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Nanoclustering of hydrogen in ion-implanted and plasma-grown amorphous silicon
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We report a systematic study of small-angle x-ray scattering and Raman spectroscopy on hydrogen-
implanted amorphous silicon (a-Si) and standard device-quality plasma-growna-Si:H, both having a hydro-
gen concentration of 11 at. %. The modifications of short-range and medium-range structural order induced by
annealing are investigated. We find that annealing causes the formation and growth of nanoscale H complexes
in both materials. However, the volume content of the H nanoclusters is strongly influenced by the disorder in
the original structure, remaining smaller by a factor of 3 in thea-Si:H with respect to the H-implanted sample.
We discuss qualitative resemblances and quantitative differences of the structural evolution of H-implanted
a-Si anda-Si:H in terms of H solubility and defect structure ina-Si. In addition, the study ofa-Si implanted
with H at different concentrations shows that the amount of H nanoclustering increases superlinearly with the
concentration of H atoms exceeding solubility.
@S0163-1829~98!00843-1#
e
-
ri-
b

-

-
g
-

a
ed
r-

. %
f
ca

ly
o
de

tra

he
e
ues-
ed
ct
di-

een
of

es,
in

t
ural
i-

, the
var-

e of
n-
-

s a
n-
I. INTRODUCTION

A vast number of experimental investigations of hydrog
nated amorphous silicon (a-Si:H) has revealed a high com
plexity of the hydrogen microstructure in this material. Va
ous covalent bondings of H to Si have been recognized
infrared-absorption spectroscopy~IR!, the dominant ones be
ing wSi—H and (vSivH2)n , n>1.1 In addition, nuclear
magnetic resonance2,3 has identified two distinct local envi
ronments for H. According to these measurements, hydro
is present in an isolated phase~i.e., the mean spacing be
tween H atoms is larger than 5–8 Å! and in a clustered
phase. In device-quality material, clusters contain 5–7 H
oms, the configurations of which are not clearly recogniz
Finally, the morphology of the grown films is generally cha
acterized by the presence of low-density defects~voids or
H-rich regions! on the nanometer scale.4–6 The increase of
the H content in the films to values higher than 10–15 at
is usually accompanied by an increase of the amount o
present in the clustered phase and of nanos
inhomogeneities.3,7,8

These results have raised the question whether on
definite amount of hydrogen is beneficial to a specific am
phous structure, that is, in the passivation of electronic
fects and in the release of the network strain.9 Hydrogen
incorporation into the network above that definite concen
PRB 580163-1829/98/58~19!/12853~12!/$15.00
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tion would then lead solely to an increase of the H in t
clustered phase,10 a configuration believed to be mor
loosely bound to Si than the isolated phase. Posing the q
tion in other words, it may be that either the H atoms add
above those ‘‘beneficial’’ are just less effective in the defe
passivation, or they are responsible for the creation of ad
tional structural and/or electronic defects. There have b
several efforts towards the understanding of the influence
the variation of H concentration on the structural properti
mostly by investigating the effects of post-hydrogenation
plasma-growna-Si:H.11–13 It seems, however, very difficul
to draw general conclusions, mainly because the struct
properties ofa-Si:H depend strongly on the plasma cond
tions and substrate temperature during growth. Therefore
structural properties and the H concentration cannot be
ied independently.

This question seems to have an answer in the cas
amorphous silicon prepared by ion implantation. Io
implanted purea-Si ~unhydrogenated! appears to be attrac
tive as a model system since it is void-free14 and its struc-
tural properties are reproducible.15,16As-implanted purea-Si
exhibits a density of defects of the order of 1 at. %,15,16 of
which only a small fraction~;0.04 at. %! consists of para-
magnetic defect centers, i.e., dangling bonds.17 Introducing
H into this system, again by ion implantation, represent
well-controlled method to vary the H concentration indepe
12 853 ©1998 The American Physical Society
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12 854 PRB 58S. ACCOet al.
dently of other parameters.18,19 Previous experiments on H
implanted amorphized Si~Refs. 20 and 21! have indicated
that the alloy has a stable network structure only when c
taining H below and up to 3–4 at. %. Hydrogen-rich defe
on the nanoscale are observed to nucleate upon anne
when the H content exceeds this concentration, which
fines the solubility limit of H in amorphized Si. In othe
words, results20 have suggested a finite concentration of
atoms that can be accommodated in the Si network sites
that move upon annealing while remaining dissolved as S
bonds in the alloy phase.

Given the large knowledge base regarding the structur
amorphized materials, another interesting question
whether and how the defect density of 1–2 at. % presen
the amorphous structure before hydrogenation15,16 can be re-
lated to the H solubility of 3–4 at. %.20 Unfortunately, we
encounter here an unresolved problem: the defect struc
before and after hydrogenation can never be directly co
pared, for the introduction of H itself modifies the networ
Relaxation and defect-annealing processes occur conc
tant with H motion. These processes involve modifications
the atomic configurations and the creation of metasta
defects.22,23

To deepen our knowledge on the influence of the netw
disorder on the H clustering process, we have thus adopt
different approach. A comparative study is undertaken
tween the amorphized material, characterized by a h
disorder24 and defect density,16,17 and device-quality,
plasma-growna-Si:H. The initial H content is similar in the
differently prepared samples. We have used small-angl
ray scattering ~SAXS! and Raman scattering to obta
complementary information on the atomic and nanoscale
order of the alloy structure. In this paper, it is demonstra
that, for depositeda-Si:H, annealing of an initially homoge
neous structure on the nanometer scale leads to a proce
H clustering, followed by a precipitation on a larger sca
similar to that of H-implanteda-Si containing H in excess o
the solubility limit. In addition, it is observed that the degr
of H clustering in plasma-growna-Si:H is much lower than
that shown by the implanted samples. The influence of st
tural properties, such as the initial H content, the defect st
the preparation temperature, and the presence of H-rel
defects, on the amount of H nanoclustering are discusse

II. EXPERIMENT

A. Samples

H-implanted samples

For SAXS measurements a 75-mm-thick double-polished
Si wafer was irradiated with Si ions at various ionizati
states and energies ranging from 0.5 to 17 MeV. The bo
bardment produced an amorphous layer of 8.5mm thickness.
The amorphized layer was then irradiated with H2 ions at 19
energies ranging from 50 to 500 keV/amu. The total injec
dose was 3.1631018 cm22. All implants were carried out on
a liquid-nitrogen-cooled target. Figure 1 illustrates the h
drogen depth profile for the H-implanted sample in the
implanted state, as measured by secondary-ion mass s
trometry ~SIMS!. The profile exhibits 19 peaks, of maxim
concentration of 1261 at. %, corresponding to the differen
-
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implantation energies. SAXS and SIMS measurements w
performed on the same sample.

Implanted samples will be referred as to the MH@or
a-Si~H!# samples. MH indicates amediumH content that
falls in between that of the low H and HH~high H! samples
previously studied.20,25

Glow-discharge deposited samples

Device-quality intrinsica-Si:H films were produced using
plasma-enhanced chemical vapor deposition~PECVD!. A
mixture of SiH4 and H2 at the ratio 1:1 with a pressure o
0.35 mbar was used during deposition. Films deposited
der the same conditions were used as the intrinsic laye
make a single-junction solar cell with a 10% initia
efficiency.26

High-purity aluminum foil and standard crystal Si wafe
were used as substrates for SAXS and Raman spectrosc
respectively. The substrate temperature during deposi
was 250 °C. Elastic recoil detection~ERD! measurements
were made in the sample onc-Si in the as-deposited stat
and after annealing at 425 °C for 1 h~not shown!. The
sample exhibits an initially flat H distribution of 11 at. %.

The mass density of the film deposited on Al foil wa
determined by flotation analysis to be 2.23 g/cm3. These
films will be referred to as the GD samples.

Thermal treatments

Ion-implanted and deposited layers were subjected to s
sequent anneals up to 4 h attemperatures ranging from 20
to 500 °C, in 50 °C increments up to 400 °C and in 25
increments for higher temperatures.

B. Measurements

Raman scattering

Raman measurements were performed with the 514.5
line of a Ar-ion laser. At this wavelength, the penetrati
depth is;60 nm ina-Si:H. To avoid laser-induced annea
ing or crystallization of the probed layer, the beam was
focused and the power of the laser was kept below
W/cm2. The width of the transverse-optic-like~TO! peak of
the Stokes spectra was estimated by fitting the spectra w
sum of Gaussian functions corresponding to the differ

FIG. 1. The hydrogen SIMS depth profile for the as-implant
MH sample.
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PRB 58 12 855NANOCLUSTERING OF HYDROGEN IN ION-IMPLANTED . . .
spectral bands that characterize thea-Si. For each experi-
ment run, a spectrum of a standard sample~purea-Si) was
taken and the linewidth of the TO peak estimated by fittin
The standard deviation of the measured and fitted value
the linewidth for the standarda-Si sample should then ac
count for the error both in the experiment and in the fitti
procedure used for the data analysis.

Small-angle x-ray scattering (SAXS)

The SAXS experiments were performed in a Kratky ca
era with a line-collimated setup. The radiation source wa
Rigaku rotating anode~Cu! x-ray generator; the CuKa ra-
diation (l51.54 Å) was selected with a crystal monochr
mator. The count rate was recorded by a proportional cou
as a function of the momentum transferq5(4p/l)sinu ~2u
is the scattering angle! from about 0.1–6 nm21. Further ex-
perimental details are given in Ref. 6.

III. RESULTS

A. Raman spectroscopy

The half width at half maximumG/2 of the TO peak ob-
served in the Raman spectra ofa-Si provides information on
the short-range structural disorder of the amorph
network.27

Figure 2 shows the changes inG/2 as a function of the
annealing temperature in correlation with the variation of
integrated absorption coefficient for the IR absorpti
stretching band in thea-Si:H sample. Details on the IR mea
surements are reported elsewhere,28 but it is worth noting
that ~1! a very good agreement exists between the H con
evaluated by ERD and that from the integrated absorp

FIG. 2. The integrated absorption coefficient of the stretch
modes of the GD sample~a! and the half-width at half maximum
~G/2! of the Raman TO peak~b! as a function of the annealin
temperature.
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coefficient;29 ~2! H atoms are bonded to Si mostly as mon
hydrides. The data shown in Fig. 2~a! indicate that the loss o
bonded H starts at annealing temperatures higher t
300 °C.

The value of G/2 in the as-deposited state is 32
60.5 cm21 @Fig. 2~b!#, which corresponds to a value of;8°
for the Dq ~the root-mean square bond-angle distortion!.24

The position of the TO-like peak is at 47862 cm21. Anneal-
ing at temperatures up to 400 °C induces no changes inG/2,
outside the experimental uncertainty. After annealing
400 °C for 4 h and at higher temperatures, a significant
crease inG/2 is observed.

The sample surface of the annealed GD sample was
amined by optical microscope and after thermal treatmen
500 °C appeared to be covered with microcracks, wh
caused a strong light scattering from the incident laser be
This affected the Raman spectra and the error associ
with the value for the 500 °C-annealed sample~4 h! is the
mean-square deviation of the measurements on several
tinct positions of the sample surface. No crystalline pha
was detectable after the last annealing.

B. SAXS results

1. H-implanted a-Si

Figure 3 summarizes SAXS data from the MH samp
The scattering intensity for the sample in the as-implan
state and after annealing up to and including 250 °C~not
shown! is essentially independent of the momentum trans
q. It follows that ~1! the signal contains only diffuse SAXS
intensity, which originates from atomic-scale density fluctu
tions; ~2! nanoscale inhomogeneities, if present, are well

g FIG. 3. SAXS intensities from the H-implanteda-Si MH
sample in the as-implanted state and after subsequent annealin
4 h at various temperatures. The line through the data of the
implanted sample is drawn to guide the eye.
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12 856 PRB 58S. ACCOet al.
low the present SAXS sensitivity of 0.1 vol %.6 In order to
examine the variation in the diffuse scattering intensity up
annealing, the data of each scan were averaged in the
<q<6 nm21 range. Results are reported in Fig. 4. For co
parison, the diffuse intensities originating from amorphiz
pure a-Si ~no H!,14 and from thec-Si reference are also
shown. Annealing at 200 °C does not cause any detect
change in the SAXS diffuse intensity of the MH samp
while an increase is evident after annealing at 250 °C.

As a result of annealing at 300 °C, the scattering inten
increases and exhibits a weakq dependence~Fig. 3!, consis-
tent with the presence of 0.11–0.15 vol % of low-dens
nanoscale structural defects of 0.560.05 nm average radius
Heating above 300 °C induces a systematic increase in
SAXS signal, which demonstrates an increase of the volu
content of the inhomogeneities. The presence of a rela
maximum in the intensity atq>1 nm21 indicates the occur-
rence of interference effects between the particles~in this
contest an inhomogeneity is treated as a single ‘‘particle!.
This implies that the interparticle distance is of the sa
order as the particle size and that particles are correlate
position. The shift of the maximum with annealing tempe
ture toward lowerq is representative of a larger separation
the inhomogeneities. The steeper rate of fall-off of the int
sity versusq with higher anneal temperatures demonstra
growth of the particles. After annealing at 500 °C, the av
age radius of the inhomogeneities has increased to a valu
1.160.1 nm. At this temperature regime, no interparticle
terference is detected in the data.

The increase of the SAXS signal upon annealing aT
.300 °C occurs in concomitance with the reduction of t
diffuse scattering component, observable in the large-q por-
tion of the data in Fig. 3. This agrees with a H loss from the
matrix or a reduction of the alloy clustering, which cause

FIG. 4. SAXS diffuse intensity for the samples MH and GD
the initial state and after subsequent annealing at various temp
tures. Annealing times were 4 h for the MH sample and from 1 to
h for the GD sample. We show also the value of the diffuse SA
for the as-implanted purea-Si from Ref. 14 and forc-Si.
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decrease of the Laue monotonic scattering~Sec. IV B!. Val-
ues of the diffuse component at high-annealing temperat
in Fig. 4 have a relatively large uncertainty because they
an average of the few high-q data points less affected by th
q-dependent contribution.

A relatively high density of microcracks and blisters o
the micrometer scale was observed by optical microscope
the surface of the MH sample after annealing atT
5500 °C. It is likely that these surface defects are related
the enhanced scattering at very low-q values observed in the
SAXS intensity for the MH sample annealed at temperatu
higher than 350 °C. The low-q signal denotes the presence
density fluctuations on a much larger scale. The contribut
of this smaller-angle intensity to the signal increases w
annealing temperature.

2. PECVD a-Si:H (GD sample)

SAXS intensities from the GD sample in the as-deposi
state and after various thermal treatments are presente
Fig. 5. As a general observation, all the signals exhibi
strong rise at smaller angles (q<1 nm21), indicative again
of larger-scale objects~>10 nm!. A low-q signal is usually
observed ona-Si:H and will be discussed more in detail i
Sec. IV C. We focus the attention here on the portion of
data ofq>1 nm21. A very low scattering intensity with es
sentially noq dependence characterizes the signal of the
posited film in the initial state (Ts5250 °C). Annealing at
temperatures up to the deposition temperature does not
duce any change in the SAXS intensity, and the little var
tion observed in the 300 °C-annealed sample~not shown! is
not considered to be significant. Results indicate once ag
that the signal consists of only diffuse scattering intens

ra-

FIG. 5. SAXS intensities from thea-Si:H GD sample in the
as-deposited state and after subsequent annealing at various
peratures. The line through the data of the as-deposited samp
drawn to guide the eye.
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and therefore that nanometer-scale inhomogeneities are
low the technique sensitivity in this temperature regim
Similar to the implanted sample, averages of the SAXS d
in the 1.5–6 nm21 q range were calculated and are compa
with those of the MH sample in Fig. 4.

Thermal treatments at temperatures higher than 300
modify the structure of the film. The diffuse scattering sy
tematically increases after annealing up to and includ
400 °C, and is followed by a decrease at higher temperat
~Fig. 4!. After annealing above 350 °C, aq dependence is
clearly visible in the SAXS signal~Fig. 5!. Data associated
with the sample annealed at 400 °C for 4 h are consisten
with 0.10–0.13 vol. % of inhomogeneities of 1.260.3 nm
average radius. The volume content of these nanoscale
ticles increases following annealing at higher temperatu
whereas their average radius appears to decrease.

To inspect the shape of the particles, the 425 °C-anne
sample was tilted at 45° relative to the beam direction.
difference in the SAXS signal was detected with respec
the nontilted data~not shown!, suggesting that the inhomo
geneities have either spherical symmetry or are rando
oriented.

After anneals higher than 350 °C, thea-Si:H sample was
also measured by x-ray diffraction to check for the occ
rence of the crystallization in the amorphous layer. The cr
talline phase was detected after annealing at 450 °C for
It is worth noting that Raman measurements have found
evidence of the crystalline phase on the sample deposite
c-Si substrate under the same conditions, and anneale
temperatures as high as 500 °C~Sec. III A!. The relatively
low-temperature crystallization of thea-Si:H film deposited
on aluminum was previously observed30 and attributed to the
rapid interdiffusion of Si and Al with consequent enhanc
ment of the crystallization process.

3. Dependence of the inhomogeneity content
on the annealing temperature

Figure 6 illustrates the variation of the volume fractio
and of the average radius of the nanoscale particles
function of the annealing temperature for the MH and
GD samples. Values result from the analysis of the SA
data, which is described in the following section. Data
compared with results from a previously studied implan
sample containing 20 at. % H~HH sample!.20 The different
preparation conditions of the samples discussed in this w
are summarized in Table I.

The volume fractionf 2 of the nanoscale inhomogeneitie
of the GD sample remains lower than that of the implan
material at any temperature regime@Fig. 6~a!#. Besides, the
annealing temperature at which the nanoparticles are
tected differs in the two cases. Nanoparticles appear in
implanted material above 250 °C, whereas temperatu
above 350 °C are necessary for the GD sample.

We turn now to the comparison between the MH and
HH samples, implanted with hydrogen at concentrations
12 and 20 at. %, respectively~Table I!. For both samples, the
average radius monotonically increases with the annea
temperature@Fig. 6~b!#, from a value of 0.5 nm~the mini-
mum size that can be presently detected by SAXS! to a value
of about 1.4 nm. The volume fractionf 2 of the inhomogene-
ities increases likewise for the two samples at annealing t
be-
.
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peratures up to and including 400 °C. At higher tempe
tures, the behavior of the two samples diverges. While
the MH sample,f 2 saturates and then decreases, the volu
fraction for the HH sample keeps on increasing. After a
nealing at 500 °C,f 2 has increased to a value of 2.5% for th
HH sample, whereas thef 2 value is 0.4% for the MH
sample. At this point, it is important to note that the 20 at.
sample received atotal injected dose similar to the MH
sample (;331018 cm22). However, the HH sample re
ceived 10 H implants, while the presently studied sam
received 19 implants~Fig. 1!, over the same thickness. Th
implies a less uniform initial H concentration in the H
sample than in the MH sample: the distance between th
peaks in the former case is nearly twice as large. Never
less, a large divergence in the volume fraction for tempe
tures above 400 °C is found.

IV. SAXS ANALYSIS

A. Fitting of the data

In the SAXS regime, the scattering intensity can be co
sidered to consist of three distinct contributions,6

I ~q!5I D~q!1I M~q!1I P~q!, ~1!

whereI D is the diffuse SAXS andI M the scattering intensity
from electron-density fluctuations on the nanometer scale
I P(q) represents the Porod term, which is significant only

FIG. 6. ~a! Volume fractionsf 2 of nanoscale inhomogeneitie
for the H-implanteda-Si with 12 at % ~MH sample! and the
PECVD a-Si:H sample~GD sample!, which contains 11 at % H.
Also shown are the data for the HH sample with 20 at. % H pe
concentration~HH sample, from Ref. 20, see Table I!. Lines are
drawn to guide the eye.~b! The average radius of the inhomogen
ties for the MH and HH samples.
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TABLE I. Summary of the preparation conditions of the samples. For the H-implanted sample
values of@H# refer to the H-peak concentration.

Sample label Description @H# ~at %! Preparation

MH Si-amorphization1H implantation 1261 ion implantation
GD depositeda-SiH 1160.5 PECVD deposition
HHa Si amorphization1H implantation 2060.5 ion implantation
a-Si, as-implantedb Si amorphization, as-prepared 0 ion implantation
a-Si, relaxedb Si amorphization1500 °C annealing 0 ion implantation

aFrom Ref. 20.
bFrom Ref. 14.
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presence of a raise of the signal in the smaller-angle reg
In line-collimated geometry,I P(q)5A/q3 ~A is the Porod
constant!.

SAXS data were analyzed according to Eq.~1!. In the GD
sample, only very slight evidence of an interference eff
was found for the smaller particles present after annealin
T.400 °C. Particles were therefore treated as indepen
and the termI M(q) was evaluated using a theoretical inte
sity function that represents a spatial distribution of spher
objects of different radii.31 Results of the fittings are reporte
in Table II. ^R& is the average of 5–10 radii of the particle
used in the fitting. The size distribution of the particles
ferred from the fitting of the GD sample annealed atT
.300 °C indicates that there is a predominant small-s
component~,1 nm! along with some small fractions o
larger size. The latter, however, can have a big effect on
average sizêR& of the particles reported in Table II.

For fitting the data from the MH-annealed sample, it w
necessary to take into count the interparticle interferen
Experimental intensities were analyzed by using the Per
Yevick hard-sphere model.32 The scattering intensity is give
by

I M~q!5CR2S~qD!F~qR!. ~2!

C is a proportionality factor to convert the intensity to ele
tron units~electron/atom5e/a!; F(qR) is the scattering am
n.
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e
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plitude for a sphere of radiusR, and S(qD) is the pair-
correlation structure factor withD the hard-sphere diamete
The radiusR probably represents the average of a fairly n
row distribution. Results of the fits are reported in Table I
Since a previous investigation by transmission elect
microscopy21 demonstrated that the shape of the inhomo
neities is spherical, the assumption of an isotropic inter
tion, implicit in Eq.~2!, is highly accurate. After annealing a
500 °C, the interference effect is not apparent in the data
were well fitted with a theoretical function for noninteractin
objects~Table III!.

The volume fractionf of the nanoparticles was estimate
from the two-phase relation33

f ~12 f !5QM/2p2^V&~Dn!2,
~3!

QM5~qs/2!E qIM~q!dq,

where qs is an experimentally determined calibration co
stant based on the exact slit geometry,^V& is the average
atomic volume of the sample, andDn is the difference in
electron density of the two phases. We have calculated
volume fraction by taking two values for the density in th
particles. One value supposes that inhomogeneities are v
~i.e., zero! and the other assumes an internal pressure of
GPa. The last value was the estimated internal pressure i2
TABLE II. Results from SAXS analyses of the GD sample.Q is the total integrated intensity~including
the Porod term!, QM is the integrated intensity from Eq.~3!, f 1 and f 2 are the volume fractions of the
particles assuming zero and a high-pressure H2 electron density, respectively.A is the Porod constant and^R&
is the average radius of the particles.

Annealing
state

Q
(1023e/a cm3)

QM

(1023e/a cm3)
f 1

~vol %!
f 2

~vol %!
A

(e/a nm3)
^R&
~nm!

as-depos. 0.460.1 0 0 0 1.360.1
200 °C34 h 0.560.1 0 0 0 1.660.2
250 °C34 h 0.560.1 0 0 0 1.560.2
300 °C31 h 0.760.1 0.160.1 0.01 0.01 1.960.2 2. 61
350 °C31 h 1.260.1 0.560.1 0.03 0.04 2.760.3 1.460.4
350 °C34 h 1.560.2 0.460.1 0.02 0.03 3.360.3 1.560.4
400 °C31 h 2.160.2 0.960.1 0.05 0.07 3.860.4 1.660.3
400 °C34 h 2.660.3 1.760.2 0.10 0.13 3.160.5 1.260.3
425 °C31 h 3.360.3 2.360.2 0.13 0.18 3.360.5 1.060.2
425 °C34 h 4.760.4 3.660.3 0.20 0.28 3.360.5 0.760.2
450 °C34 ha 6.960.7 3.560.4 0.20 0.27 11.61 1.460.3

aAfter annealing at 450 °C for 4 h crystallization has started.
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TABLE III. Results from SAXS analyses of the MH sample.QM is the integrated intensity from Eq.~3!,
f 1 and f 2 are the volume fractions of the particles assuming zero and a high-pressure H2 electron density,
respectively.A is the Porod constant,R is the radius of the nanoparticles~single-size!, D is the effective
hard-sphere diameter.

Annealing
state

QM

(1023e/a cm3)
f 1

~vol %!
f 2

~vol %!
A

(e/a nm3)
R

~nm!
D

~nm!

as-impl. 0 0 0 0
200 °C34 h 0 0 0 0
250 °C34 h 0 0 0 0
300 °C34 h 2.060.3 0.11 0.15 0 0.5060.05 1.560.5
350 °C34 h 6.060.3 0.34 0.46 0 0.6060.05 2.060.5
400 °C34 h 10.960.5 0.62 0.85 0.160.1 0.7060.05 2.760.5
425 °C34 h 11.760.5 0.66 0.91 1.860.2 0.7960.05 3.260.5
450 °C34 h 8.860.5 0.50 0.68 1.860.2 0.8660.05 3.860.5
475 °C34 h 8.460.5 0.48 0.66 1.960.2 0.9460.05 4.060.5
500 °C34 h 5.560.5 0.31 0.42 1.760.2 1.160.1
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cages for which there was evidence ina-Si:H.34 In addition,
previous results on implanted samples20 have suggested tha
the formed inhomogeneities are H2-filled bubbles. Results
are listed in Tables II and III.

B. Atomic-scale fluctuations: diffuse scattering

We turn now to the diffuse-scattering component of t
SAXS signal ~Fig. 4!. The distinct contributions that give
rise to the diffuse scattering are discussed in more deta
Refs. 6 and 14. It is however worth recalling here a f
notions. The diffuse intensity can be written as

I D5I C1I th1I sd1I Lm , ~4!

whereI C is the contribution arising from incoherent Com
ton scattering andI th that from thermal diffuse scattering
These contributions are expected of the same order as
signal fromc-Si and small if compared to the experimen
values from amorphous materials, as seen in Fig. 4.I sd ac-
counts for the static-disorder scattering of the amorph
network and is the principal cause of the observed differe
between the signal from pure~unrelaxed! a-Si andc-Si.14

Hydrogen atoms introduce atomic-scale composition fl
tuations that give rise to the Laue monotonic scatter
(I Lm), the fourth term in Eq.~4!. Under the assumption of
binary random alloyA12xBx , I Lm can be expressed in elec
tron units by35

I Lm5xA~12xA!~ZA2ZB!2F12
12VB /VA

g G2

, ~5!

where ZA and ZB are the atomic numbers of the relativ
elements. The factor in the square brackets takes into c
the difference in atomic volume between the elementsA and
B andg is a constant that includes the Poisson ratio, taken
1.23 forc-Si. For H in Si,VH /VSi;0.4– 0.5.18,36

A presence of a random distribution of vacancies in
will also contribute to the Laue scattering, according to E
~5!. If c is the atomic fraction of vacancies, Eq.~5! becomes

I Lm5cZ2F12
12Vvac/VSi

g G2

, ~6!
in

the
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s
e

-
g

nt

as

i
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whereZ is the atomic number of Si andVvac/VSi;1/3.37

Deviations from Eq.~5! may provide information on the
short-range H clustering, for instance, the presence of po
hydride configurations or monohydride-clustered grou
rather than a random-spatial distribution of single H atom
The same argument holds for short-range vacancy defe
This point will become important in the interpretation of th
results described in Sec. V.

C. Scattering in the smaller-angle region„q<1 nm21
…

A significant SAXS signal atq<1 nm21 has been gener-
ally observed on depositeda-Si:H films and on related al-
loys, regardless of the morphology of the films.4–6,8,38A de-
pendence of the smaller-angle scattering intensity on
quality of the films was nonetheless detected, and lo
quality samples often exhibit a large Porod term, which e
tends to higherq values. Sincea-Si:H samples measured b
SAXS are commonly deposited on Al foils, we consider t
roughness of the substrate surface, and thus of the film,
possible source of this signal. In fact, experimental data
a-Ge:H ~Ref. 39! have shown a strong Porod signal fro
films on Al foil, which reduces dramatically for layers grow
on c-Si. These results suggest that the surface roughn
contributes to the smaller-angle signal.

The presence of large-scale~.10 nm! low-density struc-
tural features in the bulk should also be considered. Onl
very small density of larger-scale features is required to g
rise to the observed Porod term. Assuming voids of sim
shape and size, one can show that the Porod constan
given by33

A5qs
21f V~Dn!2p2S/V, ~7!

where S/V is the surface to volume ratio of the void. Fo
spherical voids,S/V53/R, and values ofA from 1 to
10e/a nm23 ~Table II! can be produced by f
50.03– 0.3 vol % of voids of 20-nm radius. If these large
scale features are not true voids, but H-rich regions,4 then
Dn will be smaller andf correspondingly larger. Since a
Porod term is generally observed, this hypothesis would
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ply the systematic presence of a residual columnar morp
ogy also in device-quality depositeda-Si:H.6

The analysis of the ion-implanted material can sign
cantly contribute to the understanding of this issue. SA
samples prepared by ion implantation consist of an am
phous layer onc-Si substrate, which is characterized by
very low-scattering intensity~Fig. 4!. Previous measure
ments showed that SAXS signals from H-implanteda-Si
~Ref. 20! and purea-Si ~Ref. 14! exhibit a low-q enhance-
mentonly in the presence of surface defects, independen
the bulk properties of the layers. The SAXS of the M
sample reveals the presence of larger-scale objects afte
nealing at relatively low temperatures~Table III!. Indeed,
surface microcracks and blisters are visible on the sam
surface after annealing atT5500 °C ~Sec. III B!. Such de-
fects were perhaps already present after lower-tempera
anneals. After relatively high-temperature annealing, wh
the diffusion coefficient of H is high, larger H2-bubbles are
expected to accumulate at thea-Si~H!/c-Si interface, con-
tributing to the low-q signal. Finally, it is to be noted that th
Porod term remains much smaller in the MH sample than
the GD sample, for any annealing temperature~Tables II and
III !.

V. DISCUSSION

A. Initial state: structural disorder
and hydrogen-related defects

No nanostructure is detected in the SAXS intensities
either the MH or the GD sample in the as-prepared s
~Figs. 3 and 5!. In the case of the MH sample, this result
not surprising since previous studies have indicated tha
implantation without annealing does not induce nanovo
even to a peak fluence of 20 at. %.20 The low SAXS signal
that characterizes the GD sample is comparable with th
recently measured on a few device-quality hot-wire a
plasma-growna-Si:H films,6 which also exhibited volume
fractions of low-density defects below the present SAXS
tection limit.

In addition to the homogeneity of the nanostructure,
spectra28 show that both samples contain H atoms, which
bound to Si predominantly as monohydrides. Yet, large
ferences in the atomic-scale disorder state are observed i
two materials.

Ion-implanteda-Si is characterized by a high degree
structural disorder. Earlier Raman-scattering studies have
ported the value of;44 cm21 for G/2 (Dq;12°) in pure
a-Si made by ion implantation24 and in high-dose ion-
irradiateda-Si:H.40 On the basis of these results it was co
cluded that ion irradiation produces atomic displaceme
and damage~thus, structural disorder!, independent of the
presence of H, at least in the as-prepared state. The b
angle distortion in the MH sample is therefore expected to
of the same order as that of purea-Si, because the introduc
tion of hydrogen occurred by implantation.

Raman scattering yielded 32.560.5 cm21 for G/2 (Dq
;8°) in the GD sample@Fig. 2~b!#, much lower than the
values from the irradiated materials.24,40 Earlier systematic
investigations40 on differently prepareda-Si:H ~hot-wire and
glow-discharge films with various H contents! found ;33
cm21 as the lowest value forG/2. This value, like the one
l-
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measured in the GD sample, was associated with the m
mum structural disorder possible ina-Si:H. We note in pass-
ing that the absence of a decrease ofG/2 upon annealing a
T<350 °C @Fig. 2~b!# of the GD sample is in distinct con
trast with a decrease inG/2, generally observed in irradiate
a-Si and more disordereda-Si:H ~Refs. 24, 40, and 41! and
attributed to structural relaxation. This provides another
dication of a minimally disordered structure in the GD m
terial.

Information on the state of disorder of the amorpho
network can also be inferred from SAXS analysis. T
diffuse scattering intensity from purea-Si is 5.060.9e/a, in
the as-prepared state~Fig. 4!.14 Since the structures of th
as-implanteda-Si and MH sample are expected to be co
parable in terms of static disorder, the difference in th
diffuse SAXS can arise only from a difference in the La
monotonic scattering due to H alloying. Assuming a rand
distribution of H atoms, the expected Laue scattering fr
Eq. ~5! for the MH sample is 3.3– 4.4e/a, smaller than the
experimental difference (13.760.6)MH2(5.060.9)unrelaxa-Si
58.761.1e/a. A first possible source of the deviation is th
presence of vacancy defects~monovacancies or divacancies!,
likely related to H, which would increase the Laue scatter
@Eq. ~6!#.37 Consistent with this hypothesis are the H effusi
experiments,25 which indicated a relatively high density o
vacancy-related defects in association with highly hydro
nated regions~i.e., .15 at. %! of an implanteda-Si sample.
In addition, the presence of short-range H clusters~,0.5 nm!
is presumed. As discussed in Sec. IV B, polyhydrides a
monohydride groups will contribute more effectively to th
Laue scattering than a random distribution of H atoms.

A direct comparison between the GD sample and p
a-Si of similar disorder is not possible. It is conceivab
though, that the contribution of the static disorder is close
the value measured in fully relaxeda-Si (;3.0e/a).20

Then, the expected Laue contribution of 4.3– 5.8e/a for the
GD sample would adequately account for the observed
crease in the diffuse intensity relative to a relaxeda-Si net-
work: (7.060.6)GD2(3.060.9)relax a-Si54.61.1e/a. The
agreement with the expected Laue scattering may impl
relatively modest short-range alloy clustering.

Finally, we turn to the difference in the experimental d
fuse scattering between the MH and GD samples, which
almost a factor of 2~Fig. 4!. Based on the above discussio
we conclude that this difference derives primarily from
higher degree of H clustering on the atomic scale, not visi
by IR absorption,28 and/or a larger amount of vacancylik
defects related to H in the implantanted material with resp
to the GD sample. Second, the MH and the GD samples
characterized by a highly and a minimally disordered n
work, respectively. This introduces an additional differen
which is expected not to exceed;2 e/a, in the diffuse scat-
tering intensity.

B. Thermal instability of the alloy structures

1. Implanted a-Si(H)

The observation of a thermal instability of the alloy stru
ture of hydrogenateda-Si made by ion implantation and
containing 11–12 at. % H confirms our earlier conclusions
relation to the effects of H concentration on the netwo
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structure.20,21 The investigation of hydrogenated layers co
taining 20 and 4 at. % as maximum@H# indicated the latter
value to be the threshold for structural instability of the allo
We proposed that only a limited concentration of H ato
~3–4 at. %! can be incorporated into the amorphous netw
in configurations that upon annealing remain dissolved in
matrix as Si-H bonds. The presently investigated sam
contains H in excess of this limit, and has therefore an
stable structure, prone to inhomogeneity formation. Na
scale H complexes are attributed to a process of H2 forma-
tion followed by a coalescence of H2 bubbles. The clustering
process upon annealing is described in detail in Ref. 20.

More informative in the context of this paper is the com
parison of the present SAXS data with results from the
planted sample containing 20 at. % H~HH sample!,20 since it
throws light on the dependence of the precipitation on
concentration~Fig. 6!. The precipitation phenomenon
quite similar for the MH and HH samples, both in volum
fraction and in average size, up to about 400 °C. The volu
fraction of the inhomogeneities diverges for the MH and H
samples after annealing treatments above 400 °C. Altho
the initial H concentration is less uniform in the HH samp
than in the MH sample~Sec. III B!, the volume content of
the bubbles becomes considerably larger in the form
sample. This provides evidence of a direct correlation
tween the amount of excess hydrogen~i.e., H concentration
that exceeds the solubility! and the degree of precipitation
Since thelocal H concentration~i.e., peak regions! is a factor
of 2 larger in the HH sample than in the MH sample, there
a greater supply of H in the H peaks of the HH sample
continue the growth of the inhomogeneities and thereby
crease their volume content. Present results therefore dem
strate that the amount of H precipitation increases supe
early with the excess hydrogen.

In the MH sample, the volume fraction appears to satur
and then decrease, while the bubble size monotonically
creases@Fig. 6~b!#. The saturation of the volume fraction
consistent with a process of ripening of the H complex
upon annealing. Its decrease forT.400 °C is explained by
the partial H out-diffusion, known to occur in the implante
sample in this temperature regime.20 Hydrogen atoms from
small H complexes can either diffuse out from the sample
contribute to the growth of bigger complexes.

2. PECVD a-Si:H

The most striking outcome of our SAXS data is that t
structural modifications upon thermal treatment of t
device-qualitya-Si:H are qualitatively similar to those in th
H-implanteda-Si. In other words, the nucleation of low
density defects shows that the structure of the device-qu
a-Si:H is thermally unstable, as is the structure of implan
material containing@H# in excess of the solubility limit.
There is an important consequence of this result. The e
tence of a stable alloy structure, i.e., H-implanteda-Si con-
taining H up to 4 at. %,20,21 suggests that 11 at. % H i
PECVD a-Si:H is above the solubility limit, at least in th
400–450 °C temperature range. Moreover, this result po
to a general behavior in the structural evolution of hydro
nateda-Si, independent of the preparation method of t
samples, as already indicated by several experiments.19,25,42
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In the following section we give a more detailed interpr
tation of the alloy instability of the device-qualitya-Si:H
and its implications for the modifications of the network d
order.

C. Nature of the alloy instability in device-quality a-Si:H

It is a well-known fact that annealing of device-quali
a-Si:H at temperatures higher than 300–400 °C leads to
increase of the defect density, consistent with the releas
H from the bonding sites.43,44 The present investigation
sheds more light on the correlation between the format
and growth of H complexes in the alloy and the change
the defect state ofa-Si.

Based on the analysis in Sec. IV C, we concluded that
smaller-angle scattering, observed in the as-deposited
sample, is due to both surface roughness and larger-s
bulk features.45 Thus, in the initial state, the structure of th
film is homogeneous on the nanoscale and may conta
very small amount of residual columnarlike structure. The
features possibly consist of elongated lower-density regi
that may be the precursors of a columnar growth. Th
should not, however, be thought of as a continuous path
for H diffusion, for previous H evolution measurements ha
demonstrated a compact structure in device-qualitya-Si:H in
which H transport is diffusive.46,47 In addition, the very low
volume fraction of inhomogeneities derived from SAXS a
the good electrical properties of the investigated film26 ex-
clude the hypothesis of correlated low-density regions.
agreement with this interpretation are earlier small-an
neutron-scattering studies4 that found evidence for the pres
ence of uncorrelated columnarlike hydrogenated regions
high-density material. The authors suggested that these
tures were consistent with linear or planar H complexes
the range of 6–12 nm. It is therefore possible that the
sidual columnar structures observed in the present
sample are extended regions of enhanced H clustering.

Heating above 300 °C induces long-range hydrogen
fusion. Consequently, more H can accumulate in the
tended hydrogenated regions, thereby increasing the de
contrast associated with these features. A change in this
trast or an increase in thef of the larger-scale objects coul
produce the observed increase of the SAXS intensity u
annealing in the regionq<1 nm21, as seen by the increas
of the Porod constantA ~Table II and Sec. IV C!. We implic-
itly assume in our model that annealing does not alter
surface roughness, at least on the scale of interest for SA
In concomitance with this process of accumulation of H
the columnarlike regions, a modification, on the atom
scale, of the structure takes place during annealing. In a
stage (300,T,400 °C), a part of the H atoms leaving th
matrix moves to more clustered configurations, as dedu
by the increase of the diffuse scattering~Fig. 4!. Since the
bond-angle distortion is not appreciably affected~Fig. 2!, it
is possible that the H in clustered configurations is mos
involved in this process. AtT>400 °C more hydrogen can
be released, also those atoms bound to Si in more st
configurations. This leads to an increase of the overall s
of disorder and thereby to an increase of the bond-angle
tortion ~Fig. 2!. Hydrogen nanoclusters appear in the hig
density bulk. The monotonic reduction with annealing te
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perature of the average radius of the inhomogeneit
deduced from the analysis of the SAXS signals~Table II!,
arises from averaging the original larger-scale features w
an increasing number of smaller-sized inhomogeneities~Sec.
IV A !.

At first sight, it appears difficult to reconcile a preferent
release of H from the less tightly bound configurations w
the increase of hydrogen clustering upon annealing in
300–400 °C range. However, this can be explained by
suming that these processes predominantly involve the c
tered phase. During annealing, H complexes with a rad
smaller than a critical size tend to dissolve, while those w
a larger critical radius grow, finally to a size that can
directly detected by SAXS.

We note that the present interpretation of the results
be considered consistent with the so-called H-defi
model.48 It has been suggested48 that two types of unhydro-
genated sites exist ina-Si. The first type consists of configu
rations that are less effectively passivated by H probably
ones that bind H in the clustered phase. The second typ
related to defects that bind H more strongly~e.g., dangling
bonds!. Likewise, present results suggest that hydrogen
leaves the sites that less effectively contribute to the rele
of the network disorder (T,400 °C), and later those defec
that, if unhydrogenated, produce an abrupt rise in the stat
disorder.

D. On the comparison of H-implanteda-Si
and PECVD a-Si:H

Despite the qualitative resemblance of the structural e
lution in the GD and MH samples, the magnitude of the
nanoclustering differs considerably in the two cases. T
maximal volume fraction of the detected inhomogeneities
the a-Si:H remains a factor of 3 lower than that for th
implanted material~Fig. 6!. Considering the similar initial H
content, this observation leads us to a discussion of the
of the initial defect state in the degree of H precipitation.

The overall state of disorder is drastically different in t
two cases~Sec. V A!. The implanted material is prepared b
a highly nonequilibrium process, which makes the freez
in of a large concentration of defects possible.15,16 Radiation
damage induced by ion-implantation produces vacancy
defects49 and may enhance H clustering on the atomic sc
It is possible that either vacancies, stabilized by the prese
of H at their surface,50 are a suitable site for the nucleation
H2 bubbles, or that a more pronounced H clustered ph
leads to a higher fraction of nanoscale H-rich defects in
implanted sample.

The a-Si:H film, on the contrary, is deposited under o
timal conditions, at a low growth rate, which enables equ
bration reactions to take place in the structure.51 During
growth, hydrogen can diffuse into the film and redistribu
between bonding sites,52 leading to a structure with low dis
order and relatively modest alloy clustering.

A second difference is the temperature regime for the
loy instability. Nanoscale H complexes appear~i.e., volume
fractions;0.1 at. %! in the implanted material after heatin
above 250 °C, while temperatures above 350 °C are nee
in thea-Si:H sample. This is readily explained by the prep
ration temperature of the materials. The initial temperature
s,
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the implanted material can be considered to be ro
temperature,53 while the deposited film was grown at 250 °C

Residual extended hydrogenated regions are present in
as-prepared state of the device-qualitya-Si:H, whereas they
are absent in the implanted material. This strongly sugg
that these low-density regions are caused by the depos
process.

In the case of the H-implanteda-Si, we observe a gradua
enlargement of the inhomogeneities with temperature@Fig.
6~b!#. Unfortunately, for thea-Si:H film, the presence of a
smaller-angle scattering in the SAXS signal partially co
ceals the evolution of the nanoscale structure. It is there
not possible to derive the size of the formed nanoscale
ticles, although the fits suggest a predominant componen
inhomogeneities with a size similar to that of the MH samp
~Sec. IV A!.

VI. CONCLUSIONS

In this work, we have systematically investigated the th
mal evolution of hydrogen-implanteda-Si, made by ion
amorphization of crystalline Si, and a device-quality PECV
a-Si:H film. The atomic and nanoscale structure as well
the state of disorder have been characterized by small-a
x-ray scattering and Raman spectroscopy. The materials
tain a similar initial H concentration~;11 at. %! and are
both homogeneous on the nanoscale in the as-prepared

In hydrogenateda-Si made by implantation the therma
instability of the network structure occurs when the H co
centration is above the solubility limit~3–4 at. %!.20,21 The
a-Si~H! sample studied in this work contains 1261 at. % H
and thus exhibits an unstable network structure. Compar
of the thermal evolution of the H nanoclusters in the pres
sample with one containing 20 at. % H demonstrates a di
correlation between the amount of H precipitation upon
nealing and the concentration of H exceeding solubility. R
sults show that the volume content of the H complexes
creases superlinearly with the excess H.

The evolution upon annealing of the alloy structure
device-quality PECVDa-Si:H bears qualitative resemblanc
to that of H-implanteda-Si with an H concentration exceed
ing the solubility limit. This demonstrates that device-qual
a-Si:H with 11 at. % H does not have a stable network str
ture. Results fora-Si:H are not as complete as those f
hydrogen-implanted material, mostly because it is uncl
how a variation of the H concentration through a change
the plasma conditions influences the structure. For insta
a large decrease in H content would deteriorate the struct
~and electronic! properties of PECVD material, since film
would have to be deposited under conditions far from
optimum. We realize that it is not yet possible to make
conclusive and quantitative statement on the solubility lim
of H in the case of PECVDa-Si:H, but, in light of the
present results, we do propose that it exists.

Finally, the volume fraction of H nanoclusters is muc
smaller ina-Si:H than that in the implanted material, su
gesting a correlation between the initial defect structure
~the amount of! H nanoclustering. Together with the solubi
ity limit for a-Si:H, results would imply a larger H solubility
in the PECVDa-Si:H than in the amorphized material.
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