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We analyzed the physical properties of hydrogenated amorphous silicon (a-Si:H) samples grown
by plasma enhanced chemical vapor deposition, by means of infrared spectroscopy, mass-density,
and optical measurements. We applied the usual infrared spectroscopic techniques to evaluate the
amount of incorporated hydrogen and to investigate the influence of the Si-H bonding configura-
tions on the optical and electronic properties of a-Si:H obtained by this widely used deposition
process, and with parameters so chosen as to obtain films having state of the art characteristics.
We carried out an exhaustive study of the different infrared absorption peaks, generally ascribed to
different bonding configurations of H in Si, with a view to distinguishing the different contributions
of SiH, SiH2, (SiH2). to the spectral response of the material and to relating them to deposition
temperature. The correlation of this infrared spectral analysis with mass-density measurements has
evidenced that, for hydrogen content below 10 at. %, isolated SiH and SiH: bonds occur, whereas,
with higher hydrogen concentrations, the formation of (SiH2), chains gives rise to empty cavities
where hydrogen is preferentially incorporated. In addition, optical measurements show that samples
deposited at temperatures below 170 °C exhibit energy gaps and defect densities, which are quite
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different to those expected if only the effects of SiH groups are considered.

I. INTRODUCTION

One important step towards the understanding and
control of the properties of hydrogenated amorphous sil-
icon (a-Si:H) is the determination of the way hydrogen
atoms are bound to the silicon atoms of the network.
At low hydrogen concentrations (< 10 at. %), one may
expect H atoms to be mainly in the monohydride (SiH)
form. This bonding arrangement favors passivation of Si
dangling bonds with consequent improvement of the elec-
tronic and optical properties of the material.! In samples
having higher hydrogen concentrations, other structural
units are present, which affect the structural and the elec-
tronic features of a-Si:H films.2™>

One of the most direct and nondestructive techniques
for determining both the hydrogen content and the bond-
ing configuration is the infrared absorption spectroscopy.
Very comprehensive studies of the vibrational spectra of
a-Si:H have been carried out in the past and the assign-
ment of the peaks to different SiH bonding configurations
has been a matter of long-standing controversy.:5~8 The
most commonly accepted model ascribes all spectral fea-
tures to the vibrational modes of SiH, SiH,, SiH3 units,
and of (SiH,), chains due to clusters of SiH, units oc-
curring at high hydrogen concentrations.” Although with
such a model a comprehensive interpretation of many
a-Si:H features can be given, very limited experimen-
tal investigations*5%:10 have been carried out to provide
suitable correlation between the different Si-H bonding
configurations and some macroscopic physical properties
of the material obtained under conditions approaching
those usually adopted.
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In the literature, detailed analyses often present the
optical energy gap (Eg), the gap density of states (DOS)
and mass density as functions of the total hydrogen con-
tent and disregard the effects of the SiH, and (SiH3),
configurations. The importance of such configurations
has been pointed out, for example, by Furukawa and Mat-
sumoto who studied samples containing many polysilane
groups which were prepared by rf glow discharge of disi-
lane at very low substrate temperatures (from 220 to 440

In this paper we give, instead, the results of an ex-
perimental investigation into the influence of the SiH,
and (SiH;), configurations on the optical and structural
properties of a-Si:H films prepared by plasma enhanced
chemical vapour deposition (PECVD) of SiH4. The de-
position parameters were so chosen as to obtain a-Si:H
films having state of art characteristics.!? The substrate
temperature was the only parameter which was varied
from 140 to 270°C in order to obtain different concen-
trations of Si-H bonding configurations.

The hydrogen bonding configurations have been in-
vestigated by means of an accurate analysis of infrared
spectra. Absorption-peak area and positions were ob-
tained by deconvolution of the absorption spectra ex-
tracted from transmittance measurements, account be-
ing taken of optical interference due to difference in the
film-substrate refractive index. The adopted fitting pro-
cedure is consistent with the widely used IR data analysis
method?! in which empirically determined corrections are
introduced.!? The total hydrogen content was evaluated
by means of the integrated absorption of the 2000-2100
cm™~?! stretching modes and with use of the proportion-
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ality factors given in a previous paper® and confirmed by
other authors'®. The samples deposited at relatively low
temperatures (140-270 °C) show remarkable increase of
the bending mode peaks (840-880 cm~! region) which
is attributed to the formation of (SiH;), chains. These
polysilane chains affect the microstructure and electronic
properties of the material and favor the formation of
microcavities, in which hydrogen incorporates preferen-
tially, as indicated by density and optical measurements.

II. EXPERIMENTAL PROCEDURE

The a-Si:H samples analyzed in the present work were
produced by a commercially available ultra high vacuum
(UHV) multichamber PECVD system manufactured by
MVSystem Inc. (USA) and ElettroRava S.p.A. (Italy)
as described by Madan et al.!! The system is suitable
to produce any type of multilayer device avoiding cross
contamination between different layers. It contains three
modular UHV PECVD chambers of stainless steel con-
struction located around a central isolation and transfer
chamber which contains the transport mechanism con-
sisting of an arm with radial and linear movement. The
modular process zones are separately pumped (up to
1078 mbar) and have separate gas manifolds. The dis-
tance between the electrodes in each module can be var-
ied from 10 to 50 mm. The substrate, facing downward to
avoid accumulation of dust particles, is heated by prox-
imity by a heater placed outside vacuum to avoid contam-
ination. Intrinsic a-Si:H films deposited using this modu-
lar multichamber UHV PECVD system installed at Elet-
troRava show a dark conductivity in the 1071 Q= cm™!
range and a photoconductivity under global AM1.5 illu-
mination of 107° Q" !cm™!.

The most important parameter investigated was the
deposition temperature, which ranged from 140 to
270°C, whereas reactor power (3.0 + 0.5 W), inter-
electrode distance (14 mm), SiH, flow rate (0.4 stan-
dard cubic centimeter per minute), and total gas pres-
sure (0.8 mbar) were kept constant.? For optical mea-
surements films were deposited on Corning 7059 glass
and for infrared measurements on p-type high-resistivity
(= 100 © cm) 380 pum thick silicon wafers optically pol-
ished on the deposition side only. The typical film area
was 2 X 2 cm? and thickness ranged from 1.2 to 5 um.

Hydrogen content and the relevant bonding configura-
tions were determined by analyzing IR absorption spec-
tra. A Perkin Elmer Model 1710 spectrophotometer op-
erating at room temperature and at atmospheric pres-
sure, in the wave-number (w) region from 400 to 4000
cm™ !, (i.e., 2.5-25 pm wavelength range), with a 4 cm™!
resolution was used for IR measurements. It was oper-
ated in the single-beam mode, in which the transmit-
tances of the a-Si:H sample and of a reference c-Si sub-
strate were measured in rapid succession.

In order to obtain the film absorption coefficient from
the measured transmittance spectra, the sample trans-
mittance Ty (w) was divided by the bare-substrate trans-
mittance T,(w); substrate absorption was assumed un-
modified by the presence of the film. Such a procedure—
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adopted by several authors!1%:12—allows the c-Si absorp-

tion at wavenumbers below 1200 cm™! to be taken into
account. However, it involves some undesirable effects;
for instance, the film-substrate transmittance T s(w) re-
sults in some samples, larger than that of the bare sub-
strate, T,(w), in the transparent region (i.e., 2400-3600
cm™!) of the spectra. This may be due to imperfect
matching of the sample substrate with the c¢-Si reference,
to the presence of air in the measurement chamber, and
to a low-refractive index difference between the substrate
and the film, which causes interference fringes. Neverthe-
less, the absorption spectra of the a-Si:H can be recovered
if an appropriate base line subtraction is adopted in the
treatment of the transmittance data.

The said base line was fitted in the transparent region
by the function,

_1
Tp(w)

where Tp(w) is the IR transmittance and P,(w) is an n-
degree polynomial (n = 3,4) whose (n + 1) coefficients,
together with I'; Q, and ¢, are free parameters, to be de-
termined via the best fit of experimental data. The cosi-
nusoidal term in (2.1) has been included in order to take
account of multiple reflections in the film; the refractive
index n and the thickness d of the film were calculated
from the angular frequency Q2 and amplitude I" of the IR
fringes. The polynomial in (2.1) was introduced in order
to take account of the background present in all samples.
The very slight curvature of the base line may be due
to oxide layers at the top and bottom substrate surfaces,
which generate large interference fringes. A typical result
of such base line subtraction with respect to raw experi-
mental data is shown in Fig. 1 for a typical sample.

We would note that the corrected transmittance

= P,(w) + T cos(Qw + ¢) , (2.1)
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FIG. 1. IR transmission and absorption spectra of a-Si:H
deposited at the substrate temperature of 143 °C. (a) Raw ex-
perimental transmission data, (b) transmission data (shifted
by 0.5) with interference effects removed.
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FIG. 2. IR absorption spectra of a-Si:H deposited at 143
and 266 °C. The deposition time was 150 min.

(T'/Ts) is relevant to samples with non-absorbing sub-
strates and nonreflecting substrate-film interface. Since
with the method we adopted, we satisfied the conditions
on which Brodsky et al.! based their approach, we cal-
culated the absorption coefficient a(w) of the film by the
formula

a(w) = é [In(XR) — In(v1+X2 - 1)],

where X = 2R(T/Ty)/(1 — R?), R is the reflectivity of
silicon (R=0.3)! and d is the film thickness evaluated
from the period of the interference fringes. The base line
(2.1), previously evaluated only in the transparent range,
has now been extended to include the whole spectrum.
Figure 2 shows two absorption spectra of a-Si:H samples

(2.2)
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FIG. 3. Deconvolution of the 2000 and 2100 cm ™' stretch-
ing peaks. The two Gaussian functions are indicated by the
broken lines and represent the best fit of the experimental
dotted line.
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FIG. 4. Frequency distribution of residuals (Qexp — ast).
The probability density of a Gaussian noise is indicated by
the solid line.

deposited at 143 °C and 266 °C. Finally, the IR absorp-
tion spectrum of each sample was investigated separately
by analyzing three vibration regions: the stretching re-
gion (1850 cm™! < w < 2250 cm™1!), the bending region
(800 cm™! < w < 1000 cm™!) and the wagging region
(550 cm™! < w < 800 cm™!) . The a(w) curve around
each absorption region was fitted by minimizing the 2
function with respect to variations in the vector of the
parameters a, that is

N 2

2 _ n elwi) — flwira) )

e ; [ 5 : (2.3)
where o; is the estimated uncertainty of the absorption
measurement corresponding to the wave number w;. The
fitting function f(w;, a) is the superposition of two Gaus-
sian functions having six free parameters, i.e., ampli-
tudes, mean values and standard deviations, which are
the components of the parameter vector @. The de-
convolution procedure was carried out by application of
the MINUIT program'3 which gives the estimates of both
the numerical values of the parameters minimizing the
x? function and the relevant standard deviation; a typ-
ical deconvolution result is illustrated in Fig. 3 for the
2000-2100 cm ™! doublet, whereas the histogram in Fig. 4
shows the frequency distribution of the residuals and in-
dicates that noise can be considered Gaussian.

Finally, the optical gaps were determined by means of
Tauc’s plots and the absorption coefficients in the low
absorption region were measured by the photothermal
deflection spectroscopy technique,’* in order to obtain
Urbach’s energy and the gap DOS. Density was mea-
sured by floating the samples in tetrabromoethane, as
described by Manfredotti et al.3

III. RESULTS AND DISCUSSION

The present section is organized in the following way.
The first part describes the determination of the hydro-
gen content by an analysis of the wagging and stretching



S0 INFLUENCE OF HYDROGEN-BONDING CONFIGURATIONSON ...

IR modes. In the second part, the IR spectral analysis is
extended to the bending region. The third section deals
with the correlation of optical and structural properties
with the deposition parameters, and focuses attention on
the deposition temperature.

A. Hydrogen content and the wagging
and stretching modes

The total hydrogen content (Ny) was determined from
the IR stretching modes at 2000 cm™! and at 2100 cm™*!
through the following expression:®

Ny = Aze00l2000 + A210012100, (3.1)

where the integrals I = [ [a(w)/w] dw extend to the fre-
quency range of the corresponding absorption mode.

The values of the two proportionality constants
[Azooo = (74 + 10) x 10'® cm~2 and Asi00 = (21 +
0.2) x 102° cm~2] were previously obtained by our re-
search group on low pressure CVD samples by correlating
the IR data with the amount of hydrogen bound to Si, as
determined by elastic-recoil-detection analysis (ERDA).®

Recently, Langford et al.l® stated that the absorp-
tion strength of the stretching modes does not depend
on the detail of sample preparation; they obtained con-
sistent values of Azp00 = (9.0 £ 1.0) x 10*® cm~2 and
Az100 = (2.240.2) x 10%° cm ™2 by calibration of the IR
integrated absorbances with the H content determined by
means of nuclear reaction analysis (NRA) on plasma as-
sisted CVD (PACVD) and reactive magnetron sputtered
(RMS) samples.

The validity of our fitting procedure and of hydrogen
content evaluation can be verified by examining Fig. 5
which shows the correlation between Ny [as calculated
by Eq. (3.1)] and the integrated absorbance Ig4o of the
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FIG. 5. Hydrogen content (Ng) vs the integrated ab-
sorbance Is4o of the 640 cm™' mode. Least-squares fit to
data yields zero intercept and Ag4o = (2.1 +0.2) x 10'° cm™?
slope.
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wagging mode. Our data lie, within the estimated un-
certainty, around the straight line obtained by Langford
et al.10 by calibrating the hydrogen content from NRA vs
the integrated absorbance of the 640 cm~! wagging mode
for PACVD and RMS films. This fitting line has zero in-
tercept and angular coefficient Aggo = (2.1 £ 0.2) x 10'°
cm™2,

According to the most common interpretation of the IR
spectra,%10 absorption around 2000 cm ™1 is attributed to
the isolated and/or clustered SiH bonds and absorption
around 2100 cm™! is attributed to SiH, and/or to clus-
tered SiH bonds. Since statistical fluctuation prevented
us from having clear evidence of peaks centered around
2140 cm~?!, we have not considered the presence of SiHj
bonds.

The peak due to SiH bond stretching occurs at 2003
+ 2 cm~?! and shifts by about 100 cm~! with respect to
the frequency shift of the isolated monohydride. This fre-
quency shift value was obtained experimentally by Am-
ato et al.? and by Langford et al.'® and theoretically by
Cardona,® who suggested that such frequency shift is due
to the depolarizing field produced by a vibrating dipole
in a cavity. The connection between frequency shift and
depolarizing field is expressed by the following relation:

1 e*? e—1

Aw = —
@ 327!'36062[1, Rawgooo 2¢ +1

[in ST units],
(3.2)

where €y and € are the dielectric constants of the vacuum
and of the a-Si matrix (e = 12), c is the velocity of light,
and p the reduced mass of the dipole. The radius, R, of
the spherical cavity is assumed to be equal to the covalent
radius of silicon® and the dynamical charge e* = 0.4e was
calculated from the constant Azgp¢ by the formula,

4 2
6‘2 = w [in SIunits] s

3.3
Azo00 (33)

where n is the static refractive index of the material
(n = 3.42). As regards the SiH, stretching band, the
mean value saturates at wa190 = 2080 cm ™! which corre-
sponds to a frequency shift Aw = 48 cm™! with respect
to the isolated di-hydride, which is in good agreement
with the value (Aw = 41 cm™!) calculated via the above
mentioned model.®®

B. Bond bending region

Figure 6 shows the close linear correlation between the
880 cm™! and the 2100 cm™! integrated absorbances.
It is a direct verification of the commonly adopted
interpretation!'? which attributes one of these two modes
to the SiH scissors bending and the other to the stretch-
ing mode. In addition, from the linear least-squares fit
of data in Fig. 6, the proportionality constant between
I3100 and Iggo is 0.37+£0.06. Such a value is in good agree-
ment with the proportionality constant (0.38) evaluated
by Shanks et al.® which refers to sputtering-prepared
samples of a-Si:H.



18 050

15 4

10

Iggo (cm™)

0 5 10 15 20 25 30 35 40

Iz100 (cm™)

FIG. 6. Integrated absorbance Iggo of the 880 cm™! scis-
sors-bending mode vs the integrated absorbance I2100 of the
2100 cm ™! SiH; stretching mode. Least-squares fit to our ex-
perimental data yields zero intercept and a slope of 0.37+0.07.

The behavior of the integrated absorbance Ig4¢ of the
840 cm™! mode vs I3;00 is shown in Fig. 7. Its clearly
nonlinear behavior can be interpreted through the model
of Lucovsky and co-workers,?” which assumes that the
relatively strong absorption at almost 840 cm™! is due
only to near-neighboring pairs of SiH, groups or to longer
chain segments (SiH3),,, whereas isolated SiH;, groups are
assumed to produce weak IR absorption at 840 cm™!
and strong absorption at 880 and 2100 cm~!. The
(SiH3)y, chain formation also provides an explanation for
absorption-peak shifts for the peak near 880 cm™!, as
shown in Fig. 8. At low hydrogen concentrations (i.e.,
with low I5100 values ) there is no evidence of absorption
near 840 cm ™!, while an evident peak occurs at 875 cm ™1,
which is generally assigned to the isolated SiH; scissors-

Ig40 (em™ )
—

I2100 (cm™)

FIG. 7. Integrated absorbance Ig4o of the 840 cm ™! bend-
ing mode vs the integrated absorbance I2100 of the 2100 cm™?!
SiH; stretching mode.
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FIG. 8. Infrared absorption wave-number shift for peaks
near 840 cm™! (o) and 880 cm™ " (e).

bending mode.? As the hydrogen content increases, two
peaks appear, one at 842 cm™! and the other at 885
cm™!, which correspond to (SiH;), wagging and (SiHz),
or SiH; scissors-bending modes, respectively.

C. Structural and optical properties

The above described IR spectral analysis, if related
to deposition parameters and density measurements, can
give some qualitative information on the microstructure
of the material. The fractions of hydrogen bound as
SiH and SiH; are given by the relationships Cg(SiH) =
A200012000/5 % 10?2 and Cy(SiHz) =Az100l2100/5 % 1072,
where the denominators represent the atomic density of
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FIG. 9. Hydrogen concentration bound as SiHz (e) and
SiH (o) as functions of the deposition temperature for a fixed
deposition time (180 min). The symbols (A) refer to the
values of Ig40.
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FIG. 10. Hydrogen concentration bound as SiH; (e) and
SiH (o) as functions of deposition rate at a fixed deposition
temperature (143 °C). The symbols (A) refer to the values of
Tgso.

crystalline silicon as reported in the literature.!® Their
values are shown in Figs. 9 and 10 as functions of the
variable deposition parameters, i.e., deposition tempera-
ture and growth rate. It is worth noting that the H con-
tent in SiH groups ranges between 6 at. % and 8 at.%,
whereas the hydrogen bound as SiH, covers a larger range
of values from 1 at. % to 17 at. % so that we shall consider
only SiH, as the independent variable of our analysis.
Figures 9 and 10 show also the behavior of Ig40 as a func-
tion of deposition parameters; Ig40 Will be considered, as
already indicated, proportional to the number of (SiH3),
chains. An increase in the deposition temperature or,
similarly, a decrease in the deposition velocity, causes re-
markable decrease of both SiH; and (SiH;), polymers,
as already pointed out by Meiling et al.,'® while the SiH
content remains approximately constant.
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FIG. 11. Mass densities (o) as function of total hydrogen
content.
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FIG. 12. Atomic densities (o) as functions of total hydro-
gen content. The open squares (O) indicate the Isso/Isso
ratio.

Figures 11 and 12 show the mass density (p) and the
atomic density of a-Si:H films as functions of the total
hydrogen content; the trend of our experimental data is
in agreement with the data reported by Langford et al.l®
We estimated the total atomic density N from the mea-
sured mass density? and from the absolute atomic den-
sity of hydrogen [calculated from equation (3.1)] via the
following expression:

N P,
Nioy = P}f + NH (1 - ﬁ) ) (34)

where N4 is the Avogadro constant and Py , Ps; are the
molar mass of hydrogen and silicon, respectively.
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FIG. 13. Gap density of states as a function of the SiH,
content.
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At a low hydrogen concentration, i.e., Ny < 6—7x102%!
at. %/cm?3, approximately corresponding to 5 at. % and 6
at. % hydrogen bound as SiH and SiH, respectively, the
total atomic density slightly decreases and no (SiHj),
chains, i.e., no absorption peaks near 840 cm~! form.
This means that only isolated SiH and SiH, bonds
are present and that the average intersilicon distance
increases.!®

As soon as the Igs4o/Iggo ratio, indicated by open
squares (J) in Fig. 12, is no longer negligible, i.e., when
(SiHz), chains begin forming, the atomic density con-
siderably increases; this phenomenon may be due to the
formation of microcavities. With cavity increase, hydro-
gen atoms are no longer incorporated as isolated SiH or
SiH; bonds but they presumably “decorate” the surfaces
of the microcavities!®1® and/or increase the length of
the (SiH;), chains, as suggested by the slightly higher
Is40/Iggo ratio.* In addition, the constant mass density
indicates that the intersilicon distance remains constant
because the hydrogen in excess is incorporated in the mi-
crocavities.

It must be noted that the lowest atomic density oc-
curs at a deposition temperature of ~ 170 °C, which is a
threshold temperature below which hydrogen is incorpo-
rated as SiH and/or SiH, bonds and above which hydro-
gen is incorporated in microcavities or in (SiHz), chains.
However, the value of this threshold temperature is not
to be considered absolute since hydrogen incorporation
depends also on deposition rate as shown in Fig. 10.

Such an interpretation of the behavior of density as a
function of the hydrogen content is corroborated by the
model described by Street!” which ascribes SiH, group
formation to surface reaction kinetics, where two radi-
cals SiH3 bind to the network close to each other, so that
one H atom in each group may be released to form H,
molecules and the two resulting dangling bonds may re-
arrange themselves and restore the coordination of silicon
atoms. The relatively small density at high SiH, content
may be explained by the fact that our samples were ob-
tained at low temperatures (< 170 °C) or at high deposi-
tion rates, that is when no structural balancing occurs'?
and the formation of a cavity around the SiH, bonds
or (SiH3),, chains results in the only possible topological
configuration.!® As the SiH, content decreases, at de-
position temperatures below 170 °C , hydrogen diffusion
favors a network rearrangement and a resulting reduction
of microcavities in the material. We point out that our
thermovolumetric and thermogravimetric measurements
have given some evidence of hydrogen effusion at 170°C,
probably due to the breaking of the SiH, bonds. An-
other indirect evidence of the strict correlation between
the SiH; or (SiH2), content and the structural disorder
of the material is shown in Figs. 13 and 14, in which
the density of states and Urbach’s slope, Ey, are plotted
vs the SiH, content. Hydrogen bound as SiH; tends to
increase the structural disorder in terms of bond-angle
distribution and consequently to increase both Urbach’s
energy and the density of states in the gap. The behav-
ior of the optical band gap E¢ is shown as a function of
the hydrogen bound as SiH, content in Fig. 15, which
displays a noticeable enlargement of the optical gap as

C. MANFREDOTTI et al. 50

70 1

65 - —

60 -
55

Eg (meV)

40 - ; T ‘ . .

SiH, (% at.)

FIG. 14. Urbach’s energy Ey as a function of the SiH; con-
tent.

a function of SiH, as is qualitatively shown by Maessen
et al .18

The fact that Eq, gap DOS and Ey increase monoton-
ically as functions of the SiH, content allows us to con-
clude that the increase of the pseudogap is not caused by
progressive removal of defect states in the gap or by dis-
order, but by the increasing influence of hydrogen bonds
on the a-Si:H structure. Since at high hydrogen concen-
tration SiH units are progressively replaced by SiH, and
(SiH), polysilane chains showing effective gaps® of 4-
6.5 eV, the mentioned optical measurement values can
be explained if a-Si:H films are considered a mixture of
two binary Si:H alloys: one has a constant SiH bonds
concentration and small energy gaps; the other has wide
gap polysilane chains whose growing number or length
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FIG. 15. Optical energy gap E¢ as a function of the SiH:
content.
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enlarges the average gap and, at the same time, increases
structural disorder.

IV. CONCLUSIONS

We have investigated the effect of hydrogen incorpora-
tion as SiH, SiH,, (SiH2), on the optical and structural
properties of a-Si:H samples deposited by PECVD. The
total hydrogen content was obtained through the deter-
mination of the absorption strength of 2000-2100 cm™?
stretching modes. The good agreement of our data with
the calibration line obtained by NRA and ERD measure-
ments corroborates our results.

The absorption strength of the peaks at 880 cm™!
shows a linear correlation with the absorption strength at
2100 cm™! and indicates that the 880 cm~! absorption
peak related to the scissors-bending mode of the SiH,
group is in agreement with previously assigned values.
The Igg0/I2100 ratio obtained from a least-squares linear
fit is 0.37 £+ 0.06.

The nonconstancy of the value of the peak frequency
of the scissors mode and the nonlinear behavior of Ig4o as
a function of I319¢ have been attributed to the formation
of (SiHz), groups. Such polysilane chains are responsi-
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ble for the formation of microcavities, as results from an
analysis of the atomic and mass-density curves as func-
tions of the incorporated-hydrogen concentration. These
results led us to identify two different processes of hydro-
gen incorporation. Isolated SiH and SiH, bonds occur
when the hydrogen content is below 10 at.%, whereas
with higher hydrogen concentrations the formation of
(SiH2), chains cause the formation of empty cavities
where hydrogen is preferentially incorporated. In our
samples these two processes developed at deposition tem-
peratures above and below a threshold value of 170°C,
which should not be believed unique under any deposi-
tion condition, since hydrogen incorporation depends to
a great extent on the deposition rate.

Finally, we observed a monotonic increase in the gap
density of states, in Urbach’s energy and in the optical
band gap vs the SiH, bond concentrations, such increase
suggesting that high hydrogen concentrations give rise
to defects and disorder in the material. The material is
then to be considered a mixture of ordinary small band
gap a-Si:H having a constant amount of SiH bonds (4-7
at. %) and wide band gap polysilane chains, whose net
effect results in a “positive” enlargement of the average
band gap.
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