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Infrared spectroscopy, elastic-recoil detection analysis (ERDA), and hydrogen evolution have
been used to carefully determine the hydrogen content of low-pressure chemically-vapor-deposited
a-Si:H films. The amount of hydrogen and the bonding character can be easily varied by changing
the deposition conditions. The stretching peaks at ~2000 and ~2100 cm ™! have been deconvolut-
ed and the integrals calibrated by means of ERDA. The results provide the exact calibration con-
stants for both peaks, and the values for the dipole effective charge obtained so far are consistent
with the theory. Hydrogen-effusion measurements show that it is fairly certain that the material
presents a small amount of voids, if compared with plasma-deposited amorphous silicon, despite the
fact that the ~2100-cm ™! peak can be detected in vibrational spectra. This result seems to confirm
that the character of hydrogen bonding is not related to the amount of voids in the material. On the
other hand, no presence of microcrystallites is detectable in Raman spectra and the sample quality,
tested by means of photothermal-deflection spectroscopy, does not seem to depend on the relative
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strengths of the two stretching modes.

INTRODUCTION

The effect of incorporation of hydrogen in amorphous
semiconductors allows us to steeply improve the electron-
ical and optical properties of the films.! One of the most
direct identifications of the local environment of H atoms
in an @-Si matrix is obtained by means of infrared vibra-
tional spectra. These spectra commonly exhibit a
stretching doublet at ~2000 and ~2100 cm™!,? but
some other structures are present. 23

The wagging-rocking-rolling (640 cm™!) and bending
(890 cm ™!, 860 cm ') modes have been used to calculate
the hydrogen content in the film,® but, in some cases,
they are difficult to detect. Thus, the stretching doublet
seems to provide more reliable results.

Very comprehensive studies of the vibrational spectra
of a-Si:H have been carried out in the past.2™*

On the other hand, the assignment of the ~2100-cm ™!
mode has been the subject of a long-standing controversy.
It is generally accepted that this mode is correlated with
the presence of SiH,, (SiH,),, or SiHj; configurations.
Nevertheless, the possibility that the ~2100-cm ™! struc-
ture arises from interacting Si—H bonds on the inner
surface of microvoids has been suggested.> Recent publi-
cations® !0 associate the ~2100-cm~ ! mode with poor
photoelectronic properties of the material.

The question concerning the assignment of the
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~2100-cm ! mode and its association with low material
quality still remains unsolved: in a recent work,'! vari-
ous arguments that do not confirm these two explana-
tions have been provided, and the need of further study
has been pointed out.

Low-pressure chemically-vapor-deposited (LPCVD) a-
Si:H has gained less attention than plasma-enhanced
chemically-vapor-deposited (PECVD) or sputtering one,
the most likely reason being the low hydrogen content
detected in the films which have been grown in the
past.12

In recent years, a great deal of effort has gone into
improving the photoelectronic properties of LPCVD a-
Si:H: the results are encouraging in view of a possible ap-
plication in the photovoltaic field.

Furthermore, the relative unsensitivity of the material
to degradation phenomena (Staebler-Wronski effect) has
been pointed out. 13

In Fig. 1, a photothermal-deflection-spectroscopy
(PDS) spectrum as obtained on a typical good-quality
LPCVD sample (sample 15 in Table I), is reported. The
Urbach’s tail slope is 65 meV while the density of states
as estimated by means of the deconvolution of the ab-
sorptaion spectrum in the low-energy range is ~2X10'°
cm” .

The dark conductivity has been evaluated to be
04~10"° (Qcm) ™! and the photoconductivity in AM1

13,14
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FIG. 1. The absorption coefficient spectrum as obtained by
PDS on a good-quality LPCVD a-Si:H film.

(air mass 1) conditions is 0, ~107*4 (Qcm) ™.

This means that the best LPCVD films, even if not
comparable with the best PECVD ones, can show good
photoelectronic properties, typical of the material depos-
ited a few year ago by means of plasma reactions. The
main difference between these two classes of film is that
the temperature involved in the LPCVD process
(T;>400°C) is much higher and the ion bombardment is
absent.

Thus, an accurate study of the vibrational spectra of
LPCVD a-Si:H seems to be necessary: it can provide use-
ful information either for the improvement of the
LPCVD technique, or for a better understanding of the
unsolved problems related to the hydrogen bonding in a-
Si:H films.

The aim of this work is to compare ir spectroscopy
with elastic-recoil-detection analysis (ERDA) and hydro-
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gen effusion, in order to obtain the effective dipole
charges for the ~2000- and ~2100-cm ™! modes and to
discuss the correlation between the presence of the
~2100-cm~! peak and the structural properties of the
LPCVD material.

EXPERIMENT

Films of a-Si:H have been grown through thermal
decomposition of Si,Hg in a 2-m-long quartz reactor.

The deposition parameters useful to control the growth
kinetics are pressure, temperature, and gas flux. Among
them the first two have been chosen, in the attempt of
tuning the film hydrogen content and bonding coordina-
tion. The temperature range was 400°C-450°C, while
pressure was in the 1-10-mTorr interval.

(111) silicon wafers have been chosen as substrates for
both ir and ERDA measurements. Quartz or Corning
glass substrates have been used in some cases for the
ERDA analysis. In these cases, the substrate in the
growth tube was placed close to a crystalline silicon wafer
used for ir measurements.

Samples grown on quartz were used for hydrogen-
effusion process.

A FFT Perkin Elmer spectrometer was used for ir
spectroscopy. The principle behind ERDA (Ref. 16) is
quite simple, being the technique similar to ion back-
scattering. A beam of ions with mass M, (*He in our
case) greater than that of atoms to be profiled ('H) and
energy E;, of the order of 1 MeV/amu is incident on a
sample tilted at an angle ¢ =75°. The incident beam un-
dergoes elastic collisions with atoms in the target while it
decelerates along its trajectory according to the stopping
power of the sample. The recoiled H ions exit with an
energy E <E;, and can be detected by a silicon
surface-barrier detector covered by a slit and a thin foil.
The aperture is used for the definition of the scattering
angle and the foil acts as a particle filter, by stopping the
incident *He ions elastically recoiled by the target in the

TABLE I. The summary of the experimental results as obtained on several samples (not available

data are indicated with n.a.).

Thickness Si—H Si—H, ,(2000) w,(2100) ERDA
Sample (um) (at. %) (at. %) (cm™1) (cm™1) (at. %)
1 0.48 1.96 3.89 1996 2069 4.8
2 0.4 2.57 3.53 1994 2067 5.8
3 0.3 3.31 3.27 1991 2063 7
4 0.23 3.94 1.63 1989 2055 5.4
5 0.3 4.02 2.31 1993 2068 6.3
6 0.27 3.54 1990 2063 5.1
7 0.21 3.45 1.35 1988 2055 4.2
8 1.04 1.9 <0.2 1991 2070 2.1
9 1.4 1.88 <0.2 1990 2070 2.1
10 0.85 2.51 10.28 2000 2075 13
11 0.95 3.08 6.74 1996 2072 9.8
12 0.6 2.75 3.79 1993 2066 6.9
13 0.58 2.82 3.76 1994 2064 7.1
14 0.46 3.15 1991 2061 6.7
15 0.78 2.23 1990 2063 n.a.
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same direction of light atoms. The detected H atoms
have an energy E;=E,,,—AE, where AE is the energy
loss through the foil.

The H concentration profile can be obtained by com-
paring the spectrum of the analyzed sample with a suit-
able standard.

RESULTS AND DISCUSSION

Infrared spectra present some structures, as described
above, that are sometimes difficult to separate from the
interference fringes pattern. In particular, only the
~2000- and ~2100-cm ™! doublet has provided reliable
results in our case.

To eliminate the interference fringes pattern, the fol-
lowing procedure has been used. The film refractive in-
dex has been calculated by means of the Kramers-Kronig
transform of the imaginary part of the dielectric con-
stant. This quantity has been parametrized by means of
available models!” and the parameters have been obtained
by fitting the experimental data in the 1-4-eV energy
range. '8

This procedure allows us to determine the Fresnel
coefficients at the air-film and film-substrate interfaces,
being the substrate refractive index n;~3.4

The ir transmission experimental data have been
corrected for the substrate transmission and hence con-
verted into absorption ones, by using some common rela-
tionships.!® In this manner, the absorption spectrum
without interference fringes can be obtained.

Figure 2 shows the absorption coefficient behavior in
the region 1800-2300 cm™! for a typical sample as ob-
tained by means of this procedure.

The contribution of an ir-active vibration of a Si—H
band of frequency o, to the complex transverse dielectric
constant is!!

Ae(w)=(4Ned*/n)/(0?—*—iyo) , (n

(arb. units)

a(w)
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FIG. 2. The ir absorption coefficient for a typical sample ob-
tained after suppression of the interference fringes (dotted line).
Deconvoluted peaks at ~2000 and ~2100 cm ! (dashed line).
The dashed line represents the best fit of the experimental dot-
ted line.
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where
w?=0i—4wNed*/u , (2a)
and
w3=K,/1 , (2b)

K is the restoring force constant, w, the Si—H stretch-
ing frequency in the free molecule, y is the damping con-
stant, N the number of oscillations per unit volume, p the
reduced mass, and eg the effective dipole charge.

If the separation between the peaks of the doublet in
Fig. 2 is needed, an appropriate deconvolution procedure
has to be applied in order to obtain two Lorentzian
curves. For this purpose the minimization program
MINUIT has been used, and the deconvolution result is re-
ported in the same figure.

It is well known that by integrating the peaks in the ab-
sorption coefficient a(w) spectra, the obtained quantity is
related to the H amount in the sample? through the equa-
tions

Ng=Aglg cm™* | (3a)
with
IS:fw_la(a))dw , (3b)

where the integral is extended to only one of the absorp-
tion modes and Ag is a constant.

Equation (3) can be rewritten in order to meet our case
as

NS:ASf 2000 Ha)ila(a))da)
~ cm

+Bs[ o lawdo, @)

where Ag(cm™?) and Bg(cm ™ 2) are the calibration con-
stants for the two modes.

Since the total H concentration has been obtained by
means of ERDA measurements, a two-dimensional linear
fit can be applied to experimental data, in order to evalu-
ate Ay and Bg.

The result of the fit is shown in Fig. 3: the x axis re-
ports the H percent calculated by means of (4) and nor-
malized on the Si atoms concentration, while on the y
axis the same quantity, evaluated by means of ERDA, is
quoted. As it can be seen, the data are highly correlated
and the choice of the substrate for ERDA measurements
(the circles represent ¢-Si substrates, while the diamonds
represent quartz or Corning glass substrates) does not
play any role.

The values of Ag and Bg obtained so far are the fol-
lowing:

Ag(0~2000 cm™!)=(7.34+1.00)X10"° cm ™2,

(5)
Bg(0~2100 cm™!)=(2.06+0.15)X10* cm ™2 .

These results do not agree with those reported in Ref.
2, but it will be shown by the following considerations
that they are consistent with the theory.

First of all, the values of the dipole effective charges e
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can be evaluated from A4 and By following the treatment
of Ref. 2:

Ag=cnuwy/(2m%ed?) cm ™2 . (6)
From this we obtain
ed(w~2000 cm™1)=0.44, ed(w~2100 cm~1)=0.26 .

@)

It has been argued that a solid-state effect>>> can ac-

count for the discrepancy between the values of e in (7)
and the free-molecule effective charge eg. The value of
el has been assessed to be ef=0.16. The solid-state
effect consists in the presence of a local field which differs
from the applied field. There are two main approaches
for the local-field corrections.* The first is the Onsager
local-field approximation, which considers a point dipole
into a spherical cavity within the dielectric medium. The
second approximation uses the Lorentz local field and
treats the absorber as embedded in a dielectric medium.
It is widely accepted that the first approximation could
be more correct.?

The relationship between eg an ef can thus be written
as

ed=[3e/(1+2¢)]es (8)

where € is the electronic dielectric constant of the medi-
um.
Equation (8) gives

eg=0.23 )

in clear agreement with the result obtained for the mode
at ~2100 cm .

A second consideration consists in the evaluation of
the frequency shift of the peaks, due to the solid-state
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FIG. 3. The correlation between H atomic percentage ob-
tained by means of ERDA and ir measurements. For the ir
evaluation, the calibration constant values reported in the text
have been used. For ERDA measurements both c¢-Si substrates
(open circles) and quartz or Corning glass ones (diamonds) have
been used.
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effect. As it can be recognized in Fig. 2 and in Table I,
the peaks maxima are generally centered around 1990
and 2060 cm ~!. A similar type of shift has been reported
by other authors® on sputtered samples, annealed at
T >500°C.

The theoretical calculation on the solid-state shift Aw
can be carried out, following Ref. 2: if we consider the
free-molecule vibrational frequencies of the SiH band
(2080 cm™!) and of the SiH, band (2128 cm™!) (as re-
ported in Ref. 2), we obtain shift values Aw= —88 cm ™!
and Aw~ —51 cm ™}, respectively. This result is in excel-
lent agreement with the experimental evaluations.

A last consideration arises if we compare the mean
value ( Ag+Bg)/2 with the experimental calibration con-
stant as reported by Shanks et al.> In that paper, the in-
tegrated strength I of the bond stretching band around
2000-2100 cm ~! has been related to the H concentration
as measured by nuclear techniques by means of Eq. (3).

The value of Ag reported therein is Ag=1.4X10%

cm ™2,
The mean value (Ag+Bg)/2 obtained by (5) is
(1.3940.12) 10* cm ™2 in clear agreement with Ref. 3. As
a matter of interest, no relevant changes are obtained if
the same integrating procedure of Ref. 3 is followed.

At this point, a brief discussion about the structural
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FIG. 4. Raman spectra for (a) a typical LPCVD sample com-
pared with (b) a good-quality plasma-deposited one.
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properties of LPCVD amorphous silicon seems to be
necessary. In fact, as it can be seen in Table I, the per-
centage of SiH, bonds is in many cases comparable with
the Si—H one, even higher in some samples. It is gen-
erally believed that by increasing the strength of the
~2100-cm ™~ ! mode, the quality of the films degrades.

The PDS result reported in Fig. 1 together with the
photoconductivity measurements, referred to as sample
15 does not to agree with this viewpoint. In particular,
the best quality samples we have cbtained show a Si—H,
bond concentration, which is approximately two or three
times the Si—H bond one.

Another effect which could be correlated with the pres-
ence of the ~2100-cm ™! mode is the degree of micro-
crystallinity of the film. In order to check if the micro-
crystallites are present, Raman spectroscopy has been
used on LPCVD films and the results have been com-
pared with those obtained in the case of good-quality
plasma-deposited films. Figure 4 compares the Raman
spectrum obtained on a typical LPCVD sample with that
of a good-quality (defect density below 10® cm™?)
PECVD film. It can be argued that the shape of the two
spectra is essentially the same. The peaks of the TO pho-
non at ~470 cm ™! have essentially the same half-width
(91 cm™! for the plasma-deposited sample, 92 cm ™! for
the LPCVD one) and no shift towards higher wave num-
bers (related to the presence of microcrystals?®) is detect-
ed.

It can be concluded that the LPCVD samples are
essentially amorphous, and the size of microcrystallites, if
any, is below the resolution limit,?! typical of Raman
spectroscopy. A comprehensive comparison between Ra-
man and PDS spectroscopic results on LPCVD films will
be the subject of a forthcoming paper.

Concerning the assignment of the ~2100-cm™ " mode
to hydrogen bonding on inner surfaces of microvoids, the
H evolution experiments yield valuable information
about the material structure.

For a-Si:H films two evolution processes are generally
found.!! At low temperatures (T <350°C) the films are
generally permeable to molecular hydrogen. This mecha-
nism is generally explained by considering that the ma-
terial is a void-rich structure and, upon hydrogen release,
the void collapses and a rather compact material is
formed.

Beyer et al.?? have explained these results by attribut-
ing the low-temperature process to the desorption of H
bound to internal surfaces of voids, followed by a
diffusion through a network of voids.

The result of Fig. 5 shows a typical H-effusion curve
against temperature for a LPCVD sample. This result
shows that the low-temperature evolution process is ab-
sent in LPCVD material, even if the ~2100-cm ™! vibra-
tional peak is detectable. At first sight, the most likely
explanation is that the LPCVD a-Si:H is a particular
kind of void-free material. To support this statement, we
have to consider that the deposition temperature T, is
far from typical plasma-deposition ones (7,2
400°C) so that a kind of compact material can be ob-

1
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FIG. 5. H-effusion curve for a typical LPCVD sample.

tained during the growth. Because of the higher temper-
atures involved in LPCVD growth, it seems likely that
the surface mobility of the deposited atoms is higher than
in plasma processes.

If the void percentage in the LPCVD films is consider-
ably less than in plasma deposited ones, there is no way
to attribute the ~2100-cm ! peak to H bound in the
internal surface of voids.

As it has been clearly shown in recent works!?* the
large 1(2000 cm ') /I(2100 cm " !) peak ratio in vibration-
al spectra of sputtered samples could be an effect of the
ion bombardment of the film during deposition.

Thus, a “silent” technique, like LPCVD, in which the
ion bombardment is practically absent, can provide sam-
ples in which the I(2000 cm™!) /I(2100 cm ™ ') peak ratio
is considerably smaller. This assumption is in clear
agreement with our experimental results.

CONCLUSIONS

We have used the ERDA analysis to calibrate the re-
sults obtained by ir vibrational spectra of LPCVD a-Si:H.
The careful comparison of the two sets of data allows us
to evaluate the dipole effective charges for the stretching
doublet at 2000-2100 cm ™~ !. The values obtained so far
are consistent with the theory and are in good agreement
with experimental data obtained on samples grown by
means of different deposition techniques. Nevertheless,
we have pointed out that the LPCVD material cannot be
totally related to the plasma-deposited one, due principal-
ly to the higher temperatures used in the process and to
the absence of ion bombardment. The study of the
structural properties of LPCVD film can be provide an
important contribution to the solution of still debated
problems. In fact, we have shown that there is no
straightforward correspondence between the presence of
the ~2100-cm™! vibrational peak and the amount of
voids of the material. Thus, the association of the
~2100-cm ! mode with structural and photoelectronic
properties of a-Si:H is still unclear and needs further
study.
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