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In order to better understand the effects of hydrogen incorporation and departure on the defects and the
disorder in undoped hydrogenated amorphous silicon (a-Si:H!, we performed a comparative study on samples
deposited under different plasma conditions. We used a combination of IR absorption spectroscopy, electron-
spin resonance, photothermal deflection spectroscopy, constant photocurrent method, and elastic recoil detec-
tion analysis measurements to determine the changes in the defect density and in the disorder, as well as in the
hydrogen concentration and bonding modes, after isochronal annealing cycles at temperatures up to 500–
600 °C. The results, which show a better stability of the bonded hydrogen in the films deposited at high rates,
are interpreted as a whole in terms of specific local hydrogen bonding environments, related to different growth
mechanisms.

I. INTRODUCTION

The hydrogen atoms incorporated in thea-Si:H samples
during deposition not only saturate silicon dangling bonds,
which leads to a decrease of the density of defect states in the
gap, but also reduce the structural disorder, which results in a
narrowing of the band tails. Consequently, hydrogen is of
crucial importance for the improvement of the electronic and
optical properties ofa-Si:H.1 It has also been clearly estab-
lished that the defect state density and the disorder depend
on both the amount and the bonding configurations of hydro-
gen in the samples, which are in turn deeply dependent on
the deposition conditions. Great efforts have been dedicated
to the optimization of the deposition parameters in order to
producea-Si:H samples with low defect density (<1016

cm23).2–5This is achieved for deposition temperatures rang-
ing from 150 to 300 °C under the so-called optimized ‘‘stan-
dard’’ plasma conditions: pure silane, low rf power~10
mW/cm2), low gas pressure~3–10 Pa!, and low deposition
rates (;1 Å/s!, also referred to as chemical-vapor-
deposition- like conditions. However, the low deposition
rates and the high compressive stress in the films make it
difficult to grow thick layers. To overcome these difficulties
we have developed a new process in whicha-Si:H is depos-
ited from the dissociation of silane and helium mixtures at
high rf power~85 mW/cm2), high pressure~75 Pa!, and high
depositions rates~8–30 Å/s!.6–8The studies conducted so far
on the films deposited from silane-helium mixtures, referred
to as ‘‘He-diluted’’ samples in the following, have shown
that, under certain deposition conditions, the bonded hydro-

gen distribution and the microstructure in these samples are
very different from those in the ‘‘standard’’ samples.9,10

In order to obtain more information about these differ-
ences, we performed a comparative investigation of the ef-
fects of isochronal annealing cycles at increasing tempera-
tures on the hydrogen bonding and the electronic properties
of ‘‘standard’’ and He-diluteda-Si:H samples using several
complementary measurements such as infrared absorption
~IR!, elastic recoil detection analysis~ERDA!, electron-spin
resonance ~ESR!, photothermal deflection spectroscopy
~PDS!, and photoconductivity by the constant photocurrent
method ~CPM!. We paid special attention to the positions
and the relative amplitudes of the IR features currently at-
tributed to Si-H, Si-H2 , and ~Si-H2) n groups in the wag-
ging, bending, and stretching vibrational absorption bands.

II. EXPERIMENT

Four types~1–4! of undopeda-Si:H films were deposited
by the plasma enhanced chemical vapor decomposition
~PECVD! of either pure silane~types 1–3! or a mixture of
40% silane in helium~type 4!. The preparation conditions are
summarized in Table I. We stress that the samples selected
here are representative of each type of film. The types 1–3
films, deposited under ‘‘standard’’ plasma conditions, differ
by the value of the substrate temperature during deposition.
The type 3 film deposited at 250 °C corresponds to the op-
timized a-Si:H. The type 4 film, deposited under different
plasma conditions leading to high deposition rates, is inten-
tionally deposited at the same temperature as the type 3 film.
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The hydrogen content and bonding configurations are de-
duced from IR absorption measurements. The IR spectra are
obtained at room temperature using a Bomem DA 3.01 Fou-
rier transform spectrometer in the 450–3500 cm21, with a
resolution of 2 cm21, by averaging up to 2000 scans in order

to improve the signal-to-noise ratio. Using the proportional-
ity constants previously reported,11 A64052.131019 cm22,
A20005931019 cm22, A208052.2131020 cm22, we can es-
timate ~i! the total content of the bonded hydrogenCH from
the wagging band around 640 cm21, ~ii ! the concentration

FIG. 1. Typical IR absorption spectra obtained for the types 1–4 films in the as-deposited state:d, type 1;s, type 2;n, type 3; and
3, type 4, for the different absorption modes@~a! wagging mode,~b! bending mode, and~c! stretching mode#.

TABLE I. Deposition conditions of thea-Si:H films of types 1–4. Types 1–3 films are deposited from pure
silane while type 4 films are obtained from the dissociation of a mixture of 40% silane in He. The total
bonded H concentrationCH as well as the optical gapE04 are also reported.

Type
of film

Ref.
sample

Ts
~°C!

P
~Pa!

rf
~W!

d
~mm!

r d
~Å/s!

E04
~eV!

CH
~at. %!

1 207101 50 6 2 0.95 0.45 1.94 23
2 207092 100 6 2 1.40 0.50 1.95 15
3 807221 250 6 0.5 4.46 0.80 1.89 10
4 207035 250 73 12 3.45 8.0 1.92 13
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CH1 of hydrogen bonded as isolated monohydride groups
~Si-H! contributing to the 2000-cm21 stretching band,~iii !
the concentrationCH2 of the polyhydride~SiHx) and/or clus-

tered monohydride~SiH! x groups that contribute to the
2080-cm21 stretching band.

We also determined the microstructure parameterR8 de-
fined as the ratio of the integrated intensity of the 2080–2100
cm21 band over the total integrated intensity of
the stretching ~2000 and 2080–2100 cm21) band,
R5@2080#/(@2000#1@2080#), and we considered the inte-
grated intensities of the two components of the bending
bands at 840 and 880 cm21, which give information about
the amount of~Si-H2) n chains that may be present in the
samples.

ERDA experiments were also performed to determine the
total hydrogen concentration in types 3 and 4 films.

Combined optical transmission, PDS, and CPM measure-
ments allow the determination of the optical gapE04, of the
disorder parameterE0 , and of the ‘‘optical’’ deep defect den-
sity ND . We focus here on the values ofE0 andND obtained
from the analysis of the calibrated CPM-derived optical ab-
sorption spectra down to 0.6 eV. The method and the model
used for this analysis are presented in detail in a previous
paper;12 the model-dependent uncertainty for the determina-
tion of ND is less than 50%. The values ofND are compared
with those of the neutral dangling bond densityNS obtained
from ESR experiments and corresponding tog52.0055. The
detection limit is of the order of 1016 cm23. The estimated
uncertainty in the determination of the absolute values of
Ns is of the order of 50%. Errors on the relative measure-
ments are, however, lower than 10% for bothND andNS .

All these measurements are carried out on the types 1–4
films in their as-deposited state and after successive anneal-
ing steps at increasing temperatureTA from 250 to 500–

FIG. 2. Variation of the total bonded hydrogen contentCH

~630–640-cm21 band! as a function of the annealing temperature
for the types 1–4 films:d, type 1;s, type 2;n, type 3; and
3, type 4.

FIG. 3. Variation of the concentrationCH1 of hydrogen bonded
as isolated monohydride groups~2000 cm21) as a function of the
annealing temperature for the types 1–4 films:d, type 1;s, type
2; n, type 3; and3, type 4.

FIG. 4. Variation of the concentrationCH2 of hydrogen bonded
as polyhydride groups or Si-H groups in cavities~2080 cm21) as a
function of the annealing temperature for the types 1–4 films:d,
type 1;s, type 2;n, type 3; and3, type 4.
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600 °C for periods of 30 min. The annealing cycles are per-
formed in a quartz tube evacuated to 1028 Torr, using very
low heating and cooling rates~0.5 °C/min! to avoid any
quenching effects.

III. RESULTS AND DISCUSSION

A. Hydrogen bonding

The IR absorption spectra presented in Figs. 1~a!, 1~b!,
and 1~c! show the different hydrogen bonding configurations
for types 1–4 films in their as-deposited state. The intensity
of the wagging band@Fig. 1~a!# around 630–640 cm21 de-
creases asTs increases, whatever the plasma conditions. This
band shifts to higher wave numbers and its half-width de-
creases asTs increases. The fit of this absorption band by a
single Gaussian indicates that the wagging modes are cen-
tered around 630 cm21 for types 1 and 2 films~low Ts) and
around 640 cm21 for types 3 and 4 films~high Ts).

Types 1, 2, and 4 films have qualitatively similar bending
bands@Fig. 1~b!# with two well-separated components cen-
tered at 840 and 880 cm21, respectively. Bending bands are
on the contrary hardly detectable in type 3 film, a feature
currently associated to device-quality material. Types 2 and 4
films differ from type 1 film in that the 880-cm21 mode is
more intense than the 840-cm21 one; in addition, the
840-cm21 band is more pronounced for film 2 than for film
4. Type 1 film exhibits a well-defined doublet with intense
bands at 840 and 880 cm21.

The stretching absorption bands@Fig. 1~c!# can be decom-
posed into two Gaussian components centered at 2000 and
2080 cm21, except for the type 3 film, which shows essen-
tially a single stretching component at 2000 cm21.

The bonded hydrogen concentrations deduced from the
analysis of the IR spectra, i.e., the total bonded hydrogen
contentCH , the concentrationCH1 of the hydrogen bonded
as isolated monohydride groups and the concentrationCH2 of
the hydrogen bonded as polyhydrides Si-H2 , ~Si-H2) n
groups and/or interacting monohydride groups are reported
in Figs. 2, 3, and 4, respectively, as a function of the anneal-
ing temperatureTA .

Surprisingly enough, Fig. 3 shows that all the standard
~1–3! films in their as-deposited state exhibit almost the
same content of hydrogen incorporated as isolated monohy-
dride groups (CH 1). Consequently, in the as-deposited state,
the increase of the total bonded H concentration (CH) as
Ts decreases~Fig. 2! is essentially due to the higher amount
of H incorporated as polyhydride groups and/or interacting
monohydride complexes (CH2), as shown in Fig. 4. As for
the He-diluted type 4 film deposited atTs5250°C, it has a
lower CH1 value than all the standard films~1–3!, while its
CH2 value is much higher than that of film 3 deposited at the
sameTs , but comparable to that of film 2 deposited at
100 °C. These results indicate that the modes of H incorpo-
ration depend on both the plasma conditions and the sub-
strate temperature.

The proportion of polyhydride complexes~Si-H2) and/or
Si-H groups in cavities is usually characterized by the so-
called microstructure parameterR, the values of which are
reported in Table II for films 1–4. For the standard films 1–3
in the as-deposited state,R is maximum for film 1
(Ts550 °C!, decreases with increasingTs and almost van-
ishes for film 3 (Ts5250 °C!. Furthermore, for films 1 and
2, the presence of a shoulder at 2080 cm21 in the stretching
band is systematically accompanied by a well-resolved dou-
blet at 840–880 cm21 in the bending mode region, which is,
however, much more intense for film 1 as already empha-
sized @Figs. 1~b! and 1~c!#. This confirms that on the one
hand, Si-H2 and ~Si:H2) n complexes are present in these
samples in addition to the monohydride groups, and that on
the other hand, film 1 has a larger amount of Si-H2 com-
plexes as well as polymerized~Si:H2)n groups. This is well
illustrated by the behavior of the integrated intensities of the
840- and 880-cm21 bands with respect toTs presented in
Table II for these films. On the contrary, in the standard film
3 the hydrogen is essentially incorporated as isolated mono-
hydride groups. A surprising result is obtained for film 4
deposited at 250 °C. It exhibits in the as-deposited state a
significantly higher total bonded hydrogen contentCH than
film 3 deposited at the sameTs but under different plasma
conditions~Fig. 2!. Moreover, type 4 films have a large value
of R as compared toR'0 for type 3 films, and a doublet at

TABLE II. Values of the microstructure parameterR and of the integrated intensities of the 840- and
880-cm21 IR bending modes as a function of the annealing temperatureTA for the films 1–4.

Type
of film Parameter

As-
deposited 250 °C 350 °C 400 °C 450 °C 500 °C

R 0.45 0.45 0.46 0.43 0.39 0.29
1 @840# cm22 5070 5070 3120 1400 0 0

@880# cm22 12190 12190 8610 4760 1970 0
R 0.26 0.26 0.33 0.45 0.3 0.23

2 @840# cm22 1310 1310 0 100 0
@880# cm22 5040 5040 3110 1130 0

R 0.03 0.03 0.11 0.1 0 0
3 @840# cm22 0 0 0 0 0 0

@880# cm22 0 0 0 0 0 0
R 0.29 0.29 0.29 0.31 0.28 0.17

4 @840# cm22 860 860 860 0 0 0
@880# cm22 4020 4020 4020 2360 3140 300
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840–880 cm21 in the bending region accompanying@Fig.
1~b!# a 2080 cm21 stretching band, very similar to the fea-
tures observed in the standard type 2 films deposited at much
lower Ts . However, the similarities between films 2 and 4
have to be weighted by the intensity of the bending bands.
As shown in Table II, the integrated intensity of the 840-
cm21 component is lower in type 4 than in type 2 films. This
can be understood as a result of the different microstructures
of these films. Indeed, growth studies13,14 indicate that when
depositing at high rates from silane-helium mixtures, there is
a modification of the hydrogen incorporation in the films,
attributed to the change in the nature of the film precursors.
This is supported by small-angle x-ray scattering
measurements,15 which show that type 4 films have a larger
void fraction than type 3 films but that the voids have similar
size and shape. Therefore, even though the type 4 films have
about the same microstructure parameterR as the type 2
films, their local microstructure is of a different nature be-
cause of their particular deposition conditions. This differ-
ence in the film microstructure will be one of the key factors
to understand the changes of the film properties during the
annealing experiments.

The variations of the H concentrationsCH , C H1 , and
CH2 with the annealing temperatureTA are summarized in
Figs. 2–4. It is first interesting to note that the concentrations
CH andCH1 start to decrease as early asTA5350 °C for all
the standard types 1–3 films, while the decrease of these
quantities occurs at higher temperature (400 °C! and is
slower for the He-diluted type 4 films. This significant be-
havior already suggests that the bonded H is thermally more
stable in the latter, as previously reported.9,10 On the other
hand, although the concentrationCH1 of isolated monohy-
dride groups decreases in a similar way for all the standard
samples ~Fig. 3!, the concentrationCH2 of polyhydride
groups and/or clustered Si-H groups behaves differently
upon annealing in type 1 and type 2 films~Fig. 4!. For film 1
CH2 starts to decrease steadily atTA5350 °C, while for film
2 it stays almost constant, and even increases slightly up to
400 °C, then drops for higherTA . We attribute this discrep-
ancy to different film structure. Indeed, since type 1 films
have a columnar structure and a largeR value, the hydrogen
released by the dissociation of the polyhydride groups can
readily diffuse out of the sample, which explains the ob-
served early decrease ofCH2 ~Fig. 4!. On the contrary, type 2
films correspond to a rather densea-Si:H material containing
spherical voids. In this case, a fraction of the hydrogen re-
leased at low temperature from the dissociation of the poly-
hydride groups can be trapped in these cavities and possibly
passivate silicon dangling bonds at their internal surfaces.
The accumulation of bonded hydrogen in the cavities could
then be the reason for the observed increase ofCH2 between
250 and 400 °C. The same explanation should hold for the
increase ofCH2 detected forTA'350 °C in type 3 films~Fig.
4!, although the void fraction is smaller than in type 2 films.

For type 4 filmCH2 exhibits a slightly different behavior:
we did not observe any increase inCH2 in the temperature
range 350–400 °C. It remains almost constant and then
drops rapidly at higherTA . This is consistent with two facts.

~i! In type 4 film the hydrogen fraction released from
isolated monohydride groups after annealing atTA5400 °C

and which might contribute to the increase inCH2 as ex-
plained for films 2 and 3 is much smaller than in these
samples~Fig. 3!.

~ii ! The 2080-cm21 component of the stretching band in
the as-deposited state must be ascribed, at least in part, to
interacting SiH groups located at the internal surface of voids
isolated from each other. Therefore little changes inCH2 are
expected from these groups until high annealing tempera-
tures. It has indeed been reported16 that in silicon films with
high void fractions, there is a delay in the hydrogen depar-
ture, as observed in our type 4 films.

We can make at this stage the following remarks.
~a! In spite of differences in the microstructure and hydro-

gen bonding between type 2 and type 4 films, the behavior of
the hydrogen incorporated as polyhydride and/or interacting
monohydride groups in these films with respect to the an-
nealing presents some similarities. In both cases, the stretch-
ing bands still exhibit a small but non-negligible 2080-
cm21 component atTA5500 °C, in addition to a more pro-
nounced 2000-cm21 component~see Fig. 4 andR in Table
II !, while the 840-cm21 component of the bending band al-
most vanishes atTA5400 °C. This indicates that essentially
SiH2 groups for film 2 and interacting monohydride ones for
film 4 are still present in these samples after high-
temperature annealing in addition to the isolated monohy-
dride groups. On the contrary, for film 1, the 840-cm21 com-
ponent vanishes atTA5450 °C only, indicating the
persistence in this film of some proportion of~SiH2)n chains
at higherTA than in films 2 and 4.

~b! The decrease of CH1 for annealing temperatures as
low as 350 °C in the standard types 1, 2, and 3 films is
surprising since H incorporated as isolated monohydride
groups is usually considered as ‘‘tightly bonded’’ and respon-
sible for the ‘‘high-temperature peak’’ of the H evolution
spectra.17,18 The fact that for type 2 filmCH1 starts to de-
crease at lowerTA thanC H2 is also difficult to reconcile with
commonly admitted ideas, and rather suggests a redistribu-
tion in the hydrogen bonding configurations, as indicated
above.

~c! We observe in the standard type~1–3! films that an-
nealing atTA higher than 350 °C induces a slight shift of all
the absorption bands towards lower frequencies, while the
positions of these bands remain almost unchanged up to
450 °C in the He-diluted type 4 film. This confirms that the
environment of the remaining Si-H bonds is less perturbed
by the departure of H in the latter case.

~d! Finally, it is worth noticing that the total bonded H
concentrationCH deduced from the IR absorption spectra
and the total H content obtained from the ERDA measure-
ments behave in a similar way upon annealing for types 3
and 4 films.

B. Disorder and defects

Let us now present the results from the point of view of
the optoelectronic properties. Table I and Fig. 5 show that, in
the as-deposited state, the optical gapE04 deduced from the
optical absorption experiments scales, as expected, with the
total bonded H content for type 2 to 4 films, whatever the
modes of H incorporation. Nevertheless,E04 does not in-
crease further forCH higher than 15 at. %, as it is observed
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for film 1 (CH523 at. %!. It seems therefore that the alloy-
ing effect of hydrogen incorporation saturates forCH'15%
in PECVD a-Si:H films. Upon annealing,E04 decreases as
TA increases for all films, in agreement with previous
reports.19,20 However, while E04 starts to decrease at
TA5350 °C, in agreement with the decrease ofCH , for type
3 films that contain essentially isolated monohydride groups,
it stays almost unchanged up to 350 °C for types 1 and 2
films and up to 400 °C for type 4 films, i.e., up to tempera-
tures at whichCH has already decreased. The relationship
between the optical gap and the hydrogen incorporation is
therefore more complex in these cases. This will be the sub-
ject of a forthcoming paper.

We turn now to the variations upon annealing of the op-
tical defect densityND and of the disorder parameterE0 as
deduced from the PDS and CPM experiments, and of the
density of neutral dangling bondsNs as obtained from the
ESR experiments, which are reported in Figs. 6, 7, and 8,
respectively. It is important to point out that for film 1 the
values ofND and E0 are estimated from the PDS-derived
optical absorption spectra only, since no photoconductivity
could be measured in this film. Moreover, for types 3 and 4
films in their as-deposited state, as well as for types 2, 3, and
4 films after annealing at 250 °C, noNs value could be ob-
tained because the spin density was lower than the detection
limit of the ESR experiments ('1016 cm23). In addition, we
note that the absolute values derived forNs are systemati-
cally larger than the correspondingND values by about a
factor of 4~even more for type 1 film!, which can be related
to the experimental uncertainties in both cases. Nevertheless
ND andNS behave in a similar way upon annealing.

As expected, the standard types 1 and 2 films deposited at
low Ts~ 50 and 100 °C, respectively! exhibit in the as-
deposited state higher defect densitiesND (5.531017 and

FIG. 5. Variation of the optical gapE04 as a function of the
annealing temperature for the types 1 to 4 films:d, type 1;s, type
2; n, type 3; and3, type 4.

FIG. 6. Variation of the optical defect densityND as a function
of the annealing temperature for the types 1–4 films:d, type 1;
s, type 2;n, type 3; and3, type 4.ND is obtained from the CPM
and the PDS experiments for films 2, 3, 4, and 1, respectively.

FIG. 7. Variation of the disorder parameterE0 as a function of
the annealing temperature for the types 1–4 films:d, type 1;s,
type 2;n, type 3; and3, type 4. For film 1,E0 is obtained from
the PDS measurements.
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131017 cm23, respectively! than the standard type 3 film
deposited at highTs ~250 °C! which hasND51.231016

cm23 ~Fig. 6!. As for the disorder parameterE0 , it is about
the same for types 2 and 3 films~around 51 and 50 meV,
respectively! but much larger for the type 1 film~around 86
meV!. This result reveals a significant difference between the
two low TS standard films. Indeed, type 2 film deposited at
100 °C contains a large defect density in its as-deposited
state, like type 1 film deposited at 50 °C, but it is much less
disordered; in fact, the disorder of the silicon network is
comparable to that in type 3 films deposited at 250 °C.

Quite interesting results are obtained for the He-diluted
type 4 film deposited at 250 °C. Although this film has a
largerCH than the standard type 3 film, deposited at the same
TS , and also differs from this film by its large microstructure
parameter, it exhibits in its as-deposited state comparatively
low defect density (ND5631015 cm23) and disorder pa-
rameter (E0551 meV! values. This result disagrees with the
accepted ideas that the presence of polyhydride complexes,
giving rise to the 2080-cm21 component of the stretching
band, is associated with poor quality material from the point
of view of its defect density.21,22 The same conclusions can
be drawn from the values of the neutral dangling bond den-
sity Ns ~Fig. 8!. In the as-deposited stateNs takes much
higher values for films 1 and 2 (6.531018 and 331017

cm23, respectively! than for films 3 and 4 (Ns lower than
1016 cm23, i.e., below the detection limit of the ESR spec-
trometer!. This study therefore confirms that the optimized

type 3 and 4 films, deposited at the sameTS but under com-
pletely different plasma conditions~see Table I!, have in the
as-deposited state very similar defect densities although they
differ by their hydrogen incorporation and their microstruc-
ture. We have recently shown that the difference in the hy-
drogen incorporation, however, affects the electron transport
properties.23

Annealing atTA5250 °C has practically no influence on
theND andE0 values for type 3 and 4 films optimized during
deposition. The slightND decrease observed for the standard
type 3 films is probably related to surface effects resulting in
an enhancement of the PDS and CPM derived absorption
coefficient values in the sub-band-gap region; these surface
effects may be reduced by low-temperature annealing. On
the contrary, annealing atTA5250 °C produces a large de-
crease of bothND andNS for types 1 and 2 films, as previ-
ously reported.8,24This corresponds to the elimination of part
of the native defects that remain in these nonoptimized stan-
dard films in their as-deposited state. There are, however,
two significant differences between types 1 and 2 films. On
the one hand, theND andNS values remain quite high for
type 1 films, while for type 2 films they become comparable
to those found for the optimized types 3 and 4 films. On the
other hand, for type 1 films deposited at 50 °C, the decrease
of ND andNS is accompanied by a decrease of the disorder
parameterE0 ~from 86 to 65 meV!, which is in agreement
with commonly admitted models25 based on an equilibrium
between weak bonds~disorder! and dangling bonds~de-
fects!. On the contrary, for film 2 deposited at 100 °C, there
is no variation ofE0 , which is already quite small in the
as-deposited state; this suggests that under such deposition
conditions there is no correlation between the silicon net-
work, which has reached equilibrium during deposition, and
the ‘‘excess’’ defects that are easily eliminated by low-
temperature annealing.

If we now consider the effects of annealing at higherTA
for films 2 to 4, it is important to point out that no significant
increase in the defect densityND ~Fig. 6! and the disorder
parameterE0 ~Fig. 7! can be observed up toTA5350 °C for
all films, although the total bonded H contentCH already
started to decrease above 250 °C in the standard types 1 to 3
films. However, the neutral dangling bond densityNs be-
haves differently. Indeed, whileNs was below the detection
limit of the ESR experiments for films 2–4 forTA between
250 and 300 °C (Ns,1016 C m23), it increases abruptly at
TA5350 °C by about one order of magnitude (Ns around
131017 C m23) in all cases~Fig. 8!. The starting tempera-
ture for the increase in the defect density is then lower for
Ns than for ND . This discrepancy can be tentatively ex-
plained by changes in the charge state of the dangling bond
centers26 and/or a shift of the Fermi level upon annealing. It
could also be due to the presence of outdiffusion profiles that
might affect differently the CPM and ESR experimental re-
sults.

For TA higher than 400 °C, bothND and Ns exhibit a
rapid increase for all films~up to 500 °C forND , to 600
°C for Ns); the disorder parameterE0 behaves in the same
way. This corresponds to the creation of new defects due to
the release of hydrogen from the different Si-H bonds.

As for the type 1 films that represent typical poor quality
material, with high defect density and high disorder in the

FIG. 8. Variation of the density of neutral dangling bondsNs

determined from ESR measurements as a function of the annealing
temperature for the types 1–4 films:d, type 1;s, type 2;n, type
3; and3, type 4. For types 3 and 4 films in the as-deposited state
as well as for types 2, 3, and 4 films after annealing at 250 °C, no
spin density could be measured becauseNs was lower than the
detection limit of the ESR experiments ('1016 cm23).
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as-deposited state as well as after annealing atTA5250 °C,
they are comparatively less perturbed by high-temperature
annealing, at least if we considerND andE0 only; indeed
Ns increases with increasingTA almost as rapidly as in types
2 to 4 films.

It is interesting to notice that the largest values of both
ND andNs after high-temperature annealing are observed for
the optimized standard type 3 film, which has in the as-
deposited state the lowest total bonded hydrogen concentra-
tion CH , essentially incorporated as isolated monohydride
groups. TheCH1 value in this film drops from 9.2 at. % be-
fore annealing to 1.4 at. % after annealing at 500 °C~Figs.
2–4!. On the contrary, the optimized He-diluted type 4 film,
which exhibits in the as-deposited state the lowestCH1 value
but a higher total bonded H concentrationCH , has the lowest
ND and Ns values after high-temperature annealing. At
TA5500 °C the values ofCH1 and CH2 are, respectively,
equal to about 3 at. %~significantly higher than that obtained
for film 3! and 1.5 at. %. However, we observe a slightly
larger disorder parameterE0 after high-temperature anneal-
ing for film 4 than for film 3. Film 2 lies between film 3 and
film 4 from the point of view of the changes inND andNS
for TA higher than 350 °C.

If we consider the experimental results as a whole, they
indicate that the defect creation process upon annealing,~i.e.,
release of the hydrogen from the different Si-H bonds! seems
to be essentially governed by the particular film microstruc-
ture resulting from the deposition conditions. However, the
concentration of the isolated monohydride groups initially
present in the films seems also to play an important role in
this process. In addition, although the He-diluted type 4 film
deposited at high rate contains, at least in the as-deposited
state, an important proportion of clustered Si-H groups and a
certain amount of H incorporated as polyhydride complexes,
it shows more hydrogen stability with respect to annealing
than the standard films deposited at low rates, especially type
3 film deposited at the sameTS5250 °C. This must be re-
lated to the particular microstructure of film 4, which con-
sists in a dense matrix~with relatively low H content incor-
porated as isolated monohydride groups! containing small
isolated voids at the surface of which polyhydride complexes
and interacting Si-H groups are located, as previously
suggested,27 rather than in an ‘‘island and tissue’’ type
matrix.28 Moreover, the optoelectronic properties of film 2,

deposited under nonoptimized conditions, can be improved
by a simple annealing of the native defects atTA5250 °C.
We may add that the standard films 2 and the He-diluted
films 4 deposited under completely different plasma condi-
tions ~Table I! seem to exhibit in the as-deposited state simi-
lar modes of H incorporation despite the differences in their
microstructure and their total bonded hydrogen content. On
the contrary, the He-diluted films 4 deposited at high rate
present in the as-deposited state optoelectronic properties
(ND , E0 , andNS) very similar to those of the optimized
standard films 3 deposited at low rate at the sameTS .

IV. CONCLUSION

By the present annealing studies ona-Si:H samples pre-
pared under different plasma and substrate temperature con-
ditions, we have evidenced the difference in the H bonding
modes between the He-diluted films deposited at high rates
and the standard samples deposited at low rates. We observe
higher H stability with respect to the annealing temperature
in the former case, i.e., in these films the total bonded H
content starts to decrease at higherTA . The defect creation
processes depend strongly on both the film microstructure
and the hydrogen bonding configurations, particularly the
isolated monohydride content initially present in the
samples. The high-temperature annealing~departure of H!
creates less defects in the optimized He-diluted samples than
in optimized standard samples deposited at the same~high!
TS ~250 °C!. We also demonstrate that despite a higher total
bonded H concentration, with a relatively large proportion of
Si-H in cavities~2080-cm21 stretching band! and possibly a
small proportion of polyhydride groups~840-cm21 bending
band!, the He-diluted samples in their as-deposited state
show a very low defect density as well as a low disorder
parameter, comparable to those obtained for the optimized
standard films deposited at the same substrate temperature.
Consequently, the He-diluted plasma conditions yield an in-
teresting alternative method for fast deposition of a good
quality material. Finally, for some standard samples depos-
ited under nonoptimized conditions, we can significantly im-
prove the optoelectronic properties of these films by anneal-
ing at 250 °C, i.e., well below the temperature of H release
from the different hydrogen bonds.
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