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† Département de Physique des Matériaux (UMR 5586 CNRS), Université Lyon I,
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Abstract. Hydrogenated polymorphous silicon (pm-Si:H) is a new material obtained by plasma-
enhanced chemical vapour deposition by running the plasma close to powder formation.
Preliminary studies have revealed the presence of silicon nanocrystallites embedded in an
amorphous matrix but only in a limited range of deposition conditions. In this work we have
investigated the structural properties of such films by means of spectroscopic optical measurements.
The analysis of transmission spectra in the transparent region has shown that pm-Si:H films have
indeed a more ordered structure than state-of-the-art hydrogenated amorphous silicon (a-Si:H)
films. This has been observed in the whole range of deposition conditions leading to pm-Si:H
films. On a final point the implication of structural properties on the excellent optoelectronic
properties previously reported in pm-Si:H films is discussed.

1. Introduction

It is well known that by plasma-enhanced chemical vapour deposition (PECVD) one can deposit
hydrogenated amorphous silicon (a-Si:H) as well as hydrogenated microcrystalline silicon (µc-
Si:H) by varying deposition conditions. In an intermediate regime, close to powder formation, a
heterogeneous material is obtained now called hydrogenated polymorphous silicon (pm-Si:H)
[1]. These pm-Si:H films are deposited using high hydrogen dilution of silane, high pressure
and RF power. pm-Si:H films are heterogeneous in the sense that they contain nanometre size Si
crystallites embedded in an amorphous matrix [1]. This peculiar structure has been evidenced
by direct observations using high-resolution transmission electron microscopy (HRTEM) and
Raman spectroscopy [2] but only in a limited range of deposition conditions leading to pm-Si:H
films. Moreover pm-Si:H has been shown to be a very promising material for photovoltaic
devices [3] since it presents very good optoelectronic properties and stability versus light
induced degradation [4]. Therefore it is essential to obtain structural information in order to
understand the enhanced optoelectronic properties of pm-Si:H.

To shed some light on the structure of pm-Si:H films in the whole range of deposition
pressures we performed optical measurements by means of Fourier transform infrared
(FTIR) spectroscopy, visible and near infrared (VIS–NIR) transmission spectroscopy and
spectroscopic ellipsometry in the ultraviolet–visible (UV–VIS) range. It is well known that
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optical measurements are powerful tools to depict weak structural or compositional variations
in thin films. In particular the analysis of transmission spectra in the VIS–NIR range allows
the determination of an average gap representative of the degree of compositional and/or
topological disorder. In this paper we shall show that pm-Si:H films have indeed a more ordered
network compared to standard a-Si:H and that their structural properties are intermediate
between those ofµc-Si:H and a-Si:H.

2. Samples and experimental details

Samples were prepared in a PECVD reactor by RF (13.56 MHz) glow discharge [5]. a-Si:H
films with up-to-grade electronic properties were prepared by decomposition of pure silane
at a substrate temperature of 250◦C on Corning 7059 glass substrate with a power density
of 5 mW cm−2 and at a total pressure of 5 Pa leading to a deposition raterd ≈ 1 Å s−1. A
strongly hydrogen diluted silane, i.e. SiH4 diluted to 2% in H2, is used as the reactant gas
source to deposit pm-Si:H films at a substrate temperature of 150◦C with a power density
of 90 mW cm−2. The total pressure was varied in a wide range from 148 to 293 Pa and the
resulting deposition rate is of the order of 1 Å s−1.

VIS–NIR transmission measurements were carried out with a Perkin Elmerλ 900 double
beam spectrophotometer on samples deposited on Corning 7059 glass substrates in the 500–
2500 nm range. Hydrogen contents were determined from FTIR spectroscopy by using a Perkin
Elmer spectrum 2000 spectrophotometer by integrating the absorption band at 640 cm−1 [6]
of samples deposited on c-Si substrates in order to reduce the interference fringes. We have
checked by elastic recoil detection analysis (ERDA) that the same proportionality factor applies
to both pm-Si:H and a-Si:H films when determining the hydrogen content from the absorption
band at 640 cm−1. Finally spectroscopic ellipsometry measurements were carried out on
samples deposited either on Corning 7059 glass or c-Si substrates with a Sopra ES4G rotating
analyser ellipsometer in the 1.5–4.95 eV range. We underline the fact that for a given sample
the deposition on various substrates was realized in the same run.

In table 1 we have reported some deposition parameters as well as some physical
parameters deduced from our measurements (see below).

Table 1. Deposition conditions and relevant parameters.d is the thickness of our samples deduced
either from mechanical or optical measurements.E04 is the energy at which the absorption
coefficient reaches the value of 104 cm−1 as deduced from VIS–NIR transmission spectra.Ep
andn0 are the Penn gap and the static refractive index respectively determined by the dispersion
behaviour of the refractive index in the sub-gap region (see the text).CH is the content of bonded
hydrogen deduced from FTIR spectra.

Pressure CH

Samples Ts ( ◦C) % SiH4 (Pa) d (µm) Ep (eV) E04 (eV) n0 (%)

810081 150 2 160 0.72 3.620 2.05 3.371 20.3
810082 150 2 202 0.73 3.594 2.02 3.418 20.3
810083 150 2 239 0.86 3.614 1.98 3.427 19.0
810092 150 2 266 0.89 3.625 1.98 3.404 19.5
810093 150 2 293 0.63 3.546 1.97 3.444 19.2
901251 150 2 207 0.78 3.627 1.94 3.378 19.2
901261 150 2 173 1.53 3.645 1.96 3.391 15.7
901262 150 2 200 1.88 3.598 2.00 3.382 15.0
901271 150 2 148 1.09 3.668 2.01 3.324 15.4
912201 100 100 5 0.70 3.482 1.89 3.320 15.0
902023 250 100 5 1.40 3.486 1.89 3.476 8.0
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3. Results and discussion

Figure 1 displays a typical transmission spectrum in the VIS–NIR range for a pm-Si:H sample.
A careful analysis of the interference fringes enables the determination of the dispersion of the
refractive indexn in the sub-gap region as well as the thickness of the samples [7, 8]. For this
latter quantity a very good agreement was found between the values determined by optical and
mechanical (stylus profilometry) measurements. In figure 2 we have plottedn(hν) obtained
from the above analysis and from spectroscopic ellipsometry data versus photon energy. The
latter shows interference fringes in the low energy range arising from the mismatch of the refrac-
tive indexes between the substrate (c-Si in this case) and the film. Both sets of data are in very
good agreement and the interference fringes present in the ellipsometry spectrum are well aver-
aged by the data deduced from VIS–NIR transmission measurements. However spectroscopic
ellipsometry measurements integrate the dielectric function of the material under study and the
effects of surface roughness (particularly at high photon energies) and of the substrate (at low
energy, when the absorption coefficient of the material is low, the film cannot be considered as
semi-infinite). Therefore only the pseudo-optical constants are obtained [9]. The ellipsometry
data presented in figure 2 have been corrected for the substrate influence but not for the sur-
face roughness. The reason for this is that a precise knowledge of the dielectric response of Si
nanocrystallites embedded in an absorbing medium is necessary in order to correctly model our
films. The surface roughness is usually modelled by a mixture of the bulk material and voids
so no attempts have been made at the time of writing. But we emphasize that samples studied
do not present a ‘milky’ surface, which is a signature of rough surface [10]. Moreover we have
checked by means of atomic force microscopy (AFM) that surface roughness is similar in both
pm-Si:H and a-Si:H films, thus making a direct comparison possible between these two kinds of
film. In addition the shape of the spectrum in figure 1 clearly indicates that surface roughness is
very weak and if this were not the case the interference pattern would be rapidly destroyed [8].
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Figure 1. VIS–NIR transmission spectrum for a pm-Si:H film (901262).

In the single oscillator approach and assuming a delta function for the imaginary part of
the dielectric functionε2 at energyEp, we have in the sub-gap region

n2(hν)− 1= E2
0

E2
p − (hν)2

(1)
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Figure 2. Refractive indexn deduced from VIS–NIR transmission (◦) and from spectroscopic
ellipsometry (solid line) for sample 901262.
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Figure 3. Refractive indexn for sample 901262. The line is a fit to equation (1). Note this fit
has been performed only in the sub-gap region although the data obtained on the whole range
are presented. The arrow indicates the value of the optical gap deduced from a Tauc plot of the
absorption coefficient.

wherehν is the photon energy,E0 the plasma energy andEp an average gap often referenced
as the Penn gap [11]. This last quantity gives a measure of the energy difference of the ‘centres
of gravity’ of the valence and conduction bands and therefore gives information on the overall
band structure. In figure 3 we have plotted the refractive index versus the photon energy for
a pm-Si:H film. A very good fit is obtained from equation (1) and a clear departure from the
one-oscillator approximation is observed when the film becomes absorbing as expected. All
the films studied here present the same behaviour as one shown in figure 3.
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Figure 4. Penn gapEp versus the deposition pressure for pm-Si:H films (•). Data forµc-Si:H (�)
samples and two a-Si:H (◦) films deposited at 250 and 100◦C have been added for comparison.
The line is a guide to the eye.

Figure 4 is a plot ofEp versus the deposition pressure of pm-Si:H films. For comparison
we have added values ofEp for a standard device-grade a-Si:H deposited at 250◦C and for
µc-Si:H obtained by Remešet al [11] with crystalline fraction of the order of 80%. One clearly
observes a continuous decrease ofEp when going from pm-Si:H to a-Si:H. This behaviour is
well supported by the decrease of the energy of the maximum in〈ε2〉 spectra,〈ε2 max〉, shown
in figure 5, and by the decrease ofE04, the energy at which the absorption coefficientα reaches
the value of 104 cm−1 (see table 1). Moreover a linear relation betweenEp andE04 is expected
in tetrahedrally bonded semiconductors [12]

Ep ≈ E04 +1 (2)

where1 is a constant equal to 1.5–2 eV. The Penn gap is plotted as a function ofE04 in
figure 6 and it denotes that a scaling up of the overall band structure arises in our pm-Si:H
films. However equation (2) is only approximately verified in our samples. We emphasize that
these two quantities probe very different states. ThusE04 is very sensitive to the states near
the band edges whereasEp determined from equation (1) is rather unaffected by these states.
The use of a more sophisticated model to fitn(hν) taking account the finite bandwidth of the
conduction and valence bands will improve the determination ofEp. Such an analysis has been
performed on a-SiC:H films by Solomon [13] to remove the quantitative discrepancy between
photoemission and VIS–NIR transmission results [14] although qualitatively the behaviour is
the same when using equation (1). However the use of equation (4) of the paper of Solomon
[13] would lead to a four parameter fit and comparison to recently published data [11] would
be no longer possible.

In amorphous semiconductors the Penn gap was shown to depend on various structural
parameters such as coordination number, bond length and bond angle distortion although the
latter is believed to have only minor effects [15] as well as on film composition in a-SiC:H
films [14] and inµc-Si:H and a-Si:H [11]. Therefore one could argue that the high hydrogen
content in our pm-Si:H films (see table 1) is responsible for the increase inEp values due to
an alloying effect. To elucidate this point we have determined the Penn gap for an a-Si:H film
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Figure 5. Imaginary part of the pseudo-dielectric function for a-Si:H sample deposited at 250◦C
(◦) and two pm-Si:H samples 901262 (4) and 810092 (•). Only two pm-Si:H films are represented
for clarity but we emphasize that all pm-Si:H samples behave similarly.
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Figure 6. Penn gapEp versus the energyE04 at which the absorption reaches the value of 104 cm−1.
The lines correspond to equation (2) with1 values of 1.55 eV (solid line) and 1.7 eV (dashed line).

deposited at 100◦C in the same conditions as described before. At this deposition temperature
the hydrogen content is at least 15% [16] that is approximately the same content as in our
pm-Si:H films. The Penn gap for this low quality a-Si:H film is notably lower than in pm-Si:H.
In addition Reměs et al [11] have shown by a similar analysis thatEp was indeed higher
in their µc-Si:H samples even if they contain less hydrogen than in their glow discharge a-
Si:H films. Thus we attribute the increase of the Penn gap in our pm-Si:H films to a more
ordered structure compared to conventional a-Si:H in the whole range of deposition pressures.
Although Si nanocrystallites were directly observed by means of high resolution transmission
electron microscopy (HRTEM) and Raman spectroscopy for pm-Si:H samples elaborated at
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Figure 7. Static refractive index versus the deposition pressure for pm-Si:H films (•). Data for
µc-Si:H (�) samples and two a-Si:H (◦) films deposited at 250 and 100◦C have been added for
comparison. The line is a guide to the eye.

the lower deposition pressure [2], direct structural investigations fail to show the presence of
nanocrystallites or at least ordered regions for higher deposition pressures due probably to
their smaller proportion or sizes.

We turn now the discussion on the behaviour of the static refractive indexn0 as function
of the deposition pressure for our pm-Si:H films. The results are displayed in figure 7 where
data forµc-Si:H [11] and for our a-Si:H films have been added. It is usually found in a-Si:H
that a high hydrogen content decreasesn0 and the density of the corresponding film [11, 17].
These observations are accompanied by a decrease of〈ε2 max〉 although this quantity indicates
only qualitative variations of density [18]. This density decrease is commonly explained by
the appearance of microvoids and polyhydride configurations when increasing the hydrogen
content as revealed by an infrared stretching absorption band centred at around 2100 cm−1.

Therefore one could naı̈vely think that our pm-Si:H films have a lower density than up-to-
grade a-Si:H films (see figures 5 and 7 and table 1). However the situation is not so clear. Indeed
the stretching band in FTIR spectra measured in our films cannot be decomposed into two bands
centred at 2000 and 2100 cm−1 as it is usually the case in a-Si:H films with a high hydrogen
content. We effectively find two stretching absorption bands but centred at 2000 and 2030 cm−1

[1–3]. The latter has been ascribed to a peculiar hydrogen bonding configuration, namely
hydrogen platelets [19], suggesting a rather different hydrogen incorporation in pm-Si:H films.
The absence of an absorption band at 2100 cm−1 or in other words the absence of microvoids
or polyhydride configurations has been confirmed by preliminary small angle x-ray scattering
(SAXS) performed in our group. Moreover Tsuet al [20] have calculated the static dielectric
constantε0 in Si clusters by using a modified Penn model. Their results clearly indicate a
decrease inε0 when decreasing the cluster size, e.g. a reduction of 22% and 4% inε0 values
as compared to the bulk value are found for cluster sizes of 20 and 50 Å respectively which is
the range of Si crystallites observed in pm-Si:H films deposited at low pressures [2]. Thus in
the framework of the effective medium approximation a decrease inn0 would be expected in
pm-Si:H material and this decrease would be more pronounced when increasing the crystalline
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fraction as shown in figure 7. Moreover the study of Remeš et al [11] onµc-Si:H and a-Si:H
shows that there is no unique behaviour ofn0 with the density. Thus the high hydrogen content
and the behaviour ofn0 will not necessarily indicate a decrease in density for pm-Si:H films
due to the peculiar hydrogen incorporation and to the presence of Si crystallites. Thus direct
measurements of the density are required before concluding on this point.

Finally we would like to discuss the implication of the more ordered network in pm-
Si:H films on their optoelectronic properties. By plotting the normalized photoconductivity
ηµτ of pm-Si:H films versus the deposition pressure a ‘bell shape’-like curve is obtained
[2, 4]. That means when going from low pressures (∼150 Pa) to higher ones (∼300 Pa) the
ηµτ product first increases to reach a maximum for pressure in the range 200–250 Pa and
then decreases. This behaviour has been observed for both the annealed state and after light-
induced degradation. This has been explained by a preferential carrier recombination path on
dangling bonds located at Si nanocrystallites surfaces for which the capture cross section is
expected to be lower than in a-Si:H films due to the confinement [2]. Moreover this decrease
in the dangling bond capture cross sections for pm-Si:H films has recently been observed by
means of space charge relaxation measurements [21]. Thus based on the results of figure 4
we expect smaller crystallites and even the disappearance of the latter leading to an improved
amorphous matrix when increasing the deposition pressure. Since the capture cross sections
decrease when decreasing the crystallites size [22] we can expect an increase inηµτ first and
then a decrease when increasing the deposition pressure leading to an optimized deposition
pressure in terms of photoconductivity and stability versus light-induced degradation. This is
precisely what we observed in our preliminary studies.

4. Conclusion

In conclusion we have shown that it is possible to obtain substantial information on the structure
of hydrogenated polymorphous silicon by optical measurements in the sub-gap region. The use
of very simple experimental techniques and analysis makes this procedure very attractive when
direct structural observations are difficult. The main result is that hydrogenated polymorphous
silicon exhibits a better ordered structure compared to up-to-grade hydrogenated amorphous
silicon despite its high hydrogen content. These observations confirm previously reported
results obtained by means of HRTEM and Raman spectroscopy but only for a limited range of
deposition conditions. However more works are needed to elucidate the precise link between
the excellent optoelectronic properties of this new material and its structure.
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