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Small angle x-ray scatteringGAXS) and deuterium secondary-ion-mass spectrom@§MS) studies of
the microstructure and hydrogen dynamics in undoped rf-sputter-depdBESl and undoped and boron-
doped electron-cyclotron-resonance-depositeCR) hydrogenated amorphous silicon carbides
(a-Si;_4C, :H) are described. In the RFS carbides witk19 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 Gs&,,,<1.0 vol. %.C,,y 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 df,, was apparently due largely to -a20% increase in the average void
diameter. This growth was noticeably weaker than in similarly fabricat&i:H. In RFS carbides withx
<3 at. %, the DSIMS yielded power-law time dependent H diffusion consfa(is= D oo wt) ~ ¢, where the
dispersion parameter varied from 0 to~0.5+0.1 among the samples, but was temperature independent at
350°<T=475°C. The moderate values of are consistent with the moderate initial nanovoid contents
C,v=1.0 vol. % determined by SAXS. The weak dependence oh T is consistent with the weaker growth
of the SAXS with annealing as compared deSi:H. The values of activation enerdy,(1000 A) for a
diffusion lengthL=1000 A among the different films were1.7, ~1.4, and~0.65 eV. While the first two
values are similar to those foundanSi:H, the nature of the anomalously low value-©0.65 eV is not clear.
In undoped ECRa-Sig g¢Cp 14:H, D(t) exhibited a similar power-law time dependence, budecreased from
~0.3 at 350°C and 400 °C te-0.1 at 450°C, also consistent with a Iddy,, . Thus, in spite of the high-C
content, the behavior o was similar to that of typicaa-Si:H at lower temperatures, where it decreases at
T<350°C. HoweverE,(1000 A) was an anomalously low 1.0 eV. The evolution of the infrareR)
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-chband characteristic of bulk-like Si-H group was much
greater than the reduction of the 2100-chband 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. [S0163-18209)07247-1

. INTRODUCTION hydrogenated amorphous Si-Gi:H) and related materials
have been reported to ddfe>! The analyses of the SAXS
A considerable number of small angle x-ray scatteringprovided a quantitative measure of the distribution of nano-
(SAXS) studies of the microstructure'! and secondary ion void and microvoid shapes and sizes, their preferred orienta-
mass spectrometr{SIMS) studies of hydrogen diffusion in tion, if any, and the overall void contefit** One study com-

0163-1829/99/6(23)/1587515)/$15.00 PRB 60 15875 ©1999 The American Physical Society



15876 J. SHINARet al. PRB 60

bined SAXS and infraredIR) measurements of the Si-H TABLE I. The CH, partial pressur®cy, during deposition, the
bond content and configuration to determine the correlatiomarbon contenk, and the initial Si-bonded H-contefs;_, of the

between the dynamics of the Si network microstructure andf sputter-deposited-Si, _,C, :(H,D)/a-Si,_,C, :H films (see Sec.
that of the hydrogef® It demonstrated a strong correlation Il of text). All samples were deposited by rf sputteringaiameter
between the decreasing Si-bonded H con@gt ,;, and the  Sitargetin 10 mtorr Ar, 0.5 mtorr {{ 10" ° - 1.8.10 ° torr D,, and

growth of the nanovoid conteft,, during annealing at tem- Vvarying CH, plasma at an rf poweP=400 W, with a target-to-
peraturesT <430 °C. substrate distance of 1.25'.

The deuterium SIM3DSIMS) results showed that the H

diffusion constant is generally time-depend&ht®?228su- Pcw, (torn) x (at. % Csi-n (at. %9
ally decreasing with time as Sample -10%) (=20%) (=1.0)
RFS1 5<10°© 2.2P
D(t) =Dy wt) ¢, (1) RFS2 1x10°° 2.02 3P
RFS3 1.x10°° 1.62 12.3
where the dispersion parameters@<<1. D(t) is deter- RFS4 6x10°° 3.1+x0.72 14.0
mined experimentally by fitting the DSIMS profiles to a RFS5 1.6¢10°° 5.7 125
complementary error functioh®-2228:32 RFS6 3.410°° 2.92
RFS7 7.510°° 6.0% 6.2° 16.8
X RFS8 1.6<10°4 7.18,7.4P0 9.0
c(x,t)=ngerfc| ———|, 2 RFS9 19.¢¢
aFrom EPMA.
where PFrom Auger spectroscopy.

tive for 300< T<2380 °C2® The overall picture that emerged
3) from these various studies consequently suggestedntligt

largely determined not only bg,,, but also by dynamical

Si network relaxation processes which probably occuf at

is the mean-square displacement of the diffusing atoms dur®250 °C. Indeed, Roordet al** showed that structural re-

ing the (annealing time t. From Eqgs.(2) and (3) it is clear laxation processes in Si_amorphiz_ed by io_n implantation can
that asa—1, (r%(t)) becomes time independent abqt) be detected by dlfferent|gl scanning ca_lonmetry at tempera-
—0. The time dependence Bf(t) was previously attributed tures as low as 400 K. Fma}lly, the relation between H dn‘fl_J—
to the multiple-trapping mechanisti’® In the case Sion and structural relaxation processes, as characerterized

of an exponential distributon of H trap energies Py the behavior oC.,, was confirmed by the SAXS study
n,(E) = noexp(~E/Ey), with width Eq=kT,, @ should de- mentioned abové’ It demonstrated a very strong correlation

t Dolwt) ™,
<r2(t)>EfOD(T)dT:%Er%tl a

crease with increasing temperatiras betweenC, and Cs;_y during hydrogen evolution at high
temperatures. Specifically, it showed that in undoped rf-
a=1-T/T, (4)  sputter-depositeRFS films of various initial void contents,

at T=350°C C,, sharply increases—consistent with the
In p-type boron-doped glow-discharge depositésD)  observed increase in—asCg;_ sharply decreases.

a-Si:H, the characteristic temperaturg was experimentally Due to the crucial role of hydrogen dynamics in determin-
determined to be~600 K.'> However, subsequent work ing the properties 0&-Si:H and the importance of hydroge-
demonstrated that increases sharply with increasing nano- nated amorphous silicon carbides-$i; _,C, :H) in photo-
void and microvoid contenC,y of the films!’~'%??a suffi-  voltaic devices and other applications, a combined IR,
ciently highC,y suppressed the long-range motion of H andSAXS, and DSIMS study of H and microstructure dynamics
D atoms!’ In addition, some theoretical work showed thatin the carbides is highly desirable. This paper describes such
the assumption of an exponential distribution of H site enera study in undoped RFS and undoped and boron-doped elec-
gies, usually invoked in the multiple-trapping mechanism,tron cyclotron resonance-deposit€ECR) a-Si;_,C,:H.
should lead to negative values af® This sharp contrast The RFS films were fabricated by sputtering a Si target in
with the positive values observed in carrier mobility mea-Ar, H,, and CH, (see Sec. Il below and Table | for a sum-
surements results from the contrasting initial conditionsmary of the deposition conditionsThe ECR films were de-
where the energies of the H atoms are close to their equilibposited from Siij and CH, precursors. The experimental
rium distribution whereas those of the injected carriers argprocedure is described briefly in Sec. 1l below; additional
much higher® Within that revised multiple trapping sce- details may be found elsewhet®® The SAXS results indi-
nario, positive values o consequently suggested that struc-cated that the RFS carbides with<19 at.% contained
tural relaxation processes occurring during the diffusionelongated features larger than 20 nm with preferred orienta-
were affecting the distribution of site energies and thus the&ion, consistent with a residual columnarlike growth of the
value of @ as well. Other experimental work showed that films. The SAXS also included a clear nanostructural com-
while atT=<350°C « does generally decrease with increas-ponent consistent with roughly spherical nanovoids nm
ing T [although not in the form given by Ed4)]°*?®® at  in diameter, with a total content of 0.5 - 1.0 vol. %, which
higher temperatures it increases with increasing?® In more than doubled after annealing at temperatures up to
somea-Si:H films, whereCg;_; was 3-5 at. %¢q was nega- 375°C or 420 °C. This growth of the nanovoid content was,
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however, weaker than in similarly fabricated RESSI:H. TABLE II. Boron and initial Si-bonded H conten€g and

The DSIMS results showed that for the undoped RE<Csi-n of the electron_cyclotron resonan¢ECR)-deposited films,
films of C contentx<3 at.%, the initial void content 9rown on Sn@ or a Siwafer. Samples ECR1-ECRA4 were depos-

Crvo=<1.0 vol.% and the content after annealir@,, ited.tatda ?Fjb_s‘t?)rgéeogmperatu'fg::250°c; sample ECRS was de-
=<2.0 vol. % were sufficiently low to enable long-range H posited atls= '
motion. The values of were low to moderate<0.60) and

0, . 0,
essentially temperature independent f6=350°C. This Sample Ci(;g%/@ CS';Hzéi/to' "
near invariance witff is consistent with the SAXS measure- — _
ments, which indicated that the network dynamics areeCR1 0 ~12
weaker than those ofa-Si:H. The undoped ECR ECR2 ~0.01 ~12
a-Sip geCo.14: H exhibited clear H diffusion at=350°C; the ECR3 0.2 ~12
behavior ofa was similar to that of typicah-Si:H at lower gcRrs 0.6 ~12
T. As expected, the IR spectra suggested that as H diffuses,gicrs 0 ~6

is transferred from Si- to C-bonded sites. Finally, the obser-
vations that boron doping of the ECR carbides reduces the
bulk-like Si-bonded H content and suppresses the long-range ) e ) ,
motion of most of the H atoms is consistent with a largerthe (albeit we0a1k7 §25?8 ?5”38 890 cm" Si-H, bending or scis-
C,v. However, a small fraction of the H atoms appeared to>°'S d_oublef._* T _ _
undergo fast diffusion, reminiscent of B-dopaeSi:H. While the integrated intensity of the 640 Crhband is a
reliable measure ofg;_, and the~770 and~1000 cm?!
bands are related to the C-bonded H content, the 2000—2150
cm ! Si-H stretch band provides insight into the nature of
Il. EXPERIMENTAL PROCEDURE the Si-H bonding Configuration. The 2000 thband is the
vibration frequency of a Si-H configuration embedded in the
Bilayer RFSa-Si,_,C,:(H,D)/a-Si;_«Cy:H films were  a.sj network’>*® The 2080—2150 cm' band is usually as-
fabricated by 13.56 MHz rf sputtering of an undoped poly-sociated with the vibration of Si-H bonds on the internal
crystalline 6” diameter Si target 1.25” above the Si wafer, ¢, ifaces of nanovoids or microvoids, Si-H bonds in Sidd

Corning 705959]'335’ and Al foil substrates in an A, nd gy configurations, or of H bonded to Si which is bonded to
CH, plasma® The substrates were heated only by theo or C25:28

plasma; the substrate temperatlrg was estimated t0 be  he carhon content of the RFS films was determined in

035 ” »
150<T;<200°C: The deposition conditions are sUMMa- Ames by Auger spectroscopy using a PHI 545 Auger micro-
rized in Table I. probe, or at the National Renewable Energy Laboratory by

undopgd and borpn _ doped  bilayer  ECR gjacron probe microanalysiEPMA). Auger measurements
a-Siy _xCy:(H,D)/a-Siy - Cy *H films were fabricated on ei- vieijed a carbon content~14 at.% in all of the ECR

ther SnQ-coatedr%ﬁgslgss or a Si wafer using a system degamples, consistent with the measured energy gap of
scribed elsewheré: _ ~2 eV. The ECR films also contained 0.1-0.3 at. % oxy-
SAXS measurements were conducted on the RFS filmge, jngependent of doping or annealing. The boron doping

codeposited with the other films on 1@m-thick, high-  jeyels were determined by SIMS. The composition of the
purity (99,999% Al foil; they were annealed in a tube fur- prg and ECR films is summarized in Tables | and I, respec-
nace under flowing high purity He. The analysis of thetively.

SAXS, which yields information on the microstructure of the

samples anc,,/, is given in Sec. lll A 1 below. Additional )
details can be found elsewherg; 1! TABLE lll. The EPMA-determined carbon contemtand the

For IR and DSIMS measurements, the films deposited OIipitial values of the flotation density (g/cnt), Porod ConstanA

Si wafers were annealed in sealed evacuated pyrex tubgkeu/nm) (see Eq.(5)), the grindependent diffuse f'cattering inten-
Csi_y Was determined from the 640 crh IR wagging sity Ip (eu), the total integrated SAX®saxs (10.2 eu/crr), the
molde absorptioﬁ?,lg,gg,gg-,,gglts initial value in some of the contribution of the nanovoids to the integrated SAXS

4 ; .
RFS films is given in Table I. Since the determination of thegge(égz((iﬁué??f‘)e‘ szg;_k; reélj(lFEgs;/rzlslecsontemnvo (vol. %)
integrated intensity of this band required its deconvolution ' e i
from the Si-CH, bands at 770 - 1000 cnt (see beloy3*-#
the estimated error i€g;_4 is a relatively larget 15%. In
the ECR films,Cg;_y was estimated to be-12 at. % in
samples ECR1-ECR4, which were deposited Bf RFS2 2.0 2127 13 13 2.2 1.8 1.0
=250°C, and~6 at. % in sample ECR5, which was depos- RFS3 1.6 2.156 8 12 1.2 09 05
ited atT,=350 °C(see Table . Since the 3000 cm! C-H RFS4 3.1 2.117 12 20 2.0 1.6 0.9
stretch band was unobservable, probably due to its weak o®FS5 5.7 2.132 23 20 1.8 1.2 0.7
cillator strength, the C-bonded H contéd¢ , could not be RFS6 2.9 2.146 18 22 1.8 14 08
determined directly. Although the Si-GHnd C-H wagging RFS7 6.0 2.136 12 18 195 15 0.9
mode bands at-770 and~1000 cm!, respectively’™**  RFss 7.1 2.233 15 17 125 0.9 0.5
do provide a measure @._, it is only qualitative due to RFs9 19.0 2.176 15 25 2.2 15 0.8
the overlap with the strong 640 crh Si-H wag mode and

X p A Ib Qsaxs Qn  Chwo
Sample +15% =*=0.005 =5% =*=5% =*5% *5% =+5%
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FIG. 1. The SAXS intensitfin absolute electron units gwf
samples RFS3 and RFS4, as compared to a typical glow-discharge- (n m - 1)
depositeda-Si:H with Cg;_; ~8 at. % and a single crystal Si wa- q

fer. Note the steep rise df(q) with decreasingy at low g. The
SAXS analysis yields that,,,= 0.5 and 0.9 vol. % in the two films,
respectively.

FIG. 2. The effects of the tilt angle on the SAXS of RFS3 and
RFS4. The log-log scale reveals that the effect is weak at dpigit
pronounced at lovg, consistent with relatively large elongated fea-
tures with a preferred orientation, i.e., reminiscent of columns,

IIl. EXPERIMENTAL RESULTS AND ANALYSIS which are=20 nm in diametetsee text

A. SAXS and the microstructural dynamics of the RFS films
area of these larger-scale scattering objects. Its values in the
as-deposited RFS films are also given in Table Ill.

Table 11l lists the EPMA-determined values of the carbon  Additional information on the existence or absence of any
contentx of the RFS samples and their densitiesis mea- preferred orientation of the structural features may be ob-
sured by flotation. We note that the density of Si istained from tilting SAXS measurements, in whitfq) is
2.33 g/cni and that of SiC is 3.22 g/cinso the measured measured at different angles of the film with respect to the
densities range from 91% of Si in sample RFS4 to 96% of Sincident x-ray beani:'%*?Figure 2 shows the effects of the
in RFS8. Hence it appears that the role of the morphologyilt angle on the SAXS of RFS3 and RFS4, which was also
and the hydrogen in lowering is much more significant observed in samples RFS2, RFS7, RFS8, and RFS9. Al-
than the role of the carbon in raising it. though the tilt-angle dependence is weak at hjgtt is large

Figure 1 shows the SAXS intensity(q), where q for 0.1<g<1 nm !, which corresponds to the large fea-
=(4n/\)sind is the x-ray scattering wave vector\ ( tures. Specifically, it shows th&tdrops sharply upon tilting
=0.154 nm is the x-ray wavelength and & the scattering to 45°, indicating that the large-scale features are highly
angle, of as-deposited samples RFS3 and RFS4, as well a@ongated and have a preferred orientation. We suggest that
that of a typical GDa-Si:H film with Cs;_; ~8 at.% and these features are due to residual columnarlike growth and
a single crystal Si¢-Si) wafer. As clearly seen at low, representthe “columns,” which are well known from earlier
1(q) increases steeply with decreasimgWe note that all of ~ microstructural studies to b220 nm in diameter'®and are
the RFS films exhibited this behavior, which can be fit to adefined by lower density regions at the column boundaries.
contributionl (q) of the form appropriate for the line colli- In comparison, the tilting SAXS dependence of films which

1. The microstructure of the as-deposited RFS films

mation slit geometry used here are truly columnar is significantly strong&tThe residual
columnarlike morphology should be kept in mind, however,
IL(q)=Alg? (5)  when considering the possible atomic H diffusion paths.

In addition to the Porod termEq. (5)], all of the RFS
known as the “Porod law.®*? It can be shown to be a samples showed a clearindependent diffuse scattering
general behavior of the “tail”’(i.e., highq) region of the termly (see Fig. 1 and a nanostructural contributidg(q)
scattering curve resulting from structural features, which aréo the SAXS**? The values ofl, are listed in Table IIl.
large relative to the instrumental resolutib#*3 In the  Figure 1 shows that they are roughly a factor of 2 to 3 higher
present work this resolution corresponds+®@0 nm. The than those of device-quality G@-Si:H and roughly two
“Porod constant”A provides a measure of the total surface orders of magnitude higher than those af-8i wafer.Iy(q)
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T T T aa T T TABLE IV. Qgaxs (10?* eu/cn?, +5%) of samples RFS2 -
‘ ‘ RFS8 following each annealing step for timéhour9 at tempera-
o g 1 twreT (°0).
o RFS 4 1 tet RFS2 RFS3 RFS4 RFS5 RFS6 RFS7 RFS8
£ —_ Interference model | 1@30 23 13 21 19 19 21 13
2 R=0.55 nm spheres only 1@350 27 17 26 23 23 26
> 108 1@375 29 20 29 26 27 28
= 2@375 31 22 30 29 32 285
< 3@375 22 31 2.8
+ 5@375 24 315 3.0
— 8@375 24 335 3.2
% 15@375 26 36 3.4
= 102 1@420 38 2.0
) 2@420 3.9 2.1
4@420 41 2.4

where thely(q) term includes the Percus-Yevick interfer-
ence modeling. The excellent agreement clearly justifies this
approach in analyzing the observed SAXS. Figure 3 also
shows(dashed lingthe separate contribution from only the
FIG. 3. The fit of the SAXS of as-deposited RF&drcles to  spherical form factor wittR=0.55 nm, i.e., neglecting the
Eg. (7) (solid line) in which I (q) includes a hard-sphere structure interference effect and the Porod term. The Percus-Yevick
factor based on the Percus-Yevick model. The dashed line showsodel yieldsD=1.7 nm, andv=15 vol.% for the fit

only the spherical form factor witR=0.55 nm. shown, clearly indicating a hard-sphere interaction distance
greater than R.
corresponds to the broad “shoulder” in the highegion of Table Il lists the values of the total integrated intensity of

the SAXS. It can be modeled as a spherical particle formhe SAXS,Qy and C,y of the as-deposited RFS films ob-
factof*? with radiusR and by the Percus-Yevick hard-sphere tained from Eq.(6). The total integrated SAXSQsaxs, IS
interaction theory of the structure factbl* The adjustable also calculated using (q) with 1(q) in Eq. (6). However,
parameters of this model are the effective hard-sphere diamhe integration limits used to calculaf®, andQgaxsare the
eter D and the apparent volume fractionof the particles experimental lower and upper limits qf rather than 0 ane
(nanovoids. This structure factor is needed when SAXS dataas indicated in Eq(6). This has a negligible effect a@y, but
show a well-defined shoulder or maximum since normallyobviously limits the contribution of, t0 Qgaxs

I(g) decreases monotonically with increasiqgThe pres- As clearly seen, the values @f,, range from 0.5 to 1.0
ence of the shoulder or maximum implies that the positions/ol. %. These values are much higher than those of device-
of the scattering object®anovoidg are correlated such that quality GD a-Si:H, which are generally lower than 0.1
scattering interference occurs between thBnandv can be  vol. % and often<0.01 vol. %2

apparently larger than the actuaR2and C,,y, of the nano-

voids due to some type of interaction, e.g., solute 2. Annealing effects and microstructural dynamics
depletiont!*3 As previously suggested fa-SiC:H alloys® of the RFS films

another type of interaction that could play a role is the local

strain fields associated with the nanovoids, inducing correlaée TS:n\ézllé?sagr%%ﬁlso;sear:ereesSiﬁqsrﬁa_rl;zznf?llfg}gnﬁ/aan q
tions in their positiongsee Sec.\Y A 1 below). If the “par- q g step

ticles” are indeed nanovoids or nanobubbles containin hown vs the temperature and annealing time in Fig. 4. The

Lo . nnealing sequence was chosen to enable a comparison with
H,,! then the contribution ofy(q) to the integrated SAXS . g ; :
Qu is related toC,,, by the behavior of RF&-Si:H films which were subjected to a

similar sequence and monitored by IR and SAXS
. measurement$As clearly seenQsaxsincreases monotoni-
= — 2 _ cally with annealing temperature or time. Note that in all
n fo 'W@)qda=K(Ap)"Cavl1=Cav), © casesQgaxs increases by<=100% from the initial to the
most annealed state. In comparis@xyaxs of RFS a-Si:H
whereK is a constant described elsewHereandAp is the  increased by more than 200% following similar annealing
difference between the electron density in #8i; ,C,:H  sequence¥ Hence, it appears that the inclusion of carbon
network and the nanovoid or nanobubble. Equatifnis  slows the evolution of the microstructure significantly. How-
appropriate to the line-slit SAXS geometry. Figure 3 showsever, the dynamics of the microstructure appear to be largely
the agreement between the total observed SAXS intensityydependent ofx for 1.6<x<19 at.%. This point is dis-
I(q) of as-deposited RFS4 and the sum of the three termscussed in greater detail in Sec. IV A 2
The results of the analyses of the SAXS of the samples
() =1.(q)+Ip+Inq), (7)  following the final annealing step are summarized in Table
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FIG. 4. Total integrated intensitPsaxs of the RFS films

1.0

L] T
anneals

T
1—hour
O RFS 2
¢ RFS 3
v RFS 4
o RFS 5§
a RFS 6
e RFS 7
v RFS 8

150 200 250 300 350 400 450

4.0

Anneal Temperature (°C)

T T T T T T T T

0

5 10 15 o 1 2
Anneal Time (h)

annealing temperature and time.

V. Note that the Porod constaht does not change signifi-

J. SHINARZet al. PRB 60
- SRR
4 RFS 4
o As—deposited
- S 10t o 375°C x 15 h |
\C_D/ [ interference
T > model fits
=
%]
N c
[s}]
-
-
Q 107 | 7
< F
wn
N 1 a1l 1
107" 10° 10!
-1
- q (nm )

FIG. 5. As-deposited and annealed SAXS of sample RFS4 with
interference model fits. These fits yield in the as-deposited RIm
=0.55 nm,A=12 eu/nm, Ip=20 eu, andC,,=0.9 vol. % (see
Table Il); in the annealed filmR=0.65 nm,A=11 eu/nni, Ip
=14 eu, andC,,=1.9 vol. % (see Table V.

VS

cantly upon annealingsee also Fig. b However, | de-
creases by 25%—-40% arf@y, and consequentlZ,y, in-

crease by 60%—100% after annealing 2oh at 375°C and
by 100%-200% after annealing for 15 hours at the sam

following annealing for 15 hours at 375°C to that of the
as-deposited film. The analysis 6fq) indicated that the
initial R=0.55 nm average sphere radius of the voids in-
creased toR=0.65 nm following annealingsee Fig. 5.
Such an increase in the average radius would account for a
65% increase iC,,,. Hence, it appears that the expansion of
the average void size is the primary process affec@ng
rather than the generation of additional voids. This behavior
is similar to that of RFSa-Si:H, where it appeared that the
gverage void size increased significarfflydowever, in RFS

temperature. The reduction ig is very likely related to the @-Si:H it was also observed thatremained essentially un-

loss of bonded H, which can cause reduced diffuse scatteri

as demonstrated recentfyFigure 5 comparek(q) of RFS4

TABLE V. The results of the analyses of the SAXS of the RFS
samples following the final annealing step listed in Table IV, in-

cluding the Porod ConstanAA (eu/nn?) [see Eq. (6)], the
g-independent diffuse scattering intensity (eu), the total inte-

grated SAXSQsaxs (10°* eulcn?), the contribution of the nano-

voids to the integrated SAXSQ, (10** eu/cnt), and the resulting
void contentC,y (vol. %) [see Eq.(6)].

X p A Ib  Qsaxs Qn Chv
Sample +15% =*=0.005 5% =*=5% +5% *5% *5%
RFS2 2.0 2.127 12 8 3.1 2.7 1.6
RFS3 1.6 2.156 12 9 2.9 25 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

ngjﬁanged during annealing, leading to the conclusion that the
e

nsity of the Si network increased accordintfly.

In obtaining the interference model fits shown in FigD5,
was 1.8 nm ands was 14 vol. % in the annealed film, as
compared toD=1.7 nm andv=15 vol.% in the as-
deposited film. These negligible changes are consistent with
little or no change in the spatial distribution of the nanovoids
during annealing.

B. DSIMS measurements of H diffusion
in RFS a-Si;_,C, :H, x<3 at. %

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

Figures 7—9 show the behavior @f?(t)) in these films,
determined by fitting the profiles to E2), vs annealing
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1000 0 1000 2000 3000 flttlng the profiles to Eq(2), vs annealing time at the various an-
0 nealing temperatures. Note the log-log scale.
DEPTH (A)
) . , is given by
FIG. 6. DSIMS profile of sample RFS1 following annealing for 2
12 h at 350 °C. The open circles are the fitted complementary error D _ (1-a)L 9
; (t)= . 9
function. a4t

time on a log-log scale at the various annealing temperatures, Hence, for(r?(t))=2.5x10"* cn?, L=1000 A, the
The values ofa [see Eqs(1)—(3)], determined by a linear diffusion constants obtained from Figs. 7-9 and E9),
best fit of logr?(t)) vs logt, are summarized in Table VI. The Which are plotted vs T/ in Fig. 10, yield an activation en-

values ofa in RFS2 and RFS3 are quite low and reminiscent€r9y Ea(1000 A) of~1.7, ~1.4, and~0.65 eV in RFS1,
of device quality GDa-Si:H.!*%1922For each sample, the RFS2, and RFS3, respectively. The first two values are simi-

T iog-1,3,4,7,1
values are all within the error of abot#t0.15 of the average. lar to those found foa-Si:H; ‘the nature of the anoma-

This suggests that within each sample, the temperature déusly low vaI_ue found for RFS3 is not clear.
pendence o is too weak to be determined. This situationis !N concluding the analysis of the SAXS and DSIMS re-
in contrast to that 0o&-Si:H of low-to-moderateC,,,, where sults of th_e RFS films, we note that they demo_nstrate clearly
a typically decreases with increasiriyat T<350°C but thataresidual columnar morphology and a void con@pt
increases strongly at highdr;, regardless of the deposition which increases frone1 vol.. % in the as-depqsﬂed films to
procedure®2%2228The nature of this change in the behavior <2 vol. % in the an_nealed films are not sufficient to suppress
of & caused by 1.6-3 at. % substitutional C doping is disthe long range motion of deuterium or hydrogen.
cussed in Sec. IV below.

Starting from Eq.(3) it can be shown that the diffusion
constantD(t,) for the diffusion length

C. IR measurements of H evolution and bonding configurations
in RFS a-Si;_,C, :H

Figure 11a) shows typical IR spectra of RFSX£ 1.6

_ 2 . . . .
L=2(r«(t)) (8)  at.% as-deposited and following sequential annealing for 1
T T T T TTT l T T L | T b T T T LI - LI | T T T o
- 475°C §
_ 420%¢ 100 >
S o ] < L a=031 ]
o i f 3509 < 1
v B v L i
- = - 0=012 . 1
=055 { ] 375°C
a=0.58 L 4
i =0.48 B
¢ | § a=-014
i 1 | | I 1 { 1t 1 (it 1 108 i L 1 | L L1 ] i L L
104 10° 10° 100
anneal time t (s) annesl time t(s)

FIG. 7. The values ofr?(t)) in sample RFS1, determined by FIG. 9. The values ofr?(t)) in sample RFS3, determined by
fitting the profiles to Eq(2), vs annealing time at the various an- fitting the profiles to Eq(2), vs annealing time at the various an-
nealing temperatures. Note the log-log scale. nealing temperatures. Note the log-log scale.
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TABLE VI. Values of the dispersion parameter for diffusian

. . . i a- As deposited RFS 3
[see Eq(1)] in RFS1-RFS3, as determined by fitting the behavior :3 m@gggg
of (r2(t)) obtained from the DSIMS profiles to EqR) and(3). ¢ ;:%2;28 (a)
f- 8h @ 375C

Sample RFS1 Sample RFS2 Sample RFS3
T(°C) «a (+x0.1) T(°C) « (£0.1) T(°C) a (*0.1)

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

ABSORBANCE (arbitrary units)

h at 300, 350, and 375 °C, followed by additional annealing
for a total of 3 hrs and 8 hrs at 375 °C. The Si-H stretch band !
has a broad “flat” peak at 2000—2100 ¢ due to the N . . , \ . . ,
overlap of the 2100 and 2000 crhbands. There is also a 4000 3500 3000 2600 2000 1890 1000 800
shoulder at ~750 cmm! and peaks at~910 and WAVE NUMBER (em ")

~1000 cm!, which are usually associated with vibrations
of Si-CH,, Si-O, and(wagging C-H, respectively, as men-
tioned in Sec. Il abové®~*

As Fig. 11@ shows, during the annealing sequence the

2000 cm! band weakens relative to the 2100 chband.
As discussed in Sec. IV below, this is consistent with detrap-
ping of H atoms from Si-H bonds embedded in the Si net-
work and diffusion to deeper Si-H bond sites at Si-O sites, T T T T T
Si-C sites, or Si sites on internal surfaces of microvoids or ] 100 200 300 2 4 6 8
nanovoids.

Figure 11a) also shows that the intensities of the SisCH
vibrations at~770 cm'! and the C-H wagging mode at FIG. 11. (8 IR spectra of RFS3, as deposited and annealed
~1000 cm ! increase relative to the Si-H wagging mode atsequentially fo 1 h at300, 350, and 375 °C, followed by additional
640 cml. This behavior is also consistent with the net@nnealing for a total of 3 hrs and 8 hrs at 375 7). Evolution of
transfer of hydrogen and deuterium from the shallower Si- td=si-+ in RFS3, as determined by the evolution of the 640" &m
the deeper C-bonded trap sites. Si-H wagging mode band.

Figure 11b) shows the evolution o€g;_ in RFS3
=1.6 at. %, with initial nanovoid conter@,,=0.5 vol. % shown in the figure, consistent with the net transfer of H
as determined by the evolution of the 640 chSi-H wag-  from Si-bonded sites to the deeper sites mentioned above and
ging mode band>3® Cg;_; decreases by 20% from 12.3 evolution of hydrogen from the film.
=1.5 at. % to 16 1.5 at. %, following the annealing steps  Figures 12—14 show the evolution of the IR spectra and
Csi_n in RFS4 k=3.0+0.7 at. %,Cvo=0.9 vol. %9, RFS5
(x=5.7 at. %,C,,x=0.7 vol. %), and RFS7X=6.0 at. %,
Chvo=0.9 vol. %99, respectively, following the same anneal-
ing sequence as RF$%8ee Fig. 11 The Si-H stretch band of
as-deposited RFS4 peaks a2100 cm !, but includes a
shoulder at~2000 cm!. Thus, it appears that in this film
the initial fraction of the Si-bonded H atoms embedded in the
bulk of the Si network was lower than in RFS3, consistent
with the higher carbon content. Interestingly, while the evo-
lution of the 2000—2100 cit IR band of RFS4Fig. 12a)],
RFS5[Fig. 13a)], and RFS7[Fig. 14a)] is qualitatively
similar to that of RFS3Fig. 11(a)], Cs;_y decreases by a
much larger~50% in RFS4, from 141 to 6.8+1 at. %,
~32% in RFS5, from 121 to 8+1 at. %, and~34% in
RFS7, from 16.81 to 11.0+1 at. %. While it is difficult to
correlate the decrease @fs;_ with x, which is a much

FIG. 10. The diffusion constant®(t,) for (r’(t))=2.5 higher 5.7 at.% in RFS5 and 6.0 at. % in RFS? than the
X101 c?, L=1000 A, obtained from Figs. 7-9 and E@), 3.0£0.7 at. % in RFS4, Table VII shows that it does appear
vs 1. The slopes yield activation energyids,(1000 A) of  to be correlated witlC,,\o andC,y . This correlation is very
~1.7, ~1.4, and~0.65 eV for RFS1, RFS2, and RFS3, respec- Plausible since the average distance from a Si-H group to the
tively. The first two values are similar to those found for nearestvoid surface, where the H may recombine to molecu-
a-Si:H.1214151822The |atter value, which is anomalously low, is lar H,, decreases with increasing,o. This point is dis-
not understood. cussed in greater detail in Sec. IV below.
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FIG. 12. (a) IR spectra of RFS4, as deposited and annealed £ 13, (a) IR spectra of RFS5, as deposited and annealed
sequentially fo 1 h at300, 350, and 375 °C, followed by additional sequentially fo 1 h at300, 350, and 375 °C, followed by additional
annealing for a total of 3 &h8 h at 375 °C(b) Evolution ofCsi_n  annealing for a total of 3 ah8 h at 375 °C(b) Evolution ofCq;_p,
in RFS4, as determined by the evolution of the 640 &nSi-H in RFS5, as determined by the evolution of the 640 &nSi-H

wagging mode band. wagging mode band.

D. Hydrogen dynamics in undoped ECRa-Si g0 14:H usually associated with Si-H bonds in nanovoids, S#nd

The behavior of the deuterium diffusion distan@é(t))  SiH; configurations, or H bonded to Si which is bonded to O
vs annealing time in undoped sample ECR1 at 350, 400, or C (see Sec. |l aboyeé®™*® However, there is a significant
and 450°C is shown in Fig. 15. A typical DSIMS profile shoulder at~2000 cm*, which is the stretching mode vi-
obtained after annealing for 24 h at 400 °C and the complepration frequency of a Si-H configuration embedded in the
mentary error function fit to it are shown in the inset of thatz-sj network3®28 There is also a shoulder at750 cni !
figure. As clearly seen(r(t)) does indeed behave as a and peaks at-910 and~1000 cm, consistent with the
power law function of the diffusiotannealing time t. The  gnsiderable content of Si-GHind C-H configurations, and

values of« are ~0.3, ~0.3, and~0.1 at 350, 400, and he presence of oxygen in the filnisee Sec. Il above
450°C, respectively. As in RFS2 and RF&ge Sec. Il B

above and Table Vland device-qualitya-Si:H,41519.22

these values are very small and suggest that the void contenk pygrogen dynamics in boron-doped ECRa-Sig gCo 14:H

of ECR1 was relatively low. Whilew does appear to de- i

crease with increasing temperature, the decrease is very Several SIMS depth profiles of sample EC@&ron con-

moderate, comparable to the weak increaseriof RFS3  tentCg~0.2 at.%), annealed dt<450 °C and normalized

(see Fig. 9 and Table VI to the maximal D levelCp . are shown in Fig. 17. The
The behavior oD(t,) in the undoped ECR films yields profiles clearly show that the diffusion of most of the H and

an activation energf,(1000 A) ~1.0 eV. As for RFS3, D atoms is suppressed, even Bt450°C. However, the

this value is significantly lower than the typical1l.5 eV  large “tail” of the profile in the undeuterated layer indicates

obtained ina-Si:H at 256< T<350°C121422The nature of rapid diffusion of a small fraction of the D atoms in that

this anomalously low value dE, is not understood and its region. This point is discussed in relation to the exchange

appearance in both RFS and ECR films deserves further amodel of Kemp and Brari23tin Sec. IV E.

tention. Figures 16b)—16(e) show the IR spectra of sample ECR3
Figure 16 shows the IR spectrum of sample ECR5 asnnealed at various temperatures. As in the RFS films, the

deposited. Similar to RFS@ig. 12, the Si-H stretch band ~2000 cmi ! component of the Si-H stretch band weakens

peaks at~2080 cm !, i.e., close to the 2100 cnt band relative to 2100 cm! component while, as in RFS3, the
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FIG. 15. logr?(t)) vs log of annealing timein undoped sample
ECR1, annealed at 350, 400, and 450 °C.

Although not shown in Fig. 18, it should be noted that
some diffusion into the undeuterated layer of the doped films
occurred during growth: The as-deposited normalized D con-
o s 1-hour anneal '[entCD/CDmax of that layer in these films, about 0.01, was

N T T N T T ~10 times higherthan:D/CDmaxinthe undeuterated layer

0 100 200 300 2 4 6 8 of the undoped films. In addition, the level in the latter did
Anneal temperature (°C)  Anneal time at 375 °C (hours) not change with annealing. This behavior is also discussed

) below.
FIG. 14. (a) IR spectra of RFS7, as deposited and annealed

s_equentially for 1 hr at 300, 350, and 375°C, foIIowed_ by addi- IV. DISCUSSION

tional annealing for a total of 3 @8 h at 375 °C(b) Evolution of

Csi—y in RFS7, as determined by the evolution of the 640~ ¢m A. Microstructural dynamics of the RFS films
Si-H wagging mode band. Note that the behavior is similar to that
of RFS3 and RFS4 which is shown in Figs. 11 and 12.

Si-bonded H content (at. %)

1. Microstructure of the as-Deposited RFS films

As described in Sec. Ill. A 1, the SAXS results clearly
~770 cm* Si-CH, and ~1000 cm* C-H wagging demonstrate that the as-deposited films have mass densities
strengthen relative to the 640 cm ! Si-H wagging mode.
Not surprising, this similar behavior suggests that the net

transfer of H from Si- to C-bonded sites or its evolution as in e- 1h@ 420°C
RFS4, RFS, and RFS7, are common features of H dynamics 2_’ ;:ggggg
in a-Si; _,C, :H (see Sec. IV beloyv b- As deposited

Figure 18 shows the deuterium level in the initially un- a- As deposited

deuterated layer, normalized ®,,,,, as a function of an-
nealing time of ECR3 at 360°C and ECR4 at 350°C. Its
growth in ECR3, whereCg ~0.2 at. %, is faster than in
ECR4, whereCg ~0.6 at. %. This behavior is in stark con-
trast to the dramatic boron-induced enhancement of H diffu-
sion in a-Si:H,** but consistent with the introduction of
boron-induced nanovoid§.

TABLE VII. Fractional reduction in the Si-bonded H content
Csi—ny (ACgj_n/Csgi_py) following annealing as shown in Figs.
11-14. Note the correlation with the initial nanovoid cont€nt,

as determined from SAXS. 3 b

Cnvo (VO|. %) ACSFH/CSFH X (at 0/@ 5 Af A AA

Sample (¢-0.1) (£20%) (£15%) a— (N
t 1 1 ] 1

RFS3 0.5 20% 1.6 2500 2000 1500 1000 500
RFS5 0.7 32% 5.7 WAVE NUMBER (cm™)
RFS7 0.9 34% 6.0
RFS4 0.9 50% 3.0 FIG. 16. IR spectra of as-deposited ECR5 and ECR3, and of

ECR3 following the indicated annealing steps.
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during growth such as enhanced surface mobility or in-
creased ion bombardmelit*>4® Hence it appears that the
species derived from the methane in the plasma impede the
process of elimination of the columnar microstructure. The
strength of the C-H bond and consequent incorporation of
CH, and CH; groups in the growing film, which probably

< f:g:ggog ~~~~~~~~~~~ promote the formation of nanovoidg;}"*8223%provide a
_____ 20 h @ 360°C ) plausible explanation for this scenario. However, other fac-
—— 30h @ 330°C tors that affect the microstructural features are clearly

2F . 15h@330°C present: sample RFS3 contained only 1.6 at. % carbon and its

initial nanovoid content was only 0.5 vol. %, but its density
was a relatively low 2.156 g/ctror 92.5% ofc-Si. On the
other hand, sample RFS8 contained 7.1 at. % carbon and the
same initial nanovoid content, and its density was a higher

2.233 g/cm or 96% ofc-Si. One possible factor competing
FIG. 17. SIMS depth profiles of sample ECR3, which containedyith the CHy- and CH-induced columnar microstructure
~0.2 at. % boron(see Table |}, annealed al <450 °C and nor-  anq nanovoids may be the effect of tetrahedtd@mondlike
malized to the maximal D level. carbon bonding and CH groups in increasing the density of
) ) ) ~ the network. Since we cannot determine the fraction of C
that are 90-96% that of c-Si, residual columnarlike micro-atoms that are bonded to no more than one H atom, this
structures with columns=20 nm diameter, and 0.5-1.0 gyggestion remains speculative. However, it may be estab-
vol.% ~1 nm-diameter nanovoids with no preferred shapejished or refuted by the fabrication and study of films with
or orientation, modeled as spheres. In comparigei:H  higher carbon content or thick films that yield a detectable
films prepared under otherwise identical conditions had dene_H |R stretch vibration band circa 3000 ¢
sities that were 96% that of c-Si, exhibited no columnar mi-  Another interesting feature resulting from the analysis of
crostructure, and contained no more than 0.5 vol. % nanone SAXS of the as-deposited RFS films is the suggested
voids when deposited at an rf powRe=400 W% Hence it extent of the “strain fields” induced by the nanovoids, with
appears that in general, introduction of the carbon throughn, effective diameter of-1.7 nm in RFS4. Since the aver-
the methane in the plasma promotes the formation of th@ge diameter of the nanovoids themselves is 1.1 nm, the
columnar microstructure and the 1l nm diameter nano- “strain fields” are very short-ranged. In addition, priori
voids. It is well known that the columnar microstructure is anye would expect the distorted tetrahedral network to be ac-
inherent feature of the basic nucleation and growth procesgjally more relaxed around the nanovoids than deeper in the
of a-Si:H films* However, in GD films deposited at suffi- pylk of the network. The results of the SAXS analysis are
ciently high substrate temperatures 250 °C) or RFS films  also consistent with this picture in which the network is more
deposited at sufficiently high-rf powee(300 W) this mi-  relaxed around the nanovoids. Note that the range of the
crostructure is eliminated by dynamical processes occurringelaxation induced by the nanovoids is only of order
~0.3 nm, or about one monolayer, which is consistent with
s . T T T T ) the prevailing results of calculations of the network disorder
o about multivacancies and nanovoids.

P 2. Dynamics of the microstructure of the RFS films

7 As shown in Fig. 4 and Tables IV and V, and described in
[ ° .- ] Sec. Il A 2 above, the integrated SAXS of all the RFS films
4+ 7 . increased similarly with annealing. This increase of up to
7 ~100% was qualitatively similar to but considerably weaker
than that of RFS1-Si:H, where it increased by 200% fol-

! _ lowing similar annealing sequenc¥s.Since these RFS

J —*— Sample3(-0.22t.% B, 360°C) a-Si:H samples included films with a more pronounced co-
- |/ -0~ Sample4(-063a1. % B,350°C) lumnar microstructure than that of the films studied in this
work, the weaker increase @, cannot be attributed to this

! microstructure. Hence, it is suspected to be due to the
strength of the Si-C and C-H bonds, which is greater than
that of Si-Si and Si-H.

DEUTERIUM LEVEL (arb. units)
T
(o]
i

] ] 1 1 1 1
20 40 60 80 100
ANNEAL TIME (HRS)

B. Hydrogen dynamics in the RFS films

. . o 1. Long-range atomic H motion and voids in the RFS films
FIG. 18. The deuterium level in the initially undeuterated layers

of ECR3 and ECR4, normalized relative to the level in the deuter- The first obvious observation is the long-range motion of
ated layer, as a function of annealing time of ECR3 at 360 °C andhe D atoms and presumably of the H atoms as well, in
ECR4 at 350°C. sample RFS1, RFS2, and RFS3. The SAXS measurements



15 886 J. SHINARet al. PRB 60

yielded nanovoid contents which increased with annealing.e., those on void surfaces or bonded to Si-C or Si-O groups.
from 1.0 to 1.6 vol. % in RFS2 and from 0.5 to 1.4 vol. % in This is also consistent with the greater trapping energy of the
RFS3. Previous work demonstrated that a sufficient nandatter type of H atoms. o _ _

void and microvoid content suppresses the long range atomic 1he results do not enable a quantitative comparison with

1
D and H motion, but the threshold value necessary to quenci® H-éxchange model of Kemp and Braifiz" However,

that motion was not determind@?°?2However, it did ap- €Y @ppear to be in qualitative agreement with it, since geo-

. . i . metrical considerations would suggest that the probability of
pear that in quasicolumnar and columnar films the void con- xchange of an H atom in a transport state with an atom on
tent exceeded this threshold. This is plausible when consids ¢, rface is less than with a Si-bonded H atom embedded in
ering the nature of this quenching phenomenon: the longie pulk of the network.

range atomic H motion observed by DSIMS is suppressed

when the distance between any site on the Si network and the D. Hydrogen dynamics in undoped ECRa-Siy gdCo.14:H

nearest _surface is no more than th80 A resqlutlon of the _ The anomalously low-activation energg,(1000 A)
SIMS, since H atoms on these surfaces typically recombine.1 0 eV of H and D in undoped ECR1 is not understood
to molecular H which does not redissociate. Yet the presenthut clearly deserves attention since it is widely believed that
results demonstrate that the H and D atoms still undergthe value of~1.5 eV typically found ina-Si:H is related to
long-range motion in films with a residual columnar micro- the energy required to release an H atom from a Si-bonded
structure and a nanovoid content which increases with arsite to the transport state. Hence, the present results could
nealing from 1.0 to 1.6 vol. %in RFS2 and from 0.5to 1.4 invoke a speculation that the H and D atoms diffusing
vol. % (in RFS3. Sincea is much less than 1 in these films through the undoped ECR films are trapped in shallower

- ites. While the evolution of the IR spectra of boron-doped
(see Sec. IIA 3 and Table V), it may be suspected that the S'€S. VWWhil€ | :
boundaries of the residual columnarlike features are not CR3 is similar to that of the RFS films, one cannot rule out

. . : T . e possibility that the IR of undoped ECR films may indi-
efficient in trapping and eliminating atomic H and D from 40" o jifferent behavior. This issue obviously warrants a

the network as the surfaces of spherical-like nanovoids anf,ore detailed SAXS. IR. and SIMS study of undoped ECR
microvoids. A possible scenario that would account for thisy-gj, . C, :H.

observation is that of boundaries and nanovoid surfaces that
are largely covered by saturated CHroups, which would E. Hydrogen dynamics in boron-doped ECRa-SipgeCq 14:H

inhibit trapping of diffusing atomic H or D. The DSIMS profiles of 0.2 at.% boron-doped ECR3
shown in Fig. 17 are sharp and “unsmeared,” but still con-

2. Nature of the long-range atomic H motion in the RFS sistent with complementary error-function profiles indicating
carbide films that most of the D atoms do not undergo long-range motion.

o ) This is in contrast to the behavior of undoped ECR1, the
The diffusion constanD(t,) for L=1000 A yields an yndoped RFS carbides, and undoped and doped GD and RFS

activation energy of~1.4 eV in RFS1, RFS2, and RFS3. a.Sj:H, and is very intriguing. On the one hand, boron dop-
This activation energy is similar to that of H diffusion in ing is well-known to dramatically enhance the H diffusion
a-SitH."#14"2%Hence, it appears that the incorporation of constant ina-Si:H.1580n the other hand, it is also well-
up to ~3 at.% carbon does not chan@g significantly.  known to induce hydrogen complexes in*SiTherefore, the
This conclusion can be readily understood within a scenaridehavior shown in Fig. 17 may be due to slow release of the
in which the carbon atoms are either bonded tightly to otheD atoms from deep traps in B-induced complexes in the
Si and C atoms in the network, or are present as saturatdditially deuterated top layer followed by fast diffusion
CH, groups at the boundaries of the residual columnar feaamong the transport states in the bottom layer. In other
tures or at the surfaces of nanovoids. Such carbon woul@ords, the relevant profile to be considered is the “flat”
probably interact less with the hopping H and D than Si withProfile in the bottom layer, which is consistent with very fast
weak bonds to the network or with a dangling bond or an pdiffusion. The DSIMS profiles shown in Fig. 18 may now be

atom at a nanovoid surface. As a consequence, H diﬁusioHnderStOOd within this scenario: The boron level of 0.2 at. %
would be quantitatively similar to that found in In ECR3 is sufficient to enhance the diffusion in the bottom

a-Si-H.12.14-17.19,20,22 layer to a “flat” profile, but the increased boron content and
' B-induced H and D complexes in ECR4 cause a slower re-
lease of D atoms from the top layer. It is interesting to note
that such complexes are apparently not sufficiently signifi—
cant to yield such behavior in B-doped G&Si:H.**!
However, ECRa-Si:H does exhibit behavior indicative of

As mentioned in Secs. Ill C and Il E, the IR spectra of enhanced B-induced deep H-trap formation, probably on
both RFS3 and the ECR films showed clearly that theB-induced nanovoids, and very fast diffusion among the
C-bonded H content increases at the expense of the Siransport state¥ The recent results of Estes al,*® which
bonded H. This net transfer results naturally from thedemonstrated a significant growth in nanovoid density with
strength of the C-H bond, which is greater than that of theB doping of a-Si:H, are entirely consistent with this sce-
Si-H bond. The IR spectra of all the RFS films also indicatenario. Finally, the behavior of the B-doped ECR carbides
hydrogen evolution. Figures 11-14 and 16 demonstrate thaflso appears to be in qualitative agreement with the hydrogen
the H atoms whose stretch vibration mode is at 2000 tm exchange model of Kemp and Braifz* but the results are
i.e., embedded in the bulk of the Si network, contribute morenot sufficiently detailed to enable a quantitative comparison
to this process than those vibrating at 2080— 2150 tm with that model.

C. Hydrogen bonding and evolution from the RFS
and ECR carbide films
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V. CONCLUSIONS (h) H diffusion in the undoped ECR films also exhibited
The results and their analysis described in this work lea IT!%BSISE(;SY?) n;(\)/tloxhitélﬁ]t glsnoorvgzdir:s?gg? thogrselgétr)]\tlv
. . . . . a . l .
to the following conclusions on RFS and E@RSI1_xCx:H: 16 dispersion parameter descreased from-0.3 at 350—
(@ RFS carbide films, with as litle as ~1.6 at.%  400°C to~0.1 at 450°C, whereas &-Si:H it decreases up
carbon, exhibit a residual columnar morphology, with col-1 _350°¢ put increases at higher temperat@é&.This

umns=20 nm in diameter, which are absent fra@Si:H  pehavior is also consistent with slower network dynamics in
deposited under similar conditioh$Since a columnar mor- the ECR films as compared @ Si:H.
phology is generally incipient in the nucleation and growth (i) Boron doping of the ECR carbide films was found to
of a-Si:H thin films* but is destroyed by dynamical pro- reduce the bulklike Si-bonded H content, suggesting that it
cesses during growth under appropriate conditions, it appeatsduces nanovoids, which is consistent with its effects in Si
that the carbon atoms strengthen it and render it more robusiRef. 47 and the observed trapping of most of the H and D

(b) The nanovoid volume of these films is 0.5-1.0 vol. %, atoms at deep sites. However, a small fraction of the H atoms
which is considerably higher than in the comparableapparently undergo very fast diffusion through transport
a-Si:H.1° states, reminiscent of B-dopedSi:H.'* The motion appears

(c) The columnar morphology and nanovoid volume leadto be in qualitative agreement with the H exchange model of
to an overall film density of 2.12-2.23 gm/@mi.e., 91— Kemp and BranZ%3!
96% of the density of Si which is 2.33 g/émAs the density
of SiC is 3.22 glcm, it appears thgt the primary_ structural VI. SUMMARY
effect of 1.6—19 at. % carbon is to induce a relatively robust
columnar morphology and a relatively large concentration of Small angle x-ray scatteringSAXS), IR, and deuterium
nanovoids in the network, leading to a relatively low-densitysecondary-ion-mass spectrometBSIMS) studies of micro-
film. structure and H dynamics in rf-sputter-depositéeFS

(d) The evolution of the SAXS and the IR of the RFS a-Si;_,C,:H (1.6=<x<19 at.% and electron-cyclotron
carbide films following the annealing processes describedesonance-deposite(ECR) a-SiygeCp 14:H Was described.
above indicate that despite the net transfer of H atom fronThe SAXS of the RFS films indicated a residual columnar
Si- to C-bonded sites, which is expected from the greatemorphology and a nanovoid content &&,,<1.0 vol. % in
strength of the latter bond and hydrogen evolution, the netall of the RFS films. The larger-scale residual columnar mi-
work relaxation processes in these carbide films are signifierostructure was unaffected by annealing of op4t h at
catly slower than those in the corresponding RFSi:H and 420 °C but the integrated SAXS increased-b%00%, indi-
are largely manifest in a20% growth of the diameter of cating a similar increase in the nanovoid content. This in-
the average nanovoid. The slower network relaxation dycrease was smaller than that exhibited by REFSi:H, sug-
namics are entirely consistent with poirigg—(c) above. gesting that the carbon atoms incorporated in the Si network

(e) Earlier work on RFSa-Si:H demonstrated that a suf- weakened the network’s relaxation processes. A detailed
ficient nanovoid and microvoid content suppresses longanalysis of one of the typical SAXS intensity data sets indi-
ranged atomic H motioh’'8??The results described in this cated that this increase was due largely te 20% increase
work demonstrate that the nanovoid content of up to 1 vol. %n the average diameter of a nanovoid from0.55 to
and the residual columnar morphology of the carbide films~0.65 nm. Assuming a strain field as the origin of the ob-
are insufficient to suppress the long-range motion. As typicaserved interference effect which results from correlated
of a-Si:H, this motion was observed to be dispersive, i.e., thenanovoid positions, the SAXS-indicated range of the strain
diffusion constant D depended on time asD(t) field was found to be only a few angstns or roughly one
=Dgo(wt) ¢, where the dispersion parametewvaried from  bond length.
0 to 0.5-0.1 among the samples, but was temperature inde- In spite of the residual columnar morphology and a nano-
pendent at 350& T<475 °C. This behavior contrasts that of void content which reached-1.6 vol.% in films with x
a-Si:H, where @ was shown to be strongly temperature <3 at. %, their DSIMS depth profiles demonstrated long-
dependent®2%-2228However, since it was also shown that  range atomic H and D motion in agreement with a power-
is strongly affected by network relaxation processes, itdaw time-dependent diffusion constabt(t) =D gy wt) ™ ¢,
weak-temperature dependence in the carbide films is entirelyith low or moderate values of the dispersion parameter
consistent with the slower network dynamics as monitoredrhe dependence of on the annealing temperature was
by the SAXS measurements and mentioned above. weaker than that observed aSi:H, also consistent with

(f) The activation energieg, for H diffusion lengthL ~ weaker network relaxation dynamics. The activation energy
=1000 A were similar to those measured previously forfor diffusion over a diffusion length of 1000 &,(1000 A)
a-Si:H, but the diffusion in one of the RFS films exhibited was~1.7 and~1.4 eV in two films, which is similar to the
an anomalously lowE,(1000 A)~0.65 eV, which is not values found ina-Si:H, but an anomalously low0.65 eV
understood at present. These results suggest that H motioniim a third sample. The IR measurements indicated that the
these RFS carbide films is very similar to thatarSi:H. Si-bonded H conten€Cg;_ deceased by 20% - 50% over

(g) As in the RFS3 film, annealing of the undoped ECRthese annealing periods. The fractional reductiorCiy_y
a-Sig gCo.14:H films also induces a net transfer of H atoms appeared to be correlated wi@,,,, as expected since the
from Si- to C-bonded sites, as expected from the greatedistance from any given Si-H bond to the nearest surface
strength of the latter bond. Evolution is observed from all thedecreases with increasirtg,, .
RFS films. The IR measurements on some RFS and ECR films
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also demonstrated that during anneali@g; ,, decreases D atoms were deeply trapped, possibly at surfaces of
relative to the C-bonded H conte@._p, which is also B-induced voids and B-induced complexes, but they are also
expected from the greater strength of the C-H bond relativeonsistent with fast diffusion of a small fraction of the H and
to the Si-H bond. Hydrogen evolution from the RFS films isD atoms among transport states, reminiscent of the
also observed. In addition, the reduction in th&000 cm! B-induced enhanced H diffusion aSi:H. The evolution of
Si-H stretch vibration band, characteristic of H embedded irthe DSIMS of the B-doped ECR films also appeared to be in
the network, was greater than that of the 2080-2150%cm qualitative agreement with the H-exchange model of Kemp
bands, characteristic of surface Si-H, C-Si-H, and O-Si-Hand BranZ%3!

groups. This behavior is also consistent with the migration of
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