one phase slightly lower than the average H/D

content(Table ), representing the bulk of the Si:H/D, and
the other representing a H/D-rich phase. We then explore
on Qy (SAXS). It is clear that the void volume fractions what combinations of volume fractions and H/D concentra-
must be quite low in these high-quality films. tion differences are required to generate the obse@gd
Next consider whether voids containing low press(@e (Table Il). To work with reasonable estimates of the volume
or 1 atm or high-pressure §¥D, (10 kba) can explain the fraction of the H/D-rich phase, we make one of two assump-
SANS Qy’s and their changes upon deuteration. In this casetions: (a) the volume fraction is given by the value found
the two-phase moddEq. (11)] is used with the scattering from the IR analyses as listed in Table I, @) the volume
length densities listed in Table IV to find the void fraction fraction is at a maximum of 50%. The former assumption is
@, for the two pressures. Results are listed in Table IX,supported by a correlation of NMR clustered-phase signal
including calculations for 1H and 1D. and the IR intensity of the 2080-crh mode®*® The latter
Comparing the SAXS and SANS void interpretations inassumption yields the minimum possible contrast since
Tables VIII and IX, a discrepancy is obvious for sample 1D®(1— ®) will be the maximum possible value. A 50% frac-
and this can be attributed to the partial microcrocrystallinitytion is not unreasonable since NMR has often yielded
present only in the SANS sampleonsidered earlier in Table clustered-phase fractions of this magnitude or even
VI calculations. Regarding the possible void sizes in Table greateft>°>'The scattering contrast between the two phases,
VIII, the SANS analyses of Table Il show that sizes greaterAp, is then calculated from Eq11) and compared with the
than 3 nm should be considered. Using these upper limitalculations in Fig. 8 to extract the difference in H/D con-
columns, only sample 1H seems to be consistent with a voideentration ACyp, to determine if either of the two assump-
only interpretation. Even the high-pressure scenarios for 2Hions are feasible. Table X lists the results.
and 2D yield larger void fractions from the SANS data than The H/D composition fluctuations indicated by the calcu-
allowed by the SAXS upper limits. Although it appears that alations for either scenario in Table X are quite large except
void-only interpretation is not likely, it seems reasonable thafor sample 1H, which exhibits the best uniformity of the set.
the void fractions could be somewhat higher in the 3H/3HDSample 3HD could not be fitted with this model sinkg is
pair than in the 4H/4HD pair due to the lower substrate temiarger than allowed as seen in the weak H/D dependence in
perature used in preparatidhable )). If we assume that the Fig. 8. This suggests that at least part§ must be due to
D-and H-containing samples of each pair have the same voidnother scattering mechanism. Also, th€,,n calculated
volume fraction(except for 1H, and 1D then the pressui@  for 4HD is much larger than its companion 4H; however the
inside the voids can be adjusted to generate the experimentahcertainty is large sinceQy is so small (0.01

TABLE X. Scattering length density contrasts and H/D concentration fluctuations under two-phase
model assumptions.

D(1- D) Ap ACup d(1- D) Ap ACup
Sample IR (10 cm?) (at. % (max) (10 cm™?) (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
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x 10?* cm™4) and near the detection limit. In the cases of thedescribe the smaller scale features due to the general weak-
3H/3HD or 4H/4HD pairs, a small fraction of microvoids ness of the scattering and at least two possible contributing
could bring each pair into consistency such that the H/Dmechanisms: microvoids and H/D-rich clusters. Microvoid-
composition fluctuations are similar and in the 5-10%only or H/D cluster-only interpretations are not capable of
range. Samples 3H/3HD would require a larger void fractionexplaining all the data so that mixtures of the two features
but this would be consistent with the lower substrate temare likely present. A careful analysis in terms of a proposed
perature used in preparati¢fiable . two-domain modét*? involving small crystallinelike Si do-
mains surrounded by H/D-rich boundaries showed that this
model is generally untenable due to the absence of strong
VI. SUMMARY AND CONCLUSIONS neutron scattering associated with the expected high H/D

_ _ _ _ ) ) nonuniformity on the nanoscale.
A series of eight PECVD films, prepared in pairs with and

without D substitution, has been investigated by SANS and
several other complementary techniqU8#Xs, IR, AFM,
XRD). Careful sample design allowed SANS measurement We are grateful for the technical assistance of B. Ham-
of relatively thin, device-quality films. In general, SANS fea- mouda at the NCNR with the SANS experiments, to H.
tures from all samples could be divided into sizes that weréMoutinho, of NREL for the AFM measurements, and to L.
relatively large(>>20 nm) and relatively smal{<8 nm). The  Gedvilas and B. Keyes of NREL for the FTIR measurements.
scattering from smaller scale features was generally weakhis research was supported by a subcontract from NREL
except for one sample that exhibited partial microcrystallin-(No. XAK-8-17619-3). The work at United Solar was sup-
ity. Good evidence was presented for the assignment of thported in part by NREL(No. ZAK-8-17619-09. We also
larger features to film surface roughness, a mechanism netcknowledge the support of the National Institute of Stan-
previously identified in SANS studies of similar materials to dards and Technology, U.S. Department of Commerce, in
our knowledge. No single hypothesis could unequivocallyproviding the neutron research facilities used in this work.
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