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Université d’Oran, Es-Sénia 31100, Algeria
2 Laboratoire de Physique de la Matière Condensée, Faculté des Sciences,
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Abstract
The structure of nanocrystalline silicon thin films (nc-Si:H) deposited by rf magnetron
sputtering of a high-purity crystalline silicon target using argon (30%) and hydrogen (70%)
gas mixture, under different pressures (P = 2, 3 and 4 Pa) and different substrate temperature
(Ts = 100, 150 and 200 ◦C), has been studied with spectroscopic ellipsometry (SE; 1.5–5 eV)
complemented with Raman spectroscopy measurements. The ellipsometry data were carefully
analyzed using the Brüggeman effective medium approximation and the Tauc–Lorentz model.
The results of this investigation clearly show that the samples deposited at 2 Pa present a
completely amorphous structure whatever the substrate temperature, while those deposited at 3
and 4 Pa exhibit a nanocrystalline structure. These results suggest the existence of a threshold
pressure around 3 Pa for which crystallization occurs. The samples are well crystallized with a
crystalline volume fraction ranging from about 60 to 90%, and exhibit a mixture of small and
large crystallite sizes. The deposition temperature has practically no effect on the size of the
crystallites and on the average crystalline volume fractions. These results are in good agreement
with the Raman spectroscopy data, and suggest the formation of Si crystallites in the gas phase.
The analysis of the ellipsometric spectra also shows that the bulk layer is initiated from an
amorphous interface (a-Si:H) present in the first steps of the growth, and is followed by a less
crystallized subsurface layer.

1. Introduction

For more than a decade, hydrogenated nanocrystalline silicon
(nc-Si:H) has received much interest and has been studied
intensively from the points of view of both applications
and fundamental physics. Due to its specific microstructure
this material exhibits a lower density of localized states [1]
and has various promising applications in solar cells and
electronic domains [2–4]. Nanocrystalline silicon has a
complex morphology consisting of a multilayered structure

3 Author to whom any correspondence should be addressed.

along the growth direction. This structure is heterogeneous
and is, in principle, well defined. It consists of a hydrogenated
amorphous silicon matrix (a-Si:H) in which ordered silicon
clusters and/or crystallites with different size are embedded [5].
In addition, there are voids and disordered silicon tissues
between the different phases. As a consequence, a very little is
known about its localized states, and the understanding of its
transport and phototransport properties is still at a rudimentary
step.

It is well known that the performance of optoelectronic
devices is greatly affected by the growth mechanism of
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the material. The challenge is now to obtain improved
materials at low temperature (well below typical processing
temperature of 250–300 ◦C), and to understand the growth
mechanism. From this point of view, deposition techniques
including ion bombardment or not, such as in rf plasma
enhanced chemical vapor deposition (PECVD) and hot wire
CVD techniques, have been used to prepare a variety of
microcrystalline silicon films (μc-Si:H) of high structural
quality with different grain sizes and different hydrogen
content and bonding configurations [6–8]. Besides of all these
experimental works, a variety of growth models within the
framework of surface and bulk reaction including a long range
of hydrogen effects have been addressed [9–11]. However,
very little is known about the microstructure and the growth
processes of the rf-magnetron sputtered films.

As is well known, UV–visible spectroscopic ellipsometry
(SE) is a powerful technique commonly used and well adapted
to characterize this kind of material [12]. In order to
give further experimental information about the correlations
between the microstructure of the nc-Si:H films obtained by rf
magnetron sputtering technique and the deposition parameters,
the films are investigated using SE experiments complemented
by Raman spectroscopy ones.

2. Experimental procedure and method of analysis

Three series of samples were deposited on fused silica by
rf sputtering of high-purity crystalline silicon target using an
argon (30%) and hydrogen (70%) gas mixture under different
pressures: P = 2, 3 and 4 Pa. For each pressure, three
different values of substrate temperature Ts (100, 150 and
200 ◦C) were used. The substrates were ultrasonically cleaned
in successive baths of trichlorethylene, acetone and propanol
before loading into the chamber. All the samples were prepared
at a rf power density of 0.9 W cm−2. These conditions lead to
typical deposition rates of 0.7–4 Å s−1. The microstructure
of the obtained films is then studied by spectroscopic UV–
visible (1.5–5 eV) phase modulated ellipsometry (Jobin Yvon).
The data are analyzed using the Brüggeman effective medium
approximation (BEMA) [13] and the Tauc–Lorenz model [14].
They are complemented by Raman spectroscopy using an Ar+
laser beam (514.5 nm) with a low incident power of 2 mW,
in order to avoid any beam induced crystallization during
analysis, and carried out in the 100–600 cm−1 frequency range,
and also used to estimate the crystalline volume fractions from
the transverse optical (TO) phonon mode (520 cm−1).

In any ellipsometry experiment, one measures the changes
in the state of the polarization of a monochromatic beam upon
reflection at an optical boundary. The changes are expressed in
terms of two angles, ψ and �, by the following equation:

ρ̃ = r̃ p

r̃s
= tgψ ei� (1)

where r̃ p and r̃s are the complex amplitude reflection coeffi-
cients for a plane wave polarized parallel and perpendicular to
the plane of incidence, respectively. The ellipsometric parame-
ters � and tgψ characterize, respectively, the phase difference
between the two polarizations and the amplitude ratio.

Figure 1. Effect of the deposition temperature on the imaginary part
ε2 of the pseudo-dielectric function of the samples deposited at 2 Pa
and at three different Ts values, 100, 150 and 200 ◦C, as indicated.

In the particular case of an abrupt interface between two
semi-infinite media the ellipsometric data are related to the
complex dielectric function ε̃ by the following relation:

ε̃ = ε1 + iε2 = n2
0 sin2 φ

{
1 + [

(1 − ρ̃) / (1 + ρ̃)
]2

tan2 φ
}

(2)
where n0 is the index of refraction of the medium where the
waves propagate and φ is the angle of incidence.

In real cases, and because of the non-linearity of the
relations, we used a multilayer optical model to fit SE data
to obtain quantitative information. The model considers the
number of layers covering the substrate as well as their
thicknesses and their dielectric functions, resulting in improved
fits. The regression analysis method consists in minimizing χ2

as the figure of merit of the fitted function by varying the model
parameters:

χ2(θ) = 1

2N

N∑
k=1

|Is cal (θ, λk)− Is mes(λk)|
δ2

k

2

+ |Ic cal (θ, λk)− Ic mes(λk)|
δ2

k

2

. (3)

Here, Is and Ic are the measured currents at the wavelength
λ, related to the ellipsometry parameters and well defined in
the phase modulated ellipsometry technique [15, 16]. The
subscripts ‘mes’ and ‘cal’ designate, respectively, the measured
values and those calculated within the theoretical model. The
number of unknown model parameters is denoted by θ , while
N is the number of measured data points, and δk is the weight
introduced to take into account the statistical errors on Is mes

and Ic mes.

3. Results and discussion

The imaginary part 〈ε2〉 of the pseudo-dielectric functions
deduced from the ellipsometry measurements for the series
deposited under 2 Pa at different substrate temperatures is
shown in figure 1. The shapes of the spectra are quite similar.
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Figure 2. Effect of the void fraction on the imaginary part ε2 of the
pseudo-dielectric function of amorphous silicon calculated with
BMEA, using a-Si structure and void constituents [17]. The dielectric
function for a-Si reference is the one reported by Aspness [17].

In the low energy part of the spectra, 〈ε2〉 exhibit interference
fringes related to the large penetration depth of the light in
the films. In the non-interference range, the spectra consist
only of large peaks centered around 3.5 eV. The decrease of Ts

from 200 to 100 ◦C leads to a decrease of the amplitude of 〈ε2〉
without any significant shift of the maxima. The localization
of the peak around 3.5 eV is often attributed to an amorphous
structure, while the decrease of the 〈ε2〉 intensity is related to
a small density loss in the material. A clear and additional
proof of these structural changes in the bulk of the material
is gained from the numerical simulation shown in figure 2.
In this simulation, 〈ε2〉 is calculated by using BEMA [13],
taking into account the presence of only two constituents,
amorphous silicon a-Si and void [17]. This approach gives
a unique solution to define the film structure as expressed in
terms of its constituents. In figure 2, which presents examples
of different 〈ε2〉 spectra calculated for different values of the
void fraction, it is clearly seen that the increase in the void
fraction leads to a decrease in the 〈ε2〉 amplitude without any
shift in the peak position. Therefore, we can conclude that
the samples deposited under 2 Pa, that are associated with
〈ε2〉 spectra (see figure 1) having similar shapes to those of
figure 2, present a completely amorphous structure whatever
the substrate temperature. The only effect of Ts is to decrease
the voids fraction in the films, and consequently to increase the
film compactness.

Figure 3 shows an example of the effect of the pressure on
〈ε2〉 for the samples deposited at Ts of 100 ◦C. It can clearly
be seen that the shapes of the spectra are quite different when
the pressure varies from 2 to 3 and 4 Pa. For the 3 and 4 Pa
samples, two peaks are observable. One main peak around
3.4 eV and one less intense shoulder around 4.2 eV. They
correspond to a convolution of direct electronic transitions
in the UV region of the crystalline silicon. These features
are an obvious signature of the presence of a crystalline Si
structure in the films. We obtain the same type of spectral
shapes the series deposited at 150 and 200 ◦C and under their

Figure 3. Example of the effect of the pressure on the imaginary part
ε2 of the pseudo-dielectric function of the samples deposited at
100 ◦C, and at different pressure values of 2, 3 and 4 Pa, as indicated.

Figure 4. Example of typical Raman spectra of the samples
corresponding to figure 3, deposited at 100 ◦C, and at different
pressure values of 2, 3 and 4 Pa, as indicated.

corresponding different pressures. These results clearly show a
transition from a completely amorphous phase to another one
with crystalline Si when the pressure is raised from 2 to 3 and
4 Pa. They also suggest the existence of a threshold pressure
around 3 Pa for which crystallization occurs, independently of
the substrate temperature.

The ellipsometric results are in good agreement with those
obtained by Raman spectroscopy experiments. Indeed, figure 4
shows typical Raman spectra obtained in the transverse optic
(TO)-like mode corresponding to the samples of figure 3.
As expected, the spectrum of the film deposited at 2 Pa
presents only a broad peak centered at 480 cm−1, confirming
the completely amorphous structure of this film [18, 19].
On the contrary, the spectra corresponding to the samples
deposited under 3 and 4 Pa exhibit a narrow and predominant
peak located around 520 cm−1 which suggests the presence
of the crystalline Si in the films, in addition to a much
smaller shoulder at 480 cm−1. We obtain the same type of
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Table 1. Results of the analysis of the Raman and the ellipsometric
spectroscopic spectra, obtained for the samples deposited at 3 and
4 Pa, for three Ts (100, 150 and 250 ◦C). The dispersion of the error
bars is estimated negligible. Only the maximum value of the error
obtained is indicated for each parameter.

fc (%) ellipsometric results fc (%) Raman results

Ts (◦C) 3 Pa 4 Pa 3 Pa 4 Pa

100 85 ± 5 60 ± 5 75 ± 5 90 ± 5
150 87 ± 5 59 ± 5 79 ± 5 89 ± 5
200 86 ± 5 62 ± 5 85 ± 5 85 ± 5

spectral features for the 150 and 200 ◦C deposited samples,
under the corresponding different pressures. Both Raman
and ellipsometry spectra give crystalline signatures. Similar
results have been obtained on PECVD silicon nano-crystalline
films [20]. From the integrated intensity of the peak
corresponding to the amorphous phase Ia (480 cm−1) and of
that associated with the crystalline one Icr (520 cm−1), and
using the procedures presented in previous works [19, 21],
we can estimate the crystalline volume fraction defined by the
ratio:

fc = Icr

Ia + Icr
. (4)

The results obtained for fc are summarized in table 1.
Let us now return to the analysis of the SE data. According

to the growth mechanisms discussed in the literature [22, 23],
the interpretation of SE data requires optical models with
several layers, where the dielectric function of each layer and
its thickness must be known. Usually, the heterogeneous
character of a microcrystalline silicon layer is described by a
pseudo-dielectric function modeled by using the BEMA [13]
consisting of an amorphous silicon matrix in which Si
crystallites with different sizes and voids are incorporated.
However, in the modeling of the effective dielectric function,
the a-Si structure proposed by Aspness [17], which is a dense
material, is often used and the effect of hydrogen is generally
omitted. This method results in approximate fits to the
experimental data. To avoid this problem and to improve the
quality of the fits our methodology consists in the first attempt
to determine the correct dielectric function of the amorphous
phase reference. Thus, our a-Si:H reference is assumed to
be the one deposited under 2 Pa and at different Ts. The
analysis of the corresponding spectra was performed using a
two-layer model: substrate/bulk/surface roughness. To derive
the complex dielectric function of the bulk material, we used
the Tauc–Lorentz model [14], which is particularly well suited
to fit the dielectric function of an amorphous semiconductor
above the band edge. In this model, the energy dependence
of ε2 is modeled as the product of the Tauc joint density of
states [14] with a Lorentz oscillator:

ε2(E) =

⎧
⎪⎨
⎪⎩

AE0C(E − Eg)
2

(E2 − E2
0)

2 + C2 E2

1

E
for E � Eg

0 for E � Eg

(5)

where A is the amplitude factor, which is proportional to the
density of the material and to the optical transition matrix

elements, C is the broadening parameter that is universally
related to the short range order, E0 is the peak transition and
Eg is the optical band gap.

The real part of the dielectric function ε1 is obtained by
Kramers–Kronig integration of ε2:

ε1(E) = ε1(∞)+ 2

π
P

∫ ∞

Eg

E ′ε2(E)

E ′2 − E2
dE ′. (6)

The integration introduces another parameter ε1(∞). The
surface roughness layer was modeled as formed by a mixture
of bulk material (50%) and voids (50%), using the BEMA [13].
The fitting parameters are the Tauc–Lorentz dispersion law
coefficients [14] and the thicknesses d and dr, of the bulk
and of the surface roughness layers, respectively. The optical
response of the system is calculated by the generalization of the
Fresnel laws [24] and fitted to the SE data. The minimization
of χ2 function was performed in the whole spectral range (1.5–
5 eV). The interference fringes were taken into account to
obtain a more accurate thicknesses of the films and to avoid
strong correlation of the fitting parameters. Following this
methodology, quite correct fits to the data were obtained (χ2 <

1), and none of the cross-correlation coefficients exceeds 0.38.
The results of this analysis are summarized in table 2, for
the films deposited at 2 Pa. As expected, these results fit a
general tendency, as already reported in the literature [25, 26].
As the substrate temperature Ts increases, the density of the
material increases, while the optical gap Eg and the degree of
disorder of the material decreases, respectively. The substrate
temperature has practically no effect on the roughness surface
layer.

In order to obtain quantitative information about the effect
of the pressure on the microstructure of the films, and to have a
schematic view of their growth mechanism, we have analyzed
carefully the SE data obtained for the samples deposited at
3 and 4 Pa. In this analysis, we have tried various but
reasonable optical models until the selected model yielded
a good enough fit to the all the spectra. The methodology
followed is first to pre-choose the simplest model consisting,
as discussed above for the films deposited at 2 Pa, of two layers
(a bulk layer covered by a roughness surface layer) and try to
fit it to the experimental spectra. The two-layer fit has failed;
we found, by numerical calculation with a random variation
of all possible fitting parameters, that it was not possible to
improve the fit to all the spectra (e.g. χ2 is considerably
greater than 1 for all the samples). Then, we move to the
next step, by adding another layer, or by changing one of the
constituents. The best model that well fitted our experimental
SE data consisted of four layers, in good agreement with
the growth mechanism processes proposed previously for
PECVD polymorphous (pm-Si:H) and microcrystalline (μc-
Si:H) silicon materials [22]. This model is as follows:

(i) The first layer is the interface layer with the substrate. It is
completely amorphous (a-Si:H) and probably corresponds
to an incubation phase during the first steps of the film
growth mechanism.

(ii) The second layer is the bulk layer. It was modeled using
the BEMA [13], consisting of a mixture of a-Si:H and Si

4
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Table 2. Values of the thicknesses d and dr of the bulk and of the roughness surface layers, respectively, and of the Tauc–Lorentz law
parameters resulting from the fitting of the ellipsometric spectra for the samples deposited at 2 Pa and at different Ts. The dispersion of the
error bars is estimated negligible. Only the maximum value of the error obtained is indicated for each particular parameter.

Ts (◦C) d (Å) dr (Å) A E0 (eV) Eg (eV) C (eV) ε1 (∞)

100 8313 ± 24 29 ± 2 135 ± 2 3.56 ± 0.01 1.74 ± 0.01 2.34 ± 0.01 0.21 ± 0.01
150 7350 ± 24 27 ± 2 150 ± 2 3.62 ± 0.01 1.71 ± 0.01 2.11 ± 0.01 0.20 ± 0.01
200 6798 ± 24 30 ± 2 178 ± 2 3.59 ± 0.01 1.69 ± 0.01 2.08 ± 0.01 0.21 ± 0.01

crystallites of different sizes. Small and large grain sizes
of polycrystalline silicon given by Jellisson et al [27] were
used for the 3 Pa and 4 Pa samples, respectively.

(iii) The third layer is the subsurface layer which is in front of
the plasma during the film growth. It was modeled as the
bulk, with a lower thickness and a less crystallized phase.

(iv) The fourth layer is the roughness layer. It is considered
as an overlayer formed by a mixture of layer 3 (50%) and
voids (50%) and modeled using the BEMA [13].

The dielectric function of a-Si:H used in the present
modeling is given for each temperature by the Tauc–Lorentz
dispersion law with the parameters summarized in table 2.
In this approach, there are only eight free parameters: the
thicknesses of the different layers, and the volume fractions
of the constituents of the bulk and subsurface layers. We have
also tried a second approach by incorporating more degrees of
freedom into the fitting procedure using the parameterization
of the dielectric function of a-Si:H from the Tauc–Lorentz
model [14]. But this second approach has failed, as on the
one hand it needs five new free parameters and, on the other
hand, the resulting values obtained for χ2 from the different
fits are considerably greater than those obtained using the first
approach, for all the samples. The uniqueness of the solution is
not guaranteed, since several combinations of parameters could
equivalently fit the spectra.

We present in figures 5(a) and (b) an example of the
experimental and fitted SE data obtained, respectively, for ε1

and ε2 for the sample deposited at 3 Pa and 100 ◦C. As
mentioned above, the film morphology reveals a completely
amorphous interface layer with the substrate (d = (111 ±
15) Å), a highly crystallized bulk ( fc = (88 ± 5)%, d =
(8219 ± 20) Å), a less crystallized subsurface layer ( fc =
(68 ± 5)%, d = (412 ± 20) Å) and a roughness surface
layer (dr = (43 ± 5) Å). A similar behavior is obtained
for all the samples deposited at 3 and 4 Pa. The volume
fractions of the constituents, averaged by their respective total
thickness, are summarized in table 1. These results are in quite
good agreement with those obtained by Raman spectroscopy
measurements and reported in the same table for comparison.
However, the fc values estimated from the Raman results for
the 4 Pa sample are slightly higher than those determined from
the modeled SE data.

Two important points can be drawn from these results:

(i) The 3 and 4 Pa samples are crystallized with a mixture of
crystallites with small and large grain sizes [27], with a
larger proportion of small size grains in the 3 Pa films.

(ii) The crystalline volume fraction seems to be independent
of the substrate temperature.

Figure 5. Example of experimental and fitted data of the real ε1 and
the imaginary ε2 parts of the pseudo-dielectric function, respectively,
obtained for the sample deposited at 3 Pa and 100 ◦C. The open
symbols correspond to the data and the lines correspond to the fit.

From these results it appears that only the pressure plays
a predominant role in the formation of the crystallites size and
the crystalline volume fractions. The deposition temperature
has practically no effect on the crystallization process, but
seems to influence the compactness of the film, essentially in
the completely amorphous 2 Pa deposited samples. Therefore,
it can be suggested that the Si nanocrystallites are first
produced in the gas phase and then they are incorporated in the
a-Si:H matrix during film growth. A similar behavior has been
previously reported for the rf PECVD μc-Si:H material [28].

4. Conclusion

The present study brings new results for the effects of pressure
and the deposition temperature on the structural properties
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of nc-Si:H films deposited by rf magnetron sputtering. The
pseudo-dielectric function of these films, measured with
spectroscopic ellipsometry, has been modeled using BEMA
and the Tauc–Lorentz model and fitted carefully to the
experimental data. The analysis suggests that the structure of
the 2 Pa samples is completely amorphous. A pressure of about
3 Pa is optimum to obtain well crystallized films with a large
proportion of small size grains. It seems that the deposition
temperature does not affect the grain size and crystalline
volume fraction considerably. These parameters depend only
on the pressure. Finally, the production of crystalline silicon
particles in the gas phase is suggested as a means of producing
nc-Si:H by rf magnetron sputtering.
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