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Abstract For application as precursor layers for silicon solar cells fabricated by laser
liquid phase crystallization, thick amorphous silicon films on glass are of interest.
However, for hydrogenated amorphous silicon (a-Si:H) precursor layers containing
about 10 at.% hydrogen, hydrogen needs to be removed prior to liquid phase
crystallization to avoid bubble formation and peeling. For this purpose, an at least 12
hours annealing procedure up to 550°C is considered necessary thus involving long
process time and high costs. In this article, we investigate the use of thick hot wire grown
a-Si:H films which turn out to need considerably less time for dehydrogenation than
dense plasma-grown a-Si:H. The dehydrogenation process is studied by depth profiles
of hydrogen concentration and medium range order (MRO) using Raman spectroscopy
analysis at etch pits. The results show already at an annealing temperature of 450°C the
disappearance of all detectable H in the substrate-near part and the complete removal

of H at 550°C after about 4 hours annealing. We attribute this rather fast hydrogen



removal to the formation of interconnected voids primarily in the substrate-near range.
In the same range of the film, we find a correlation between hydrogen concentration
and medium range order suggesting that a silicon network reconstruction due to
hydrogen out-diffusion causes an observed decrease of reciprocal MRO. The results
stress the importance of void-related microstructure in the a-Si:H for hydrogen removal
at a rather low annealing temperature and short annealing time. Our results suggest
that hot wire a-Si:H films which can be grown with a high deposition rate and a rather
pronounced void-related microstructure may be well suited as economic precursor

layers.
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1. Introduction

Crystallized silicon is of interest for the fabrication of thin film solar cells [1]. In
particular the laser liquid phase crystallization (LLPC) of amorphous silicon is a
promising as well as low-cost technology to prepare high quality crystalline silicon
solar cells on inexpensive glass substrates [2]. Amorphous silicon precursor layers for
LLPC which need to be rather thick in order to assure full absorption of sunlight by
the crystallized silicon films can be fabricated by several methods, like from silane
(SiH4) based gas mixtures by plasma-enhanced chemical vapor deposition or by hot-
wire chemical vapor deposition (HWCVD) as well as from solid silicon targets by
electron beam physical vapor deposition. Due to its rather high potential deposition
rate [3, 4] and compatibility with large area deposition techniques, HWCVD a-Si:H
was chosen for our investigations. However, the incorporation of hydrogen of the order

of 10 at.% into such hydrogenated amorphous silicon (a-Si:H) precursor layers can



lead to a decohesion/ peeling of the layer during the crystallization process [5]. Hence,
the hydrogen needs to be removed from the precursor layers by annealing prior to the
crystallization step [5, 6]. For thin a-Si:H films up to a thickness d of about 1 um, the
influence of annealing processes on the hydrogen concentration and its depth
distribution has been rather intensively investigated [7-9]. Depending on deposition
conditions it was found that a-Si:H grows as a quite dense or a more void-rich material.
For films up to about 1 pm thickness, the void-related microstructure has also been
investigated rather thoroughly using infrared absorption and Raman spectroscopy [8-
10]. However, there is little information so far about the changes of H depth
distributions upon annealing for thick films (d > 2 um). In this work, depth-profiles of
the hydrogen concentration, hydrogen related microstructure as well as medium-range
order (MRO) are investigated by Raman spectroscopy. MRO is of interest as it
describes the disorder in the amorphous silicon network caused by rotation of Si
tetrahedra [11] and, therefore, can be expected to be sensitive to hydrogen removal by
annealing. The results show that upon annealing up to 450°C, our thick (d ~ 4.5 pm)
a-Si:H film loses hydrogen in the substrate-near part of the film considerably more
rapid than in the surface near range and expected for dense a-Si:H. The depth
distributions of hydrogen concentration and medium range order are found to be
correlated. From these experimental results we conclude that the 450°C annealing
causes a structural change in the substrate near part of the film so that rather rapid
motion of molecular hydrogen is involved in the H out-diffusion process. Due to the
observed release of hydrogen at this quite low annealing temperature, we consider
these HWCVD grown a-Si:H films of interest as precursor layers for liquid-phase

crystallized thin film silicon solar cells.

2. Experimental Details



The a-Si:H precursor material was fabricated in a HWCVD deposition system
equipped with tantalum filaments. The filament temperature during deposition was
1675 °C. The pressure of the SiH4-H> gas mixture used was 5 Pa (0.05 mbar) with gas
flows of 6 sccm SiH4 and 6 sccm Ha. The typical film deposition rate was 0.5 nm/s. A
substrate temperature of 200 °C was used. Under these deposition conditions, the
hydrogen concentration as measured by infrared spectroscopy was approximately 10
at.%. As substrate, Corning glass (Corning Eagle XG, an alkaline earth
boroaluminosilicate glass) was used, precoated with 220 nm SiOx, 70 nm SiNx and 10
nm SiOx (“ONO”) by RF magnetron sputtering in this sequence. For the present work
this ONO layer is of importance to enhance the sticking of the thick a-Si:H layers to
the glass substrate [6]. For the final aim of thin film silicon solar cells on glass prepared
by liquid phase crystallization, this ONO layer is of high importance as it fulfills a
number of mechanical, optical and electronic functions. These involve, e.g., the
function of wetting during liquid phase crystallization and acting as a diffusion barrier

[6]. Much work has been devoted to ONO / intermediate layer development [12, 13].

In this work, we investigated three thick a-Si:H samples: one sample with a thickness
of ~6000 nm stayed untreated (sample 1) while the other samples with a thickness of
~4500 nm were heated up to 450 °C (sample 2) and 550 °C (sample 3). We used three
different samples instead of one (cut into pieces), since the cutting procedure often
leads to a complete peeling of the film. Annealing was done in a vacuum oven with a
base pressure of 2-4 x 10 Pa. Heating steps were applied as shown in Fig.1. The
heating step at 350°C was applied as an intermediate heating step aimed to prevent
peeling. We note that the peeling problems can likely be overcome by improved ONO
/intermediate layers so that the heating procedure for a (solar cell) device can

presumably be reduced to the highest temperature (4h) steps.



For depth-resolved investigation of the material properties by Raman spectroscopy
[14], craters were etched into the a-Si:H layers reaching to the substrate. The etching
was done using a 3 mol/l solution of potassium hydroxide in water. Raman-
measurements were performed at the 250 — 350 um wide sidewalls (wedges) of the
45— 6 um deep craters. A continuous-wave laser (Coherent Sapphire SF) with an
emission wavelength of 488.05 nm was used for the excitation of the material. A laser
power of 930 uW and a spot dimension of 50 um x 2 um was applied for the
investigations. The longer side of the laser beam was oriented in parallel to the sidewall
of the etching crater. The chosen laser wavelength leads to a Raman information depth
of about 30 nm [10] for the as-deposited material. Using depth profiles of the craters
measured with a Dektak instrument, the position of the laser spot was assigned to a

depth d.

The Raman spectra show hydrogen-related structures in the range of
1900 — 2200 cm™. The structures are caused by stretching vibrations of Si-H bonds.
As known from infrared absorption, the dispersion of the Raman spectra in this
frequency range involves information on void-related microstructure [8, 10]. For
evaluation of the hydrogen concentration from the Raman spectra we first subtracted
the baseline which may originate from photoluminescence through oxidation of the
surface [15]. Next, the spectra were normalized to the (Raman) peak intensity of the
Si-Si TO vibrations of a-Si near 480 cm™ [6]. Then the spectra were fitted by two
Gaussians located near 2000 cm™ (Si-H stretching mode in dense a-Si:H) and
2100 cm® (Si-H stretching mode of (void-) surface bound hydrogen) [16, 17], as
demonstrated in Fig. 2. For both modes, the absorption was calculated by numerical
integration of the respective fitted Gaussians. The sum of these integrals provides a
measure of the ratio of hydrogen to silicon atoms, i.e. yielding a normalized Raman

hydrogen intensity at a given depth. Since all spectra are normalized to the respective



Si-Si peak intensity near 480 cm™, the derived hydrogen intensity is independent of
changes of the Raman laser intensity [6] and independent of annealing related changes
of the a-Si:H optical bandgap which affects the Raman information depth. Thus, a
comparison of Raman hydrogen intensity data for different samples and at different
depths is possible and we refer to this Raman hydrogen intensity also as hydrogen
concentration. Furthermore, the 2100 cm™ and 2000 cm™ Raman H intensities were
used to define the hydrogen microstructure parameter Ry = 1 (2100 cm™) / ((1 (2100
cm?) + 1 (2000 cm™)) which is known to give information about void-related

microstructure [10, 18].

The medium range order (MRO) microstructure describes the disorder/order in the
amorphous silicon (Si-Si) network caused by rotation of Si tetrahedra inducing local
network strain. Note that in the perfect crystalline silicon lattice, all Si tetrahedra are
aligned with 0 ° rotational angle and there is, accordingly, no local lattice strain. For
the characterization of the MRO microstructure, the intensity ratio of the area under
the TA phonon near 150 cm™ (Ita) and the area under the TO phonon near 480 cmt
(Ivo) was proposed, i.e. the MRO (microstructure) parameter is defined by MRO =
Ita/lTo [19-22]. Thus, a high value of MRO is characteristic of a high disorder [19, 20]
while MRO = 0 is valid for highly ordered crystalline silicon. Accordingly, MRO is
valuable to describe the transition from amorphous to (micro-) crystalline silicon. For
the characterization of microstructure of fully amorphous silicon, the parameter
1/MRO is more useful as it is proportional to the order in the material. Device grade
a-Si:H shows high values of 1/MRO = 4-5 [22]. To our knowledge, the highest values
reported for a-Si:H without microcrystalline inclusions were 1/MRO ~ 5.2 [23, 24].
As shown in this article, driving out hydrogen by annealing often decreases 1/MRO

and thus the order in the material. The reason is likely that the out-diffusion of



hydrogen which involves Si-Si bond reconstruction leads also to a rotation of the Si

tetrahedra.

For evaluation of o, the method described in [23] is used, as shown schematically in
Fig. 3a. Here the peak assignment in terms of transversal acoustic (TA), longitudinal
acoustic (LA), longitudinal optic (LO) and transversal optic (TO) modes of the
amorphous Si-Si network is indicated [24]. The influence of the LO peak distorts the
low frequency half of the TO peak. To account for this effect, we define medium range
order (also termed the MRO microstructure parameter) in analogy to [23] by MRO =

ltal2(170/2).

The effect of annealing on the a-Si Raman spectra in our a-Si:H material is illustrated
in Fig. 3b for a depth of approximately 2650 nm from the surface. Annealing up to
550°C changes the position of the TO phonon peak only slightly, if at all, while the
general features change considerably. Note that there is no indication for the formation
of crystalline silicon which would show up as a Raman peak near 520 cm™ [25]. What
is also seen in Fig. 3b is the strong influence of the variation of the LO phonon near
400 cm™ on the low energy (low wavenumber) side of the TO phonon near 480 cm™.
This result supports the necessity for evaluation of the high energy side of this peak
only. A related method for avoiding the contribution of the LO phonon has been
proposed by Morell et al. [21]. They suggest to fit first the high frequency side of the

TO phonon by a single Gaussian.
3. Results

The untreated sample (Fig. 4a) shows a relatively constant hydrogen concentration
throughout the sample thickness. Also shown in Fig. 4ais the H microstructure parameter.
The nearly constant value of Ry =~ 0.2 shows that the material contains some (void-)
surface-bound hydrogen with its concentration nearly constant over the depth of the film.

Annealing at 450 °C (Fig. 4b) changes the hydrogen depth profile significantly. Highly
7



surprising is the asymmetry of hydrogen concentration in the film. While the surface-near
part of the film shows a maximum hydrogen concentration of about 25 % of the original
value of the untreated sample, little to no silicon-bonded H could be detected in the range
next to the substrate which is at the depth of about 4500 nm. For a-Si:H films of about 1
pm in thickness, both experimental [26, 27] and calculated [26-28] depth profiles of
hydrogen show rather symmetric H out-diffusion towards film surface and film substrate
interface. Highly surprising is, furthermore, the rather complete disappearance of
hydrogen in the substrate-near range. For a dense a-Si:H material, the H diffusion
coefficient has been measured and an Arrhenius dependence D = Doexp (-Eo/kT) was
found with Ep=1.53 eV and Do =1.17 x 10 cm?s [29]. For the annealing temperature
of 450°C a H diffusion coefficient of D ~ 2.4 x 10® cm?/s follows which results for an
annealing time of 4h (ignoring the time-dependence of H diffusion [18, 30]) in a diffusion
length (L = 2(D t)* of about 1.2 um. For achieving the full depletion of H as found in the
substrate-near part, a H diffusion length of at least the film thickness (= 4.5 um) is needed
which requires a H diffusion coefficient of about D = 3.5 x 10°*2 cm?/s, i.e. about a factor
of 10 higher (or more) than in dense a-Si:H. To achieve a H diffusion length of 4.5 um
by annealing at 450°C for dense a-Si:H, an annealing time of almost 60h would be
required. This result suggests that in the lower part of the film the motion of molecular
H, which can be much faster than the diffusive motion of atomic H [18] plays a role. Both
the asymmetry of the H concentration and the contribution of Hz diffusion in the lower

part suggest the formation of a void-related microstructure in the lower part of the film.

Fig. 4b also shows data of the H microstructure parameter. A value near Ry ~ 0 is found
which can be explained (see Section 2) by the desorption of all surface bound hydrogen
in the material for the annealing conditions applied. As Rn ~ 0 is observed throughout the
annealed material, this desorption of H from void surfaces occurs not only in the

substrate-near but also in the surface-near part of the film. We note that in literature for



a-Si:H with different microstructure after annealing both an increase of the 2000 cm'®
/2100 cm™* absorption ratio (as found here) as well a decrease has been reported [30]. In
hydrogen effusion measurements, desorption of surface bound hydrogen is known to
show up as a peak near 400°C for a heating rate of 20°C/min [7]. Since any voids in the
surface-near part of the films are unlikely interconnected, this hydrogen may be present

within the material in the form of H».

The depth profile of the reciprocal microstructure parameter (1/MRO) of the as-deposited
material is shown in Fig. 5a and of the material annealed at 450°C in Fig.5b. In the
untreated sample (Fig. 5a), the 1/MRO is almost constant in depth, decreasing slightly
from a value near 1/MRO =~ 4 near the film surface towards a value of 1/MRO = 3.7 at
about 5000 nm depth. Close to the substrate (which is at a depth of 6000 nm), the low
signal-to-noise ratio prohibits an evaluation of MRO. These values of 1/MRO ~ 4 are
close to the value of 1/MRO =~ 4.2 reported for device-grade a-Si:H [22]. The reason for
the slight depth dependence of 1/MRO is unknown so far. We note, however, that Morell
et al. [21] and Danesh et al. [24] also observed higher 1/MRO values at the film surface
compared to the bulk for plasma-deposited a-Si:H films when measured with strongly

and weakly absorbed laser lines.

After annealing at 450 °C (Fig. 5b), the 1/MRO microstructure resembles strongly the
dependence of H concentration on depth as shown in Fig 4b, i.e. exhibits a similar
difference between the surface- and substrate-near parts of the film. In the upper (surface-
near) part, a nearly constant 1/MRO with 1/MRO =~ 3.9 is observed, dropping strongly at
a depth exceeding about 2000 nm. A minimum of 1/MRO ~ 2.8 is found at a depth near
3500 nm followed by some increase towards the film-substrate interface. The reduced
values of 1/MRO in the lower (substrate-near) part of the film show a reduced order and

appear consistent with the strongly reduced hydrogen content, as Si-Si bond



reconstruction due to hydrogen release is expected to cause a rotation of the silicon

tetrahedra.

This similarity in the depth dependences of hydrogen concentration and 1/MRO
parameter for the material annealed at 450°C suggests a correlation between 1/MRO and
H concentration. Indeed, an almost linear dependence is found, as shown in Fig. 6. This
result suggests that the more hydrogen is locally released, the more MRO disorder is
generated. We explain this result by the reconstruction of Si-Si bonds throughout the
amorphous material upon H release. In this process, the angle between the tetrahedra, i.e.
MRO is expected to increase (network distortion) and the reciprocal MRO parameter to
decrease. Qualitatively, our results agree with those by Pantchev et al. [30] who studied
the effect of plasma post-hydrogenation on MRO of unhydrogenated sputtered a-Si films.
An increase from 1/MRO = 2.08 to 2.94 was observed when a surface layer (about 10
nm) was post-hydrogenated to a hydrogen concentration of about 12 at.%. Both
Pantchev’s and our results agree with the concept that incorporation of hydrogen (in dense

a-Si:H) increases order while hydrogen removal causes the opposite.

Fig.7 shows the depth profile of 1/MRO for the sample annealed at 550 °C. Note that
for this annealing state, no hydrogen could be detected in the material. 1/MRO
decreases in Fig. 7 from a value 1/MRO =~ 4 at the surface to about 3.3 at a depth
exceeding 2 pum. One may explain the rather high value of 1/MRO near the film surface
by a reduced Si network strain. Further within the film, the reduced values of 1/MRO
are likely due to Si network reconstruction due to the release of hydrogen. For depths
exceeding about 2 um, the 1/MRO is found to be constant and up to 20 % higher than
in the same depth range for the sample annealed at 450 °C. This may indicate some
reordering of the silicon network at high annealing temperatures after hydrogen has
completely diffused out. Annealing effects in the silicon network structure of

unhydrogenated a-Si are known in this annealing temperature range exceeding 400°C
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[32]. An increase of 1/MRO from 1.57 to 2.53 was observed by Haberl et al. [33] for
30 min. annealing at 450°C of unhydrogenated a-Si prepared by (silicon) ion

implantation, thus showing the same trend as we observe.

4. Discussion

One major result of the present article is that after annealing at 450°C the HW grown
a-Si-H film is divided into two parts. The top part exhibits a H out-diffusion profile
characteristic for rather dense a-Si:H and an 1/MRO parameter close to device-grade
a-Si:H, whereas silicon-bound hydrogen completely disappeared in the substrate-near
part and 1/MRO indicates low order as in dehydrogenated a-Si:H. This finding may be
of technological importance for the fabrication of liquid phase crystallized solar cells
since it shows that a suitable microstructure can facilitate the out-diffusion of hydrogen
which is a crucial step before laser liquid phase crystallization of a-Si:H. Both the
asymmetry of H and MRO in the 450°C annealed material show that a microstructural
change took place in the 450°C annealing step. The experimental results suggest that
in the lower (substrate-near) part of the film interconnected voids are present. As a
mechanism of void formation, we think of a shrinkage of the material upon H release

which is likely inhomogeneous near the substrate [9].

If interconnected voids are thus generated near the substrate and hydrogen is fully
depleted in this range, one may ask how the hydrogen leaves the film and where it is
going. Several paths are conceivable. Some diffusing atomic hydrogen (in dense
material) is likely to go into small isolated voids forming H> there, as detected by low
temperature specific heat experiments [34]. Here, it was found that by annealing the
amount of molecular H in such voids increases. This molecular hydrogen would not

show up in the Raman spectra in the investigated frequency range.
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Once in molecular form and likely under pressure, hydrogen may leak out furthermore
via cracks and pinholes through the denser hydrogenated surface layer of the 450°C
annealed material. We consider the diffusion of Hz into the Corning substrate as rather
unlikely because the ONO layer acts as a barrier. Reasons are (i) the high thermal
stability of hydrogen in silicon nitride [12] which represents the central layer of the
ONO, and (ii) that the oxide layers provide fast lateral diffusion paths, as discussed
below. Furthermore, according to Norton [35] the H permeation coefficient in Corning

glass is expected to be low because of a high content of boron/aluminum oxide.

There are two processes which may provide fast lateral out-diffusion of molecular H
formed by annealing. One could go via the oxide layer of the ONO, the other which

we consider more likely, via interconnected voids.

Considering H diffusion in amorphous SiOz, Lee et al. [36] give for the Arrhenius
dependence of diffusion the expression D = 5.65 x 10 cm?/s exp (-0.45 eV/KT). This
gives at 450°C annealing a H diffusion coefficient of 4.06 x 10" cm?/s. At an annealing
time of 4h, a H diffusion length of 0.15 cm is obtained, i.e. of the scale of the sample
size which is 2 x 2 cm? Little information exists about the H. diffusion in
interconnected voids in amorphous silicon apart that it is considered to be a fast
process. However, a material with diffusion of molecular hydrogen is porous silicon.
For the hydrogen diffusion coefficient in such material, the dependence D = 9.2x 107
exp (-0.34 eV/KT) has been published [37]. This latter dependence gives at 450°C a H
diffusion coefficient of 3.9 x 10-°cm?/s and for 4 hours annealing a diffusion length of

1.5 cm is calculated, again of dimension of the investigated sample.

Our (tentative) explanation for the disappearance of H near the substrate is based on
the observed void formation in a-Si:H films on annealing, as detected by effusion of
implanted He [9] and by positron annihilation experiments [8]. As some hydrogen (H>)

diffuses (laterally) out near the a-Si:H/ONO interface by one or both of these lateral
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diffusion processes, the substrate-near part of the film gets depleted of hydrogen and
will contract, as the a-Si:H density increases when hydrogen is released. Due to the
sticking to the substrate, however, the film cannot contract laterally in the substrate-
near range . It was proposed that such an inhomogeneous contraction leads to the
formation of voids [9]. For thick films, such void formation is predominantly expected
to take place in the substrate-near range while the surface-near part presumably
contracts homogeneously without much void-formation. In the substrate-near part of
the film, Si bound atomic H (present from the deposition process) is expected to diffuse
only over a short diffusion length to the grain surfaces where it forms H: in a surface
desorption process [7, 38]. Molecular H is then expected to diffuse rapidly through the
interconnected voids out of the material, not only directly at the interface to the ONO
but throughout the substrate near part of the film. However, very likely H> motion
through interconnected voids must be considered as migration via capillaries of
different dimensions involving interaction with (e.g.) silicon dangling bonds which
can adsorb and desorb hydrogen. Thus, depending on microstructure, quite different
temperature dependences of Hz diffusion may apply. E.g., the Arrhenius dependence
D ~ 10 cm?s exp (-1.0 eV/KT) reported by Street and Tsai [39] for diffusion of
hydrogen in a-Si:H with a columnar microstructure may also be due to diffusion by
hydrogen molecules. This dependence would lead to a H diffusion coefficient at 450°C
of D ~ 10"° cm?%/s and to a H diffusion length of L ~ 24 pum for 4 h annealing at that
temperature. Thus, L would exceed the film thickness greatly and this could explain
the observed depletion of hydrogen. While rapid H out-diffusion by H> molecules has
been reported quite often for a-Si:H material deposited at low substrate temperature
with high hydrogen concentrations [7] or for Si materials with pronounced void-related
microstructure [18, 30], it has not been proposed to appear (to our knowledge) in high
temperature annealing so far. While interconnected voids caused by excessive H

incorporation, were found to disappear upon annealing and hydrogen release [7], the
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present results suggest an appearance of interconnected voids upon annealing in
regions of high network strain in a-Si:H in an environment of diffusing hydrogen. Film
peeling is presumably related to this effect. While such a high temperature void
generation is probably a new concept for amorphous silicon technology, it is not new
for technology of crystalline silicon wafers, as the technique of “smart cut” is based
on similar processes. “Smart cut” is known to involve (implanted) hydrogen,
annealing, void (platelet) and interconnected void formation resulting finally in the

lift-off of large areas of thin film silicon [40].

With regard to the MRO microstructure of a-Si:H, dependences on deposition method
[21], deposition temperature [21, 24], and doping [19, 20] have been reported. Notable
is also a relation between MRO and light-induced degradation reported by Ito and
Kondo [22]. We find for the MRO parameter changes upon annealing and dependences
on depth which, to our knowledge have not been reported before. By associating low
1/MRO parameter values with the presence of strained Si-Si bonds and rather high
1/MRO values with an expected presence of rather relaxed Si-Si bonds, we can
qualitatively explain most obtained results. Thus, the expectation that near the film
surface bonds are more relaxed and towards the interface more strained is supported
by our data. Moreover, we find for the 450°C annealed material a correlation between
hydrogen release and a decreasing reciprocal medium range order parameter. Thus,
according to the present results the medium range order appears to be an interesting
parameter for a-Si:H network characterization. Much more work, however, appears
necessary to better understand the MRO microstructure and its dependence on material

properties (related to deposition parameters), annealing and hydrogen.

With regard to the intended silicon crystallization process, there are reports that the
presence of H affects this process by (e.g.) decohesion/ delamination and, therefore,

an at least 12 hours annealing process up to 550°C was proposed [6]. Our results show
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that our hot wire grown a-Si:H is a material that loses its hydrogen quite rapidly by
annealing at 450 — 550°C. After annealing at 550°C for effectively 4 hours (neglecting
the preceding annealing steps at lower temperatures) little silicon-bonded hydrogen
remains in a 4500 nm thick film. This result shows that the long annealing time so far
required to remove the hydrogen from thick a-Si:H precursor layers aimed for liquid
phase crystallized thin film silicon solar cells may get reduced by developing suitable

a-Si:H films which release hydrogen at a reduced annealing temperature.

We note that the void-related microstructure of plasma-grown and hot-wire grown a-
Si:H seems to be quite different. For films of about 10 at.% of hydrogen, Mahan et al.
[41] and Williamson [42] noted a higher concentration of voids in hot wire grown
than in plasma-grown a-Si:H. To similar conclusions came Beyer et al. [43, 44]
studying the effusion of implanted helium. This higher concentration of deposition-
related voids which likely reduce network strain and which can take up diffusing
hydrogen may stabilize the thick HW grown films so that they are not peeling while
an interconnected void system is formed in the substrate-near range at high annealing
temperatures. We think that by optimizing the HW deposition conditions an
economically viable material may be found for the present purpose. We note that the
rather high deposition rates achieved with HW growth [3, 4] would also favor

economy.
5. Conclusions

The results show that a (rather) complete and (moderately) fast H removal from thick
(HWCVD-grown) a-Si:H films is possible under the applied annealing conditions
without peeling effects. Upon annealing, the hydrogen depth profile is not
(predominantly) determined by H out-diffusion from a dense material. Rather, the
observed depletion of hydrogen in the substrate-near part after annealing at 450°C

implies rapid H diffusion and a change in material microstructure. We attribute this
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microstructural change to the formation of interconnected voids, presumably due to
inhomogeneous shrinking effects. Thus, void-related microstructure likely leads to the
(rather) complete removal of hydrogen in the substrate-near part at annealing
temperatures (= 4 hours) near 450°C and in the whole film after annealing (= 4 hours)
at 550 °C. We presume that the higher concentration of voids in HWCVD a-Si:H
(compared to plasma-grown dense a-Si:H) reduces network strain, prevents peeling
and favors the formation of the interconnected void structure. In the dehydrogenated
material, the reciprocal MRO microstructure parameter near the film-substrate
interface is rather low, supporting the presence of reconstructed (strained) Si-Si bonds.
For the substrate-near part of the film, the observed direct correlation between 1/MRO
and hydrogen concentration after the annealing up to a temperature of 450°C can be
explained by the reconstruction of strained Si-Si bonds when hydrogen is released.
The dependence of MRO on hydrogen density and depth suggests that MRO, in
particular the reciprocal MRO, is a meaningful and useful parameter characterizing
amorphous silicon thin films. In summary, the results show that HW grown thick a-
Si:H films can be well suited as precursor layers for liquid phase crystallized silicon

solar cells on glass.
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TSF Paper Figures

Figure 1:

Annealing procedure of investigated samples. Sample 1: untreated; sample

2: heated up to 450 °C; sample 3: heated up to 550 °C

Figure 2:

Raman signal between 1800 and 2300 cm™ of the untreated sample. The
sum of the two integrals of fitted Gaussians centered near 2000 cm™ and

2100 cm™ provide a measure of the normalized hydrogen intensity

Figure 3:

(a) Raman spectrum of the amorphous silicon Si-Si vibrations between 80
and 560 cm™. The assignment to phonon modes (TA, LA, LO, TO) is
indicated. We define the reciprocal MRO parameter in analogy to [23] by
1/MRO = (2 Ito /2) / I1a . (b) Raman spectra of the as-deposited sample
and the samples heated up to 450 °C and 550 °C, measured at a depth of

about 2650 nm

Figure 4:

Normalized H intensity (squares) and H microstructure parameter
(triangles) as a function of layer depth for (a) the untreated sample and (b)

the sample heated up to 450 °C

Figure 5:

Reciprocal MRO parameter depth profiles of the untreated sample (a) and

the sample heated to 450 °C (b)

Figure 6:

Fig. 6: Correlation between reciprocal MRO parameter (1/MRO) and
normalized Raman H intensity in in the substrate near part of the a-Si:H

film heated up to 450°C.

Figure 7:

Depth profile of the reciprocal MRO parameter for the sample heated up

to 550 °C
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Fig. 1: Annealing procedure of investigated samples. Sample 1: untreated; sample 2:
heated up to 450 °C; sample 3: heated up to 550 °C
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Fig. 2: Raman signal between 1800 and 2300 cm™ of the untreated sample. The sum of

the two integrals of fitted Gaussians centered near 2000 cm™ and 2100 cm™ provide a

measure of the normalized hydrogen intensity
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Fig. 3: (a) Raman spectrum of the amorphous silicon Si-Si vibrations between 80 and 560
cm™L. The assignment to phonon modes (TA, LA, LO, TO) is indicated. We define the
reciprocal MRO parameter in analogy to [23] by 1/MRO = (2 lto /2) / Ita (b) Raman
spectra of the as-deposited sample and the samples heated up to 450 °C and 550 °C,

measured at a depth of about 2650 nm
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Fig. 4: Normalized H intensity (squares) and H microstructure parameter (triangles) as a

function of layer depth for (a) the untreated sample and (b) the sample heated up to 450

°C

27



Reciprocal MRO parameter

Reciprocal MRO parameter

. (a)
40} E;ID,
S bR
3.6 '#EEE %ﬁﬂi }{;
32t
2.8 F
2000 4000 6000
Depth (nm)
— (b)
40F 4111
B e
36F E
0 [ =
28} Eﬁ%ﬁf
0 2000 2000
Depth (nm)

Fig. 5: Depth profiles of the reciprocal MRO parameter of the untreated sample (a) and

the sample heated to 450 °C (b)
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Fig. 6: Correlation between reciprocal MRO parameter and normalized Raman H
intensity in in the substrate near part of the a-Si:H film heated up to 450 °C.
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Fig. 7: Depth profile of the reciprocal MRO parameter for the sample heated up to 550 °C

29



