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Microstructure and hydrogen dynamics in hydrogenated amorphous silicon carbides
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Small angle x-ray scattering~SAXS! and deuterium secondary-ion-mass spectrometry~DSIMS! studies of
the microstructure and hydrogen dynamics in undoped rf-sputter-deposited~RFS! and undoped and boron-
doped electron-cyclotron-resonance-deposited~ECR! hydrogenated amorphous silicon carbides
(a-Si12xCx :H) are described. In the RFS carbides withx<19 at. %, the SAXS indicated that the films
contained elongated features larger than 20 nm with preferred orientation, consistent with a residual colum-
narlike growth of the films. In addition, the SAXS also included a clear nanostructural component consistent
with roughly spherical nanovoids;1.1 nm in diameter, of total content 0.5<CnV<1.0 vol. %.CnV increased
by ;100% after isochronal 1-h annealing at 300, 350, and 375 °C, followed by further annealing for 2–15
hours at 375 °C. The growth ofCnV was apparently due largely to a;20% increase in the average void
diameter. This growth was noticeably weaker than in similarly fabricateda-Si:H. In RFS carbides withx
<3 at. %, the DSIMS yielded power-law time dependent H diffusion constantsD(t)5D00(vt)2a, where the
dispersion parametera varied from 0 to;0.560.1 among the samples, but was temperature independent at
350 °<T<475 °C. The moderate values ofa are consistent with the moderate initial nanovoid contents
CnV<1.0 vol. % determined by SAXS. The weak dependence ofa on T is consistent with the weaker growth
of the SAXS with annealing as compared toa-Si:H. The values of activation energyEa(1000 Å ) for a
diffusion lengthL51000 Å among the different films were;1.7, ;1.4, and;0.65 eV. While the first two
values are similar to those found ina-Si:H, the nature of the anomalously low value of;0.65 eV is not clear.
In undoped ECRa-Si0.86C0.14:H, D(t) exhibited a similar power-law time dependence, buta decreased from
;0.3 at 350°C and 400 °C to;0.1 at 450°C, also consistent with a lowCnV . Thus, in spite of the high-C
content, the behavior ofa was similar to that of typicala-Si:H at lower temperatures, where it decreases at
T<350 °C. However,Ea(1000 Å ) was an anomalously low;1.0 eV. The evolution of the infrared~IR!
spectra of both the RFS and ECR films showed that during annealing the Si-bonded H content decreases
relative to the C-bonded H content, consistent with a transfer of H from Si- to C-bonded sites or hydrogen
evolution. In addition, the reduction in the 2000-cm21 band characteristic of bulk-like Si-H group was much
greater than the reduction of the 2100-cm21 band characteristic of surface Si-H, O-Si-H, and C-Si-H groups.
Boron doping of the ECR carbides also reduced the bulklike Si-bonded H content, suggesting that it induces
nanovoids, consistent with the observed suppression of long-range motion of most of the H and D atoms.
However, a small fraction of the H atoms appeared to undergo fast diffusion, reminiscent of the fast diffusion
in B-dopeda-Si:H. @S0163-1829~99!07247-1#
in no-
nta-
I. INTRODUCTION

A considerable number of small angle x-ray scatter
~SAXS! studies of the microstructure1–11 and secondary ion
mass spectrometry~SIMS! studies of hydrogen diffusion in
PRB 600163-1829/99/60~23!/15875~15!/$15.00
g

hydrogenated amorphous Si (a-Si:H) and related materials
have been reported to date.12–31 The analyses of the SAXS
provided a quantitative measure of the distribution of na
void and microvoid shapes and sizes, their preferred orie
tion, if any, and the overall void content.9–11One study com-
15 875 ©1999 The American Physical Society
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bined SAXS and infrared~IR! measurements of the Si-H
bond content and configuration to determine the correla
between the dynamics of the Si network microstructure
that of the hydrogen.10 It demonstrated a strong correlatio
between the decreasing Si-bonded H contentCSi2H and the
growth of the nanovoid contentCnV during annealing at tem
peraturesT<430 °C.

The deuterium SIMS~DSIMS! results showed that the H
diffusion constant is generally time-dependent,14–20,22,28usu-
ally decreasing with timet as

D~ t !5D00~vt !2a, ~1!

where the dispersion parameter 0<a,1. D(t) is deter-
mined experimentally by fitting the DSIMS profiles to
complementary error function17,18,22,28,32

c~x,t !5n0erfcF x

2A^r 2~ t !&
G , ~2!

where

^r 2~ t !&[E
0

t

D~t!dt5
D00~vt !12a

v~12a!
[r 0

2t12a ~3!

is the mean-square displacement of the diffusing atoms
ing the ~annealing! time t. From Eqs.~2! and ~3! it is clear
that asa→1, ^r 2(t)& becomes time independent andD(t)
→0. The time dependence ofD(t) was previously attributed
to the multiple-trapping mechanism.15,16 In the case
of an exponential distribution of H trap energie
nt(E)5n0exp(2E/E0), with width E05kT0 , a should de-
crease with increasing temperatureT as

a512T/T0 ~4!

In p-type boron-doped glow-discharge deposited~GD!
a-Si:H, the characteristic temperatureT0 was experimentally
determined to be;600 K.15 However, subsequent wor
demonstrated thata increases sharply with increasing nan
void and microvoid contentCnV of the films;17–19,22a suffi-
ciently highCnV suppressed the long-range motion of H a
D atoms.17 In addition, some theoretical work showed th
the assumption of an exponential distribution of H site en
gies, usually invoked in the multiple-trapping mechanis
should lead to negative values ofa.33 This sharp contras
with the positive values observed in carrier mobility me
surements results from the contrasting initial conditio
where the energies of the H atoms are close to their equ
rium distribution whereas those of the injected carriers
much higher.33 Within that revised multiple trapping sce
nario, positive values ofa consequently suggested that stru
tural relaxation processes occurring during the diffus
were affecting the distribution of site energies and thus
value of a as well. Other experimental work showed th
while atT<350 °C a does generally decrease with increa
ing T @although not in the form given by Eq.~4!#,22,28 at
higher temperatures it increases with increasingT.20,28 In
somea-Si:H films, whereCSi2H was 3–5 at. %,a was nega-
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tive for 300<T<380 °C.28 The overall picture that emerge
from these various studies consequently suggested thata is
largely determined not only byCnV , but also by dynamical
Si network relaxation processes which probably occur aT
>250 °C. Indeed, Roordaet al.34 showed that structural re
laxation processes in Si amorphized by ion implantation
be detected by differential scanning calorimetry at tempe
tures as low as 400 K. Finally, the relation between H dif
sion and structural relaxation processes, as characerte
by the behavior ofCnV , was confirmed by the SAXS stud
mentioned above.10 It demonstrated a very strong correlatio
betweenCnV and CSi2H during hydrogen evolution at high
temperatures. Specifically, it showed that in undoped
sputter-deposited~RFS! films of various initial void contents,
at T>350 °C CnV sharply increases—consistent with th
observed increase ina—asCSi2H sharply decreases.

Due to the crucial role of hydrogen dynamics in determ
ing the properties ofa-Si:H and the importance of hydroge
nated amorphous silicon carbides (a-Si12xCx :H) in photo-
voltaic devices and other applications, a combined
SAXS, and DSIMS study of H and microstructure dynam
in the carbides is highly desirable. This paper describes s
a study in undoped RFS and undoped and boron-doped e
tron cyclotron resonance-deposited~ECR! a-Si12xCx :H.
The RFS films were fabricated by sputtering a Si target
Ar, H2, and CH4 ~see Sec. II below and Table I for a sum
mary of the deposition conditions!. The ECR films were de-
posited from SiH4 and CH4 precursors. The experimenta
procedure is described briefly in Sec. II below; addition
details may be found elsewhere.35,36 The SAXS results indi-
cated that the RFS carbides withx<19 at. % contained
elongated features larger than 20 nm with preferred orie
tion, consistent with a residual columnarlike growth of t
films. The SAXS also included a clear nanostructural co
ponent consistent with roughly spherical nanovoids;1 nm
in diameter, with a total content of 0.5 - 1.0 vol. %, whic
more than doubled after annealing at temperatures up
375 °C or 420 °C. This growth of the nanovoid content w

TABLE I. The CH4 partial pressurePCH4
during deposition, the

carbon contentx, and the initial Si-bonded H-contentCSi2H of the
rf sputter-depositeda-Si12xCx :(H,D)/a-Si12xCx :H films ~see Sec.
II of text!. All samples were deposited by rf sputtering a 69 diameter
Si target in 10 mtorr Ar, 0.5 mtorr H2 , 1025 - 1.8.1025 torr D2, and
varying CH4 plasma at an rf powerP5400 W, with a target-to-
substrate distance of;1.259.

PCH4
~torr! x ~at. %! CSi2H ~at. %!

Sample (610%) (620%) (61.0)

RFS1 531026 2.2b

RFS2 131026 2.0 a, 3 b

RFS3 1.231026 1.6a 12.3
RFS4 631026 3.160.7a 14.0
RFS5 1.631025 5.7a 12.5
RFS6 3.431025 2.9a

RFS7 7.531025 6.0 a, 6.2b 16.8
RFS8 1.631024 7.1 a, 7.4b b 9.0
RFS9 19.0a

aFrom EPMA.
bFrom Auger spectroscopy.
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however, weaker than in similarly fabricated RFSa-Si:H.
The DSIMS results showed that for the undoped R

films of C content x<3 at. %, the initial void conten
CnV0<1.0 vol. % and the content after annealingCnV
<2.0 vol. % were sufficiently low to enable long-range
motion. The values ofa were low to moderate (<0.60) and
essentially temperature independent forT>350 °C. This
near invariance withT is consistent with the SAXS measur
ments, which indicated that the network dynamics
weaker than those ofa-Si:H. The undoped ECR
a-Si0.86C0.14:H exhibited clear H diffusion atT>350 °C; the
behavior ofa was similar to that of typicala-Si:H at lower
T. As expected, the IR spectra suggested that as H diffuse
is transferred from Si- to C-bonded sites. Finally, the obs
vations that boron doping of the ECR carbides reduces
bulk-like Si-bonded H content and suppresses the long-ra
motion of most of the H atoms is consistent with a larg
CnV . However, a small fraction of the H atoms appeared
undergo fast diffusion, reminiscent of B-dopeda-Si:H.

II. EXPERIMENTAL PROCEDURE

Bilayer RFSa-Si12xCx :(H,D)/a-Si12xCx :H films were
fabricated by 13.56 MHz rf sputtering of an undoped po
crystalline 6’’ diameter Si target;1.25’’ above the Si wafer,
Corning 7059 glass, and Al foil substrates in an Ar, H2, and
CH4 plasma.35 The substrates were heated only by t
plasma; the substrate temperatureTs was estimated to be
150<Ts<200 °C.35 The deposition conditions are summ
rized in Table I.

Undoped and boron doped bilayer EC
a-Si12xCx :(H,D)/a-Si12xCx :H films were fabricated on ei
ther SnO2-coated glass or a Si wafer using a system
scribed elsewhere.36,37

SAXS measurements were conducted on the RFS fi
codeposited with the other films on 10mm-thick, high-
purity ~99,999%! Al foil; they were annealed in a tube fur
nace under flowing high purity He. The analysis of t
SAXS, which yields information on the microstructure of th
samples andCnV , is given in Sec. III A 1 below. Additional
details can be found elsewhere.7,9–11

For IR and DSIMS measurements, the films deposited
Si wafers were annealed in sealed evacuated pyrex tu
CSi2H was determined from the 640 cm21 IR wagging
mode absorption.17,18,28,35,38Its initial value in some of the
RFS films is given in Table I. Since the determination of t
integrated intensity of this band required its deconvolut
from the Si-CHn bands at 770 - 1000 cm21 ~see below!,39–41

the estimated error inCSi2H is a relatively large615%. In
the ECR films,CSi2H was estimated to be;12 at. % in
samples ECR1–ECR4, which were deposited atTs
5250 °C, and;6 at. % in sample ECR5, which was depo
ited atTs5350 °C~see Table II!. Since the 3000 cm21 C-H
stretch band was unobservable, probably due to its weak
cillator strength, the C-bonded H contentCC2H could not be
determined directly. Although the Si-CHn and C-H wagging
mode bands at;770 and;1000 cm21, respectively,39–41

do provide a measure ofCC2H , it is only qualitative due to
the overlap with the strong 640 cm21 Si-H wag mode and
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the ~albeit weak! 850 and 890 cm21 Si-H2 bending or scis-
sors doublet.10,17,22,28,35,38

While the integrated intensity of the 640 cm21 band is a
reliable measure ofCSi2H and the;770 and;1000 cm21

bands are related to the C-bonded H content, the 2000–2
cm21 Si-H stretch band provides insight into the nature
the Si-H bonding configuration. The 2000 cm21 band is the
vibration frequency of a Si-H configuration embedded in t
a-Si network.35,38 The 2080–2150 cm21 band is usually as-
sociated with the vibration of Si-H bonds on the intern
surfaces of nanovoids or microvoids, Si-H bonds in SiH2 and
SiH3 configurations, or of H bonded to Si which is bonded
O or C.25,28

The carbon contentx of the RFS films was determined i
Ames by Auger spectroscopy using a PHI 545 Auger mic
probe, or at the National Renewable Energy Laboratory
electron probe microanalysis~EPMA!. Auger measurement
yielded a carbon contentx'14 at. % in all of the ECR
samples, consistent with the measured energy gap
;2 eV. The ECR films also contained 0.1–0.3 at. % ox
gen, independent of doping or annealing. The boron dop
levels were determined by SIMS. The composition of t
RFS and ECR films is summarized in Tables I and II, resp
tively.

TABLE II. Boron and initial Si-bonded H contentCB and
CSi2H of the electron cyclotron resonance~ECR!-deposited films,
grown on SnO2 or a Si wafer. Samples ECR1–ECR4 were dep
ited at a substrate temperatureTs5250 °C; sample ECR5 was de
posited atTs5350 °C.

CB ~at. %! CSi2H ~at. %!

Sample 630% 620%

ECR1 0 ;12
ECR2 ;0.01 ;12
ECR3 0.2 ;12
ECR4 0.6 ;12
ECR5 0 ;6

TABLE III. The EPMA-determined carbon contentx and the
initial values of the flotation densityr (g/cm3), Porod ConstantA
(eu/nm3) ~see Eq.~5!!, the q-independent diffuse scattering inten
sity I D ~eu!, the total integrated SAXSQSAXS (1024 eu/cm3), the
contribution of the nanovoids to the integrated SAX
QN (1024 eu/cm3), and the resulting void contentCnV0 ~vol. %!
@see Eq.~6!# of the RFSa-Si12xCx :H samples.

x r A ID QSAXS QN CnV0

Sample 615% 60.005 65% 65% 65% 65% 65%

RFS2 2.0 2.127 13 13 2.2 1.8 1.0
RFS3 1.6 2.156 8 12 1.2 0.9 0.5
RFS4 3.1 2.117 12 20 2.0 1.6 0.9
RFS5 5.7 2.132 23 20 1.8 1.2 0.7
RFS6 2.9 2.146 18 22 1.8 1.4 0.8
RFS7 6.0 2.136 12 18 1.95 1.5 0.9
RFS8 7.1 2.233 15 17 1.25 0.9 0.5
RFS9 19.0 2.176 15 25 2.2 1.5 0.8
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III. EXPERIMENTAL RESULTS AND ANALYSIS

A. SAXS and the microstructural dynamics of the RFS films

1. The microstructure of the as-deposited RFS films

Table III lists the EPMA-determined values of the carb
contentx of the RFS samples and their densitiesr as mea-
sured by flotation. We note that the density of Si
2.33 g/cm3 and that of SiC is 3.22 g/cm3, so the measured
densities range from 91% of Si in sample RFS4 to 96% o
in RFS8. Hence it appears that the role of the morpholo
and the hydrogen in loweringr is much more significan
than the role of the carbon in raising it.

Figure 1 shows the SAXS intensityI (q), where q
5(4p/l)sinu is the x-ray scattering wave vector (l
50.154 nm is the x-ray wavelength and 2u is the scattering
angle!, of as-deposited samples RFS3 and RFS4, as we
that of a typical GDa-Si:H film with CSi2H ;8 at. % and
a single crystal Si (c-Si) wafer. As clearly seen at lowq,
I (q) increases steeply with decreasingq. We note that all of
the RFS films exhibited this behavior, which can be fit to
contributionI L(q) of the form appropriate for the line colli
mation slit geometry used here

I L~q!5A/q3 ~5!

known as the ‘‘Porod law.’’9,42 It can be shown to be a
general behavior of the ‘‘tail’’~i.e., high q) region of the
scattering curve resulting from structural features, which
large relative to the instrumental resolution.9,42,43 In the
present work this resolution corresponds to;20 nm. The
‘‘Porod constant’’A provides a measure of the total surfa

FIG. 1. The SAXS intensity~in absolute electron units eu! of
samples RFS3 and RFS4, as compared to a typical glow-discha
depositeda-Si:H with CSi2H ;8 at. % and a single crystal Si wa
fer. Note the steep rise ofI (q) with decreasingq at low q. The
SAXS analysis yields thatCnV50.5 and 0.9 vol. % in the two films
respectively.
i
y

as

e

area of these larger-scale scattering objects. Its values in
as-deposited RFS films are also given in Table III.

Additional information on the existence or absence of a
preferred orientation of the structural features may be
tained from tilting SAXS measurements, in whichI (q) is
measured at different angles of the film with respect to
incident x-ray beam.9,10,42 Figure 2 shows the effects of th
tilt angle on the SAXS of RFS3 and RFS4, which was a
observed in samples RFS2, RFS7, RFS8, and RFS9.
though the tilt-angle dependence is weak at highq, it is large
for 0.1<q<1 nm21, which corresponds to the large fea
tures. Specifically, it shows thatA drops sharply upon tilting
to 45 °, indicating that the large-scale features are hig
elongated and have a preferred orientation. We suggest
these features are due to residual columnarlike growth
represent the ‘‘columns,’’ which are well known from earlie
microstructural studies to be>20 nm in diameter9,10 and are
defined by lower density regions at the column boundar
In comparison, the tilting SAXS dependence of films whi
are truly columnar is significantly stronger.10 The residual
columnarlike morphology should be kept in mind, howev
when considering the possible atomic H diffusion paths.

In addition to the Porod term@Eq. ~5!#, all of the RFS
samples showed a clearq-independent diffuse scatterin
term I D ~see Fig. 1! and a nanostructural contributionI N(q)
to the SAXS.9,42 The values ofI D are listed in Table III.
Figure 1 shows that they are roughly a factor of 2 to 3 hig
than those of device-quality GDa-Si:H and roughly two
orders of magnitude higher than those of ac-Si wafer.I N(q)

e-

FIG. 2. The effects of the tilt angle on the SAXS of RFS3 a
RFS4. The log-log scale reveals that the effect is weak at highq but
pronounced at lowq, consistent with relatively large elongated fe
tures with a preferred orientation, i.e., reminiscent of colum
which are>20 nm in diameter~see text!.
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corresponds to the broad ‘‘shoulder’’ in the high-q region of
the SAXS. It can be modeled as a spherical particle fo
factor42 with radiusR and by the Percus-Yevick hard-sphe
interaction theory of the structure factor.9,11 The adjustable
parameters of this model are the effective hard-sphere d
eter D and the apparent volume fractionv of the particles
~nanovoids!. This structure factor is needed when SAXS da
show a well-defined shoulder or maximum since norma
I (q) decreases monotonically with increasingq. The pres-
ence of the shoulder or maximum implies that the positio
of the scattering objects~nanovoids! are correlated such tha
scattering interference occurs between them.D andv can be
apparently larger than the actual 2R and CnV of the nano-
voids due to some type of interaction, e.g., solu
depletion.11,43 As previously suggested fora-SiC:H alloys,9

another type of interaction that could play a role is the lo
strain fields associated with the nanovoids, inducing corr
tions in their positions~see Sec. IV A 1 below!. If the ‘‘par-
ticles’’ are indeed nanovoids or nanobubbles contain
H2,11 then the contribution ofI N(q) to the integrated SAXS
QN is related toCnV by

QN[E
0

`

I N~q!qdq5K~Dr!2CnV~12CnV!, ~6!

whereK is a constant described elsewhere9,11 andDr is the
difference between the electron density in thea-Si12xCx :H
network and the nanovoid or nanobubble. Equation~6! is
appropriate to the line-slit SAXS geometry. Figure 3 sho
the agreement between the total observed SAXS inten
I (q) of as-deposited RFS4 and the sum of the three term

I ~q!5I L~q!1I D1I N~q!, ~7!

FIG. 3. The fit of the SAXS of as-deposited RFS4~circles! to
Eq. ~7! ~solid line! in which I N(q) includes a hard-sphere structu
factor based on the Percus-Yevick model. The dashed line sh
only the spherical form factor withR50.55 nm.
-

a
y

s

l
a-

g

s
ity
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where theI N(q) term includes the Percus-Yevick interfe
ence modeling. The excellent agreement clearly justifies
approach in analyzing the observed SAXS. Figure 3 a
shows~dashed line! the separate contribution from only th
spherical form factor withR50.55 nm, i.e., neglecting the
interference effect and the Porod term. The Percus-Yev
model yields D51.7 nm, andv515 vol. % for the fit
shown, clearly indicating a hard-sphere interaction dista
greater than 2R.

Table III lists the values of the total integrated intensity
the SAXS,QN and CnV of the as-deposited RFS films ob
tained from Eq.~6!. The total integrated SAXS,QSAXS, is
also calculated usingI L(q) with I N(q) in Eq. ~6!. However,
the integration limits used to calculateQN andQSAXSare the
experimental lower and upper limits ofq, rather than 0 and̀
as indicated in Eq.~6!. This has a negligible effect onQN but
obviously limits the contribution ofI L to QSAXS.

As clearly seen, the values ofCnV range from 0.5 to 1.0
vol. %. These values are much higher than those of dev
quality GD a-Si:H, which are generally lower than 0.
vol. % and often<0.01 vol. %.9

2. Annealing effects and microstructural dynamics
of the RFS films

The values ofQSAXSof samples RFS2–RFS7 following
sequence of annealing steps are summarized in Table IV
shown vs the temperature and annealing time in Fig. 4.
annealing sequence was chosen to enable a comparison
the behavior of RFSa-Si:H films which were subjected to
similar sequence and monitored by IR and SAX
measurements.9 As clearly seen,QSAXS increases monotoni
cally with annealing temperature or time. Note that in
casesQSAXS increases by<100% from the initial to the
most annealed state. In comparison,QSAXS of RFS a-Si:H
increased by more than 200% following similar anneali
sequences.10 Hence, it appears that the inclusion of carb
slows the evolution of the microstructure significantly. How
ever, the dynamics of the microstructure appear to be larg
independent ofx for 1.6<x<19 at. %. This point is dis-
cussed in greater detail in Sec. IV A 2

The results of the analyses of the SAXS of the samp
following the final annealing step are summarized in Ta

TABLE IV. QSAXS (1024 eu/cm3, 65%) of samples RFS2 -
RFS8 following each annealing step for timet ~hours! at tempera-
ture T (°C).

t@T RFS2 RFS3 RFS4 RFS5 RFS6 RFS7 RFS

1@300 2.3 1.3 2.1 1.9 1.9 2.1 1.3
1@350 2.7 1.7 2.6 2.3 2.3 2.6
1@375 2.9 2.0 2.9 2.6 2.7 2.8
2@375 3.1 2.2 3.0 2.9 3.2 2.85
3@375 2.2 3.1 2.8
5@375 2.4 3.15 3.0
8@375 2.4 3.35 3.2
15@375 2.6 3.6 3.4
1@420 3.8 2.0
2@420 3.9 2.1
4@420 4.1 2.4

ws
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V. Note that the Porod constantA does not change signifi
cantly upon annealing~see also Fig. 5!. However, I D de-
creases by 25%–40% andQN , and consequentlyCnV , in-
crease by 60%–100% after annealing for 2 h at 375 °C and
by 100%–200% after annealing for 15 hours at the sa
temperature. The reduction inI D is very likely related to the
loss of bonded H, which can cause reduced diffuse scatte
as demonstrated recently.11 Figure 5 comparesI (q) of RFS4

TABLE V. The results of the analyses of the SAXS of the RF
samples following the final annealing step listed in Table IV,
cluding the Porod ConstantA (eu/nm3) @see Eq. ~6!#, the
q-independent diffuse scattering intensityI D ~eu!, the total inte-
grated SAXSQSAXS (1024 eu/cm3), the contribution of the nano
voids to the integrated SAXSQN (1024 eu/cm3), and the resulting
void contentCnV ~vol. %! @see Eq.~6!#.

x r A ID QSAXS QN CnV

Sample 615% 60.005 65% 65% 65% 65% 65%

RFS2 2.0 2.127 12 8 3.1 2.7 1.6
RFS3 1.6 2.156 12 9 2.9 2.5 1.4
RFS4 3.1 2.117 11 14 3.6 3.2 1.9
RFS5 5.7 2.132 22 12 2.9 2.4 1.4
RFS6 2.9 2.146 18 12 3.3 2.9 1.7
RFS7 6.0 2.136 14 12 3.4 3.0 1.7

FIG. 4. Total integrated intensityQSAXS of the RFS films vs
annealing temperature and time.
e

ng

following annealing for 15 hours at 375°C to that of th
as-deposited film. The analysis ofI (q) indicated that the
initial R50.55 nm average sphere radius of the voids
creased toR50.65 nm following annealing~see Fig. 5!.
Such an increase in the average radius would account f
65% increase inCnV . Hence, it appears that the expansion
the average void size is the primary process affectingCnV
rather than the generation of additional voids. This behav
is similar to that of RFSa-Si:H, where it appeared that th
average void size increased significantly.10 However, in RFS
a-Si:H it was also observed thatr remained essentially un
changed during annealing, leading to the conclusion that
density of the Si network increased accordingly.10

In obtaining the interference model fits shown in Fig. 5,D
was 1.8 nm andv was 14 vol. % in the annealed film, a
compared toD51.7 nm and v515 vol. % in the as-
deposited film. These negligible changes are consistent
little or no change in the spatial distribution of the nanovo
during annealing.

B. DSIMS measurements of H diffusion
in RFS a-Si12xCx :H, x<3 at. %

Figure 6 shows the DSIMS profile of sample RFS1 fo
lowing annealing for 12 h at 350 °C; the open circles are
fitted complementary error function. The profiles fo the a
deposited samples were sharp, so ‘‘smearing’’ of the profi
following annealing clearly indicates long-range D motio
presumed to be different from H motion only by the conve
tional isotope effect.

Figures 7–9 show the behavior of^r 2(t)& in these films,
determined by fitting the profiles to Eq.~2!, vs annealing

FIG. 5. As-deposited and annealed SAXS of sample RFS4 w
interference model fits. These fits yield in the as-deposited filmR
50.55 nm,A512 eu/nm3, I D520 eu, andCnV50.9 vol. % ~see
Table III!; in the annealed filmR50.65 nm,A511 eu/nm3, I D

514 eu, andCnV51.9 vol. % ~see Table V!.
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time on a log-log scale at the various annealing temperatu
The values ofa @see Eqs.~1!–~3!#, determined by a linea
best fit of loĝr2(t)& vs logt, are summarized in Table VI. Th
values ofa in RFS2 and RFS3 are quite low and reminisce
of device quality GDa-Si:H.14,15,19,22For each sample, the
values are all within the error of about60.15 of the average
This suggests that within each sample, the temperature
pendence ofa is too weak to be determined. This situation
in contrast to that ofa-Si:H of low-to-moderateCnV , where
a typically decreases with increasingT at T<350 °C but
increases strongly at higherT, regardless of the depositio
procedure.15,20,22,28The nature of this change in the behavi
of a caused by 1.6–3 at. % substitutional C doping is d
cussed in Sec. IV below.

Starting from Eq.~3! it can be shown that the diffusio
constantD(tL) for the diffusion length

L52A^r 2~ t !& ~8!

FIG. 6. DSIMS profile of sample RFS1 following annealing f
12 h at 350 °C. The open circles are the fitted complementary e
function.

FIG. 7. The values of̂ r 2(t)& in sample RFS1, determined b
fitting the profiles to Eq.~2!, vs annealing time at the various an
nealing temperatures. Note the log-log scale.
s.

t

e-

-

is given by

D~ tL!5
~12a!L2

4tL
. ~9!

Hence, for ^r 2(t)&52.5310211 cm2, L51000 Å , the
diffusion constants obtained from Figs. 7–9 and Eq.~9!,
which are plotted vs 1/T in Fig. 10, yield an activation en
ergyEa(1000 Å ) of;1.7, ;1.4, and;0.65 eV in RFS1,
RFS2, and RFS3, respectively. The first two values are s
lar to those found fora-Si:H;1,3,4,7,11the nature of the anoma
lously low value found for RFS3 is not clear.

In concluding the analysis of the SAXS and DSIMS r
sults of the RFS films, we note that they demonstrate cle
that a residual columnar morphology and a void contentCnV
which increases from<1 vol. % in the as-deposited films t
<2 vol. % in the annealed films are not sufficient to suppr
the long range motion of deuterium or hydrogen.

C. IR measurements of H evolution and bonding configurations
in RFS a-Si12xCx :H

Figure 11~a! shows typical IR spectra of RFS3 (x51.6
at. %! as-deposited and following sequential annealing fo

or

FIG. 8. The values of̂ r 2(t)& in sample RFS2, determined b
fitting the profiles to Eq.~2!, vs annealing time at the various an
nealing temperatures. Note the log-log scale.

FIG. 9. The values of̂ r 2(t)& in sample RFS3, determined b
fitting the profiles to Eq.~2!, vs annealing time at the various an
nealing temperatures. Note the log-log scale.
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h at 300, 350, and 375 °C, followed by additional anneal
for a total of 3 hrs and 8 hrs at 375 °C. The Si-H stretch ba
has a broad ‘‘flat’’ peak at 2000–2100 cm21, due to the
overlap of the 2100 and 2000 cm21 bands. There is also
shoulder at ;750 cm21 and peaks at ;910 and
;1000 cm21, which are usually associated with vibration
of Si-CHn , Si-O, and~wagging! C-H, respectively, as men
tioned in Sec. II above.39–41

As Fig. 11~a! shows, during the annealing sequence
2000 cm21 band weakens relative to the 2100 cm21 band.
As discussed in Sec. IV below, this is consistent with detr
ping of H atoms from Si-H bonds embedded in the Si n
work and diffusion to deeper Si-H bond sites at Si-O sit
Si-C sites, or Si sites on internal surfaces of microvoids
nanovoids.

Figure 11~a! also shows that the intensities of the Si-CHn
vibrations at;770 cm21 and the C-H wagging mode a
;1000 cm21 increase relative to the Si-H wagging mode
640 cm21. This behavior is also consistent with the n
transfer of hydrogen and deuterium from the shallower Si
the deeper C-bonded trap sites.

Figure 11~b! shows the evolution ofCSi2H in RFS3 (x
51.6 at. %, with initial nanovoid contentCnV050.5 vol. %!
as determined by the evolution of the 640 cm21 Si-H wag-
ging mode band.35,38 CSi2H decreases by 20% from 12.
61.5 at. % to 1061.5 at. %, following the annealing step

TABLE VI. Values of the dispersion parameter for diffusiona
@see Eq.~1!# in RFS1–RFS3, as determined by fitting the behav
of ^r 2(t)& obtained from the DSIMS profiles to Eqs.~2! and ~3!.

Sample RFS1 Sample RFS2 Sample RFS3
T(°C) a (60.1) T(°C) a (60.1) T(°C) a (60.1)

350 0.63 350 0 375 0
380 0.47 380 0.20 425 0.09
420 0.52 420 0.07 475 0.30

FIG. 10. The diffusion constantsD(tL) for ^r 2(t)&52.5
310211 cm2, L51000 Å , obtained from Figs. 7–9 and Eq.~7!,
vs 1/T. The slopes yield activation energyiesEa(1000 Å ) of
;1.7, ;1.4, and;0.65 eV for RFS1, RFS2, and RFS3, respe
tively. The first two values are similar to those found f
a-Si:H.12,14,15,18,22The latter value, which is anomalously low,
not understood.
g
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e
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shown in the figure, consistent with the net transfer of
from Si-bonded sites to the deeper sites mentioned above
evolution of hydrogen from the film.

Figures 12–14 show the evolution of the IR spectra a
CSi2H in RFS4 (x53.060.7 at. %,CnV050.9 vol. %!, RFS5
(x55.7 at. %,CnV050.7 vol. %), and RFS7 (x56.0 at. %,
CnV050.9 vol. %!, respectively, following the same annea
ing sequence as RFS3~see Fig. 11!. The Si-H stretch band o
as-deposited RFS4 peaks at;2100 cm21, but includes a
shoulder at;2000 cm21. Thus, it appears that in this film
the initial fraction of the Si-bonded H atoms embedded in
bulk of the Si network was lower than in RFS3, consiste
with the higher carbon content. Interestingly, while the ev
lution of the 2000–2100 cm21 IR band of RFS4@Fig. 12~a!#,
RFS5 @Fig. 13~a!#, and RFS7@Fig. 14~a!# is qualitatively
similar to that of RFS3@Fig. 11~a!#, CSi2H decreases by a
much larger;50% in RFS4, from 1461 to 6.861 at. %,
;32% in RFS5, from 1261 to 861 at. %, and;34% in
RFS7, from 16.861 to 11.061 at. %. While it is difficult to
correlate the decrease ofCSi2H with x, which is a much
higher 5.7 at. % in RFS5 and 6.0 at. % in RFS7 than
3.060.7 at. % in RFS4, Table VII shows that it does appe
to be correlated withCnV0 andCnV . This correlation is very
plausible since the average distance from a Si-H group to
nearest void surface, where the H may recombine to mole
lar H2, decreases with increasingCnV0. This point is dis-
cussed in greater detail in Sec. IV below.

r

-

FIG. 11. ~a! IR spectra of RFS3, as deposited and annea
sequentially for 1 h at300, 350, and 375 °C, followed by additiona
annealing for a total of 3 hrs and 8 hrs at 375 °C.~b! Evolution of
CSi2H in RFS3, as determined by the evolution of the 640 cm21

Si-H wagging mode band.
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D. Hydrogen dynamics in undoped ECRa-Si0.86C0.14:H

The behavior of the deuterium diffusion distance^r 2(t)&
vs annealing timet in undoped sample ECR1 at 350, 40
and 450 °C is shown in Fig. 15. A typical DSIMS profi
obtained after annealing for 24 h at 400 °C and the com
mentary error function fit to it are shown in the inset of th
figure. As clearly seen,̂r 2(t)& does indeed behave as
power law function of the diffusion~annealing! time t. The
values ofa are ;0.3, ;0.3, and;0.1 at 350, 400, and
450 °C, respectively. As in RFS2 and RFS3~see Sec. III B
above and Table VI! and device-qualitya-Si:H,14,15,19,22

these values are very small and suggest that the void con
of ECR1 was relatively low. Whilea does appear to de
crease with increasing temperature, the decrease is
moderate, comparable to the weak increase ina of RFS3
~see Fig. 9 and Table VI!.

The behavior ofD(tL) in the undoped ECR films yield
an activation energyEa(1000 Å ) ;1.0 eV. As for RFS3,
this value is significantly lower than the typical;1.5 eV
obtained ina-Si:H at 250<T<350 °C.12,14,22The nature of
this anomalously low value ofEa is not understood and it
appearance in both RFS and ECR films deserves furthe
tention.

Figure 16 shows the IR spectrum of sample ECR5
deposited. Similar to RFS4~Fig. 12!, the Si-H stretch band
peaks at;2080 cm21, i.e., close to the 2100 cm21 band

FIG. 12. ~a! IR spectra of RFS4, as deposited and annea
sequentially for 1 h at300, 350, and 375 °C, followed by additiona
annealing for a total of 3 and 8 h at 375 °C.~b! Evolution ofCSi2H

in RFS4, as determined by the evolution of the 640 cm21 Si-H
wagging mode band.
-
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usually associated with Si-H bonds in nanovoids, SiH2 and
SiH3 configurations, or H bonded to Si which is bonded to
or C ~see Sec. II above!.35,38 However, there is a significan
shoulder at;2000 cm21, which is the stretching mode vi
bration frequency of a Si-H configuration embedded in
a-Si network.35,38 There is also a shoulder at;750 cm21

and peaks at;910 and;1000 cm21, consistent with the
considerable content of Si-CHn and C-H configurations, and
the presence of oxygen in the films~see Sec. II above!.

E. Hydrogen dynamics in boron-doped ECRa-Si0.86C0.14:H

Several SIMS depth profiles of sample ECR3~boron con-
tentCB'0.2 at. %), annealed atT<450 °C and normalized
to the maximal D levelCDmax

, are shown in Fig. 17. The
profiles clearly show that the diffusion of most of the H a
D atoms is suppressed, even atT5450 °C. However, the
large ‘‘tail’’ of the profile in the undeuterated layer indicate
rapid diffusion of a small fraction of the D atoms in th
region. This point is discussed in relation to the exchan
model of Kemp and Branz30,31 in Sec. IV E.

Figures 16~b!–16~e! show the IR spectra of sample ECR
annealed at various temperatures. As in the RFS films,
;2000 cm21 component of the Si-H stretch band weake
relative to 2100 cm21 component while, as in RFS3, th

d FIG. 13. ~a! IR spectra of RFS5, as deposited and annea
sequentially for 1 h at300, 350, and 375 °C, followed by additiona
annealing for a total of 3 and 8 h at 375 °C.~b! Evolution ofCSi2H

in RFS5, as determined by the evolution of the 640 cm21 Si-H
wagging mode band.
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15 884 PRB 60J. SHINARet al.
;770 cm21 Si-CHn and ;1000 cm21 C-H wagging
strengthen relative to the;640 cm21 Si-H wagging mode.
Not surprising, this similar behavior suggests that the
transfer of H from Si- to C-bonded sites or its evolution as
RFS4, RFS, and RFS7, are common features of H dynam
in a-Si12xCx :H ~see Sec. IV below!.

Figure 18 shows the deuterium level in the initially u
deuterated layer, normalized toDmax, as a function of an-
nealing time of ECR3 at 360 °C and ECR4 at 350 °C.
growth in ECR3, whereCB ;0.2 at. %, is faster than in
ECR4, whereCB ;0.6 at. %. This behavior is in stark con
trast to the dramatic boron-induced enhancement of H di
sion in a-Si:H,14 but consistent with the introduction o
boron-induced nanovoids.18

TABLE VII. Fractional reduction in the Si-bonded H conte
CSi2H (DCSi2H /CSi2H) following annealing as shown in Figs
11–14. Note the correlation with the initial nanovoid contentCnV0

as determined from SAXS.

CnV0 ~vol. %! DCSi2H/CSi2H x ~at. %!
Sample (60.1) (620%) (615%)

RFS3 0.5 20% 1.6
RFS5 0.7 32% 5.7
RFS7 0.9 34% 6.0
RFS4 0.9 50% 3.0

FIG. 14. ~a! IR spectra of RFS7, as deposited and annea
sequentially for 1 hr at 300, 350, and 375 °C, followed by ad
tional annealing for a total of 3 and 8 h at 375 °C.~b! Evolution of
CSi2H in RFS7, as determined by the evolution of the 640 cm21

Si-H wagging mode band. Note that the behavior is similar to t
of RFS3 and RFS4 which is shown in Figs. 11 and 12.
t

cs

s

-

Although not shown in Fig. 18, it should be noted th
some diffusion into the undeuterated layer of the doped fi
occurred during growth: The as-deposited normalized D c
tent CD /CDmax

of that layer in these films, about 0.01, wa

;10 times higher thanCD /CDmax
in the undeuterated laye

of the undoped films. In addition, the level in the latter d
not change with annealing. This behavior is also discus
below.

IV. DISCUSSION

A. Microstructural dynamics of the RFS films

1. Microstructure of the as-Deposited RFS films

As described in Sec. III. A 1, the SAXS results clear
demonstrate that the as-deposited films have mass den

d
-

t

FIG. 15. loĝr2(t)& vs log of annealing timet in undoped sample
ECR1, annealed at 350, 400, and 450 °C.

FIG. 16. IR spectra of as-deposited ECR5 and ECR3, and
ECR3 following the indicated annealing steps.
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that are 90–96% that of c-Si, residual columnarlike mic
structures with columns>20 nm diameter, and 0.5–1.
vol. % ;1 nm-diameter nanovoids with no preferred sha
or orientation, modeled as spheres. In comparison,a-Si:H
films prepared under otherwise identical conditions had d
sities that were 96% that of c-Si, exhibited no columnar m
crostructure, and contained no more than 0.5 vol. % na
voids when deposited at an rf powerP>400 W.10 Hence it
appears that in general, introduction of the carbon thro
the methane in the plasma promotes the formation of
columnar microstructure and the;1 nm diameter nano
voids. It is well known that the columnar microstructure is
inherent feature of the basic nucleation and growth proc
of a-Si:H films.44 However, in GD films deposited at suffi
ciently high substrate temperatures (>250 °C) or RFS films
deposited at sufficiently high-rf power (>300 W) this mi-
crostructure is eliminated by dynamical processes occur

FIG. 17. SIMS depth profiles of sample ECR3, which contain
;0.2 at. % boron~see Table II!, annealed atT<450 °C and nor-
malized to the maximal D level.

FIG. 18. The deuterium level in the initially undeuterated lay
of ECR3 and ECR4, normalized relative to the level in the deu
ated layer, as a function of annealing time of ECR3 at 360 °C
ECR4 at 350 °C.
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during growth such as enhanced surface mobility or
creased ion bombardment.10,45,46 Hence it appears that th
species derived from the methane in the plasma impede
process of elimination of the columnar microstructure. T
strength of the C-H bond and consequent incorporation
CH2 and CH3 groups in the growing film, which probably
promote the formation of nanovoids,3,7,17,18,22,35provide a
plausible explanation for this scenario. However, other f
tors that affect the microstructural features are clea
present: sample RFS3 contained only 1.6 at. % carbon an
initial nanovoid content was only 0.5 vol. %, but its dens
was a relatively low 2.156 g/cm3 or 92.5% ofc-Si. On the
other hand, sample RFS8 contained 7.1 at. % carbon and
same initial nanovoid content, and its density was a hig
2.233 g/cm3 or 96% ofc-Si. One possible factor competin
with the CH2- and CH3-induced columnar microstructur
and nanovoids may be the effect of tetrahedral~diamondlike!
carbon bonding and CH groups in increasing the density
the network. Since we cannot determine the fraction of
atoms that are bonded to no more than one H atom,
suggestion remains speculative. However, it may be es
lished or refuted by the fabrication and study of films wi
higher carbon content or thick films that yield a detecta
C-H IR stretch vibration band circa 3000 cm21.

Another interesting feature resulting from the analysis
the SAXS of the as-deposited RFS films is the sugges
extent of the ‘‘strain fields’’ induced by the nanovoids, wi
an effective diameter of;1.7 nm in RFS4. Since the ave
age diameter of the nanovoids themselves is 1.1 nm,
‘‘strain fields’’ are very short-ranged. In addition,a priori
we would expect the distorted tetrahedral network to be
tually more relaxed around the nanovoids than deeper in
bulk of the network. The results of the SAXS analysis a
also consistent with this picture in which the network is mo
relaxed around the nanovoids. Note that the range of
relaxation induced by the nanovoids is only of ord
;0.3 nm, or about one monolayer, which is consistent w
the prevailing results of calculations of the network disord
about multivacancies and nanovoids.

2. Dynamics of the microstructure of the RFS films

As shown in Fig. 4 and Tables IV and V, and described
Sec. III A 2 above, the integrated SAXS of all the RFS film
increased similarly with annealing. This increase of up
;100% was qualitatively similar to but considerably weak
than that of RFSa-Si:H, where it increased by;200% fol-
lowing similar annealing sequences.10 Since these RFS
a-Si:H samples included films with a more pronounced c
lumnar microstructure than that of the films studied in th
work, the weaker increase inCnV cannot be attributed to this
microstructure. Hence, it is suspected to be due to
strength of the Si-C and C-H bonds, which is greater th
that of Si-Si and Si-H.

B. Hydrogen dynamics in the RFS films

1. Long-range atomic H motion and voids in the RFS films

The first obvious observation is the long-range motion
the D atoms and presumably of the H atoms as well,
sample RFS1, RFS2, and RFS3. The SAXS measurem
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yielded nanovoid contents which increased with annea
from 1.0 to 1.6 vol. % in RFS2 and from 0.5 to 1.4 vol. %
RFS3. Previous work demonstrated that a sufficient na
void and microvoid content suppresses the long range ato
D and H motion, but the threshold value necessary to que
that motion was not determined.17,20,22 However, it did ap-
pear that in quasicolumnar and columnar films the void c
tent exceeded this threshold. This is plausible when con
ering the nature of this quenching phenomenon: the lo
range atomic H motion observed by DSIMS is suppres
when the distance between any site on the Si network and
nearest surface is no more than the;30 Å resolution of the
SIMS, since H atoms on these surfaces typically recomb
to molecular H2 which does not redissociate. Yet the prese
results demonstrate that the H and D atoms still unde
long-range motion in films with a residual columnar micr
structure and a nanovoid content which increases with
nealing from 1.0 to 1.6 vol. %~in RFS2! and from 0.5 to 1.4
vol. % ~in RFS3!. Sincea is much less than 1 in these film
~see Sec. III A 3 and Table VI!, it may be suspected that th
boundaries of the residual columnarlike features are no
efficient in trapping and eliminating atomic H and D fro
the network as the surfaces of spherical-like nanovoids
microvoids. A possible scenario that would account for t
observation is that of boundaries and nanovoid surfaces
are largely covered by saturated CHn groups, which would
inhibit trapping of diffusing atomic H or D.

2. Nature of the long-range atomic H motion in the RFS
carbide films

The diffusion constantD(tL) for L51000 Å yields an
activation energy of;1.4 eV in RFS1, RFS2, and RFS
This activation energy is similar to that of H diffusion i
a-Si:H.12,14–20,22Hence, it appears that the incorporation
up to ;3 at. % carbon does not changeEa significantly.
This conclusion can be readily understood within a scen
in which the carbon atoms are either bonded tightly to ot
Si and C atoms in the network, or are present as satur
CHn groups at the boundaries of the residual columnar f
tures or at the surfaces of nanovoids. Such carbon wo
probably interact less with the hopping H and D than Si w
weak bonds to the network or with a dangling bond or an
atom at a nanovoid surface. As a consequence, H diffu
would be quantitatively similar to that found i
a-Si:H.12,14–17,19,20,22

C. Hydrogen bonding and evolution from the RFS
and ECR carbide films

As mentioned in Secs. III C and III E, the IR spectra
both RFS3 and the ECR films showed clearly that
C-bonded H content increases at the expense of the
bonded H. This net transfer results naturally from t
strength of the C-H bond, which is greater than that of
Si-H bond. The IR spectra of all the RFS films also indica
hydrogen evolution. Figures 11–14 and 16 demonstrate
the H atoms whose stretch vibration mode is at 2000 cm21,
i.e., embedded in the bulk of the Si network, contribute m
to this process than those vibrating at 2080– 2150 cm21,
g

o-
ic

ch

-
d-
-
d
he

e
t
o

n-

as

d
s
at

f

io
r
ed
-

ld

n

e
i-

e
e
at

e

i.e., those on void surfaces or bonded to Si-C or Si-O grou
This is also consistent with the greater trapping energy of
latter type of H atoms.

The results do not enable a quantitative comparison w
the H-exchange model of Kemp and Branz.30,31 However,
they appear to be in qualitative agreement with it, since g
metrical considerations would suggest that the probability
exchange of an H atom in a transport state with an atom
a surface is less than with a Si-bonded H atom embedde
the bulk of the network.

D. Hydrogen dynamics in undoped ECRa-Si0.86C0.14:H

The anomalously low-activation energyEa(1000 Å)
;1.0 eV of H and D in undoped ECR1 is not understo
but clearly deserves attention since it is widely believed t
the value of;1.5 eV typically found ina-Si:H is related to
the energy required to release an H atom from a Si-bon
site to the transport state. Hence, the present results c
invoke a speculation that the H and D atoms diffusi
through the undoped ECR films are trapped in shallow
sites. While the evolution of the IR spectra of boron-dop
ECR3 is similar to that of the RFS films, one cannot rule o
the possibility that the IR of undoped ECR films may ind
cate a different behavior. This issue obviously warrant
more detailed SAXS, IR, and SIMS study of undoped EC
a-Si12xCx :H.

E. Hydrogen dynamics in boron-doped ECRa-Si086C0.14:H

The DSIMS profiles of 0.2 at. % boron-doped ECR
shown in Fig. 17 are sharp and ‘‘unsmeared,’’ but still co
sistent with complementary error-function profiles indicati
that most of the D atoms do not undergo long-range moti
This is in contrast to the behavior of undoped ECR1,
undoped RFS carbides, and undoped and doped GD and
a-Si:H, and is very intriguing. On the one hand, boron do
ing is well-known to dramatically enhance the H diffusio
constant ina-Si:H.14,15,18On the other hand, it is also well
known to induce hydrogen complexes in Si.47 Therefore, the
behavior shown in Fig. 17 may be due to slow release of
D atoms from deep traps in B-induced complexes in
initially deuterated top layer followed by fast diffusio
among the transport states in the bottom layer. In ot
words, the relevant profile to be considered is the ‘‘fla
profile in the bottom layer, which is consistent with very fa
diffusion. The DSIMS profiles shown in Fig. 18 may now b
understood within this scenario: The boron level of 0.2 at
in ECR3 is sufficient to enhance the diffusion in the botto
layer to a ‘‘flat’’ profile, but the increased boron content a
B-induced H and D complexes in ECR4 cause a slower
lease of D atoms from the top layer. It is interesting to no
that such complexes are apparently not sufficiently sign
cant to yield such behavior in B-doped GDa-Si:H.14,15

However, ECRa-Si:H does exhibit behavior indicative o
enhanced B-induced deep H-trap formation, probably
B-induced nanovoids, and very fast diffusion among t
transport states.18 The recent results of Esteset al.,48 which
demonstrated a significant growth in nanovoid density w
B doping of a-Si:H, are entirely consistent with this sce
nario. Finally, the behavior of the B-doped ECR carbid
also appears to be in qualitative agreement with the hydro
exchange model of Kemp and Branz,30,31 but the results are
not sufficiently detailed to enable a quantitative comparis
with that model.
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V. CONCLUSIONS

The results and their analysis described in this work le
to the following conclusions on RFS and ECRa-Si12xCx :H:

~a! RFS carbide films, with as little asx ;1.6 at. %
carbon, exhibit a residual columnar morphology, with c
umns>20 nm in diameter, which are absent froma-Si:H
deposited under similar conditions.10 Since a columnar mor
phology is generally incipient in the nucleation and grow
of a-Si:H thin films44 but is destroyed by dynamical pro
cesses during growth under appropriate conditions, it app
that the carbon atoms strengthen it and render it more rob

~b! The nanovoid volume of these films is 0.5–1.0 vol.
which is considerably higher than in the compara
a-Si:H.10

~c! The columnar morphology and nanovoid volume le
to an overall film density of 2.12–2.23 gm/cm3, i.e., 91–
96% of the density of Si which is 2.33 g/cm3. As the density
of SiC is 3.22 g/cm3, it appears that the primary structur
effect of 1.6–19 at. % carbon is to induce a relatively rob
columnar morphology and a relatively large concentration
nanovoids in the network, leading to a relatively low-dens
film.

~d! The evolution of the SAXS and the IR of the RF
carbide films following the annealing processes descri
above indicate that despite the net transfer of H atom fr
Si- to C-bonded sites, which is expected from the grea
strength of the latter bond and hydrogen evolution, the n
work relaxation processes in these carbide films are sig
catly slower than those in the corresponding RFSa-Si:H and
are largely manifest in a;20% growth of the diameter o
the average nanovoid. The slower network relaxation
namics are entirely consistent with points~a!–~c! above.

~e! Earlier work on RFSa-Si:H demonstrated that a su
ficient nanovoid and microvoid content suppresses lo
ranged atomic H motion.17,18,22The results described in thi
work demonstrate that the nanovoid content of up to 1 vol
and the residual columnar morphology of the carbide fil
are insufficient to suppress the long-range motion. As typ
of a-Si:H, this motion was observed to be dispersive, i.e.,
diffusion constant D depended on time asD(t)
5D00(vt)2a, where the dispersion parametera varied from
0 to 0.560.1 among the samples, but was temperature in
pendent at 350 °<T<475 °C. This behavior contrasts that
a-Si:H, where a was shown to be strongly temperatu
dependent.19,20,22,28However, since it was also shown thata
is strongly affected by network relaxation processes,
weak-temperature dependence in the carbide films is ent
consistent with the slower network dynamics as monito
by the SAXS measurements and mentioned above.

~f! The activation energiesEa for H diffusion lengthL
51000 Å were similar to those measured previously
a-Si:H, but the diffusion in one of the RFS films exhibite
an anomalously lowEa(1000 Å )'0.65 eV, which is not
understood at present. These results suggest that H moti
these RFS carbide films is very similar to that ina-Si:H.

~g! As in the RFS3 film, annealing of the undoped EC
a-Si0.86C0.14:H films also induces a net transfer of H atom
from Si- to C-bonded sites, as expected from the gre
strength of the latter bond. Evolution is observed from all
RFS films.
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~h! H diffusion in the undoped ECR films also exhibite
similar dispersive motion, but also with an anomalously lo
Ea(1000 Å )'1.0 eV, which is not understood at presen
The dispersion parametera descreased from;0.3 at 350–
400 °C to;0.1 at 450 °C, whereas ina-Si:H it decreases up
to ;350 °C but increases at higher temperatures.20,28 This
behavior is also consistent with slower network dynamics
the ECR films as compared toa-Si:H.

~i! Boron doping of the ECR carbide films was found
reduce the bulklike Si-bonded H content, suggesting tha
induces nanovoids, which is consistent with its effects in
~Ref. 47! and the observed trapping of most of the H and
atoms at deep sites. However, a small fraction of the H ato
apparently undergo very fast diffusion through transp
states, reminiscent of B-dopeda-Si:H.14 The motion appears
to be in qualitative agreement with the H exchange mode
Kemp and Branz.30,31

VI. SUMMARY

Small angle x-ray scattering~SAXS!, IR, and deuterium
secondary-ion-mass spectrometry~DSIMS! studies of micro-
structure and H dynamics in rf-sputter-deposited~RFS!
a-Si12xCx :H (1.6<x<19 at. %! and electron-cyclotron
resonance-deposited~ECR! a-Si0.86C0.14:H was described.
The SAXS of the RFS films indicated a residual column
morphology and a nanovoid content 0.5<CnV<1.0 vol. % in
all of the RFS films. The larger-scale residual columnar m
crostructure was unaffected by annealing of up to 4 h at
420 °C but the integrated SAXS increased by;100%, indi-
cating a similar increase in the nanovoid content. This
crease was smaller than that exhibited by RFSa-Si:H, sug-
gesting that the carbon atoms incorporated in the Si netw
weakened the network’s relaxation processes. A deta
analysis of one of the typical SAXS intensity data sets in
cated that this increase was due largely to a;20% increase
in the average diameter of a nanovoid from;0.55 to
;0.65 nm. Assuming a strain field as the origin of the o
served interference effect which results from correla
nanovoid positions, the SAXS-indicated range of the str
field was found to be only a few angstro¨ms or roughly one
bond length.

In spite of the residual columnar morphology and a na
void content which reached;1.6 vol. % in films with x
<3 at. %, their DSIMS depth profiles demonstrated lon
range atomic H and D motion in agreement with a pow
law time-dependent diffusion constantD(t)5D00(vt)2a,
with low or moderate values of the dispersion parametera.
The dependence ofa on the annealing temperature wa
weaker than that observed ina-Si:H, also consistent with
weaker network relaxation dynamics. The activation ene
for diffusion over a diffusion length of 1000 ÅEa(1000 Å )
was;1.7 and;1.4 eV in two films, which is similar to the
values found ina-Si:H, but an anomalously low;0.65 eV
in a third sample. The IR measurements indicated that
Si-bonded H contentCSi2H deceased by 20% - 50% ove
these annealing periods. The fractional reduction inCSi2H
appeared to be correlated withCnV , as expected since th
distance from any given Si-H bond to the nearest surf
decreases with increasingCnV .

The IR measurements on some RFS and ECR fi
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15 888 PRB 60J. SHINARet al.
also demonstrated that during annealingCSi2H decreases
relative to the C-bonded H contentCC2H , which is also
expected from the greater strength of the C-H bond rela
to the Si-H bond. Hydrogen evolution from the RFS films
also observed. In addition, the reduction in the;2000 cm21

Si-H stretch vibration band, characteristic of H embedded
the network, was greater than that of the 2080–2150 cm21

bands, characteristic of surface Si-H, C-Si-H, and O-S
groups. This behavior is also consistent with the migration
Si-bonded H from the bulk to deeper sites at the void s
faces. It is also in qualitative agreement with the hydrog
exchange model of Kemp and Branz.30,31

While the DSIMS of the annealed undoped ECR film
exhibited the normal complementary error function profi
with low values ofa and were also consistent with netwo
dynamics, which are weaker than those ofa-Si:H, they also
yielded an anomalously lowEa(1000 Å ) ;1.0 eV ,
which is not understood at present. The DSIMS profiles
the boron-doped ECR films indicated that most of the H a
lid
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D atoms were deeply trapped, possibly at surfaces
B-induced voids and B-induced complexes, but they are a
consistent with fast diffusion of a small fraction of the H an
D atoms among transport states, reminiscent of
B-induced enhanced H diffusion ina-Si:H. The evolution of
the DSIMS of the B-doped ECR films also appeared to be
qualitative agreement with the H-exchange model of Ke
and Branz.30,31
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