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a b s t r a c t

In this study we analyze the optoelectronic properties and structural characterization of
hydrogenated polymorphous silicon thin films as a function of the deposition parameters.
The films were grown by plasma enhanced chemical vapor deposition (PECVD) using a gas
mixture of argon (Ar), hydrogen (H2) and dichlorosilane (SiH2Cl2). High-resolution
transmission electron microscopy images and Raman measurements confirmed the
existence of very different internal structures (crystalline fractions from 12% to 54%)
depending on the growth parameters. Variations of as much as one order of magnitude
were observed in both the photoconductivity and effective absorption coefficient between
the samples deposited with different dichlorosilane/hydrogen flow rate ratios. The optical
and transport properties of these films depend strongly on their structural characteristics,
in particular the average size and densities of silicon nanocrystals embedded in the
amorphous silicon matrix. From these results we propose an intrinsic polymorphous
silicon bandgap grading thin film to be applied in a p–i–n junction solar cell structure. The
different parts of the solar cell structure were proposed based on the experimental
optoelectronic properties of the pm-Si:H thin films studied in this work.
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1. Introduction

Hydrogenated polymorphous silicon (pm-Si:H) as a new
material for solar cells has been the subject of scientific and
technological interest in recent years because of its outstand-
ing properties such as higher electrical conductivity, greater
doping efficiency [1–3], lower defect densities, low fabrication
cost and scalable process. The expectation is that replacing
hydrogenated amorphous silicon (a-Si:H) by different forms of
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pm-Si:H thin films can reduce the cost of “solar electric
power” by increasing the efficiency and stability of silicon-
based thin film photovoltaic devices [4]. Hydrogenated poly-
morphous silicon consists of small silicon nanocrystals (�2–
10 nm) embedded in an amorphous silicon matrix. These are
formed near dusty plasma conditions in order to obtain the
crystallites within the plasma and to obtain high deposition
rates with small to medium crystalline fractions [2,3]. The
optical bandgap of hydrogenated polymorphous silicon thin
films can be varied by varying the size distribution and the
density of the nanocrystals, which can be easily tailored by
controlling the deposition parameters [2,3,5,6]. Indeed the
optical properties, such as the absorption coefficient, depend
mainly on the amorphous matrix while the transport proper-
ties, such as the conductivity, are related to the crystallites'
size and density.

Polymorphous silicon based thin-film single junction
solar cells have a p–i–n or n–i–p structure depending on
the deposition sequence of doped and intrinsic layers. For
both structures the light enters through the p-layer which
efficiently supports hole collection in the device, since the
mobility of holes is smaller compared to the mobility of
electrons. The p–i–n deposition sequence requires that
pm-Si:H is deposited onto a transparent substrate that
typically consists of a low-cost glass covered with a
transparent conductive oxide (TCO). The back contact is
generally a highly reflecting metal layer, possibly depos-
ited onto a refractive index matching interlayer. The
majority of manufacturers use this p–i–n approach, often
called a superstrate configuration [8].

Each of the individual layers that compose the cell must
have particular characteristics. A very thin (10–30 nm) pþ-
layer with a wide bandgap (2–2.3 eV) of a-Si:H can be applied
as window layer to reduce absorption losses. A sufficiently
high electrical conductivity is needed in the p-layer to
guarantee a low series resistance as well as a high open-
circuit voltage. For the intrinsic i-layer (300–500 nm) it is
desirable to have pm-Si:H with higher absorption coefficient
and optimal bandgap (1.6–1.8 eV). This material must have a
high photoconductivity and thus guarantee a high mobility of
carriers. The nþ-layer (20–30 nm) must have similar electrical
properties to those of the pþ-layer to build up an intense
internal electric field. The optical bandgap of this layer has to
be the smallest in the structure (1.5–1.6 eV) to absorb the
remaining low energy solar radiation.

In this work pm-Si:H thin films with different internal
structures were deposited, varying the growth parameters.
Absorption and photoconductivity properties were analyzed
as a function of the microstructural characteristics of the
films. We propose an intrinsic polymorphous silicon band-
gap grading thin film to be applied in a p–i–n junction solar
cell structure. The solar cell structure was designed based on
the experimental optoelectronic properties of the pm-Si:H
thin films.

2. Experimental

Hydrogenated polymorphous silicon films were depos-
ited on quartz substrates by plasma enhanced chemical
vapor deposition (PECVD), using a 13.56 MHz discharge of
(99.9999% purity) SiH2Cl2þH2þAr. A conventional PECVD
system with parallel plates of 127 cm2 surface and 1.5 cm
apart was used. Prior to deposition, the chamber of the
PECVD system was evacuated to a pressure of 10–6 Torr.
Further details of the deposition process can be found
elsewhere [7,9]. The process parameters such as the
chamber pressure (250 mTorr), the substrate temperature
(200 1C), and Ar flow rate (50 sccm) were maintained
constant while the dichlorosilane/hydrogen flow rate ratio
and applied RF power were varied. The structural proper-
ties of the pm-Si:H films were modified by changing the
flow rate ratio and RF power in the reaction chamber. The
flow rate ratio is defined by R¼[SiH2Cl2]/[H2] and varied
from 0.05 to 0.1 changing the flow rate of dichlorosilane
from 2.5 to 5 sccm while hydrogen flow rate is maintained
constant (50 sccm), and RF power is varied with the
following values: 10, 25, 50, 100 and 150 W.

The deposited films were analyzed by Raman scattering
and high resolution transmission electron microscopy
(HRTEM) for structural characterization. The Raman spec-
tra were recorded using a T64000 Jobin-Yvon Horiba triple
monochromator using as excitation source the 514.5 nm
line from an ArþLexcel laser. All the measurements were
performed at room temperature in open air and acquired
by a cooled CCD detector. A spot size of 3.14 mm2 and an
irradiation power of 20 mW were selected in order to
avoid any beam-induced structural changes during mea-
surements. The measuring range and integration time
were 400–600 cm�1 and 1 min, respectively. HRTEM stu-
dies were conducted in a FEI-Titan 80–300 kV microscope.
The images were obtained in the Scherzer focus and
recorded simultaneously online with a CCD camera. The
Gatan DigitalMicrograph™ software was used for analysis
of HRTEM images. The samples thickness was measured
using a Veeco Dektak 150 profilometer with a vertical
resolution of 5 nm. Transmission measurements were
recorded in a UV–vis spectrometer Jasco V-630 in a two-
beam configuration. The measurement range selected for
the transmission spectra was between 200 and 1100 nm.
Transmission spectra were used to determine the effective
absorption coefficient (αeff). It is called effective because it
does not consider the reflected and dispersed photons;
since it is calculated as αeff¼[ln(100/T)]/d where T is the
percentage of transmitted photons and d is the film
thickness in cm. Dark conductivity (σD) and illuminated
conductivity (σI) were measured using a Keithley 617
programmable electrometer on planar geometry using a
halogen lamp with an intensity of 100 mW/cm2 and with a
similar spectrum to the solar spectrum. Photoconductivity
was calculated as Δσ¼ σI�σD and the photosensitivity as
Δσ/σD. Silver electrodes were evaporated on the pm-Si:H
films in vacuum lower than 10–5 Torr for electrical
measurements.

3. Results and discussion

HRTEM images in Fig. 1 show the average size and
density of nanocrystallites for films grown with different R
and RF powers. Fig. 1a and c shows that at lower RF
powers (50 W) the matrix is predominantly amorphous
with small crystallites. The increase in RF power increases
the density of nanocrystallites in the film (Fig. 1b and d).



Fig. 1. HRTEM images from pm-Si:H films grown with (a) 50 W and R¼0.05, (b) 50 W and R¼0.1, (c) 150 W and R¼0.05, and (d) 150 W and R¼0.1. Also
diffraction patterns for the samples with 50 W and 150 W for the R¼0.1 series are shown as insets.
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On the other hand, decreasing R increases the size and
density of crystallites for the same RF power. This change
in the crystallinity is more pronounced for higher RF
power (Fig. 1a and b). These HRTEM images evidence that
by regulating the RF power and dichlorosilane/hydrogen
ratio, polymorphous silicon thin films with very different
microstructures can be obtained: from predominantly
amorphous with small nanocrystallites (Fig. 1c) to almost
nanocrystalline (Fig. 1b). A diffraction pattern inset is
shown in Fig. 1c and d in order to show the variation of
the crystalline phase in the films with the deposition
parameters. For the first one, randomly and dispersed dots
can be seen indicating a mostly amorphous phase in the
analyzed zone. However, for the sample deposited with
higher power, diffraction rings related to different crystal-
line orientations are observed supporting the previous
observations. Fig. 2a shows a HRTEM image for the sample
grownwith 150 Wand R¼0.1 showing the amorphous and
crystalline phases clearly. The latter supports the defini-
tion of hydrogenated polymorphous silicon in our materi-
als and also evidences the presence of the small
nanocrystals. In Fig. 2b the variation of the nanocrystals
sizes as a function of the deposition RF power for R¼0.1 is
shown. As can be appreciated the average nanocrystals
sizes are between 2.5 and 12 nm, which is in accordance
with the hydrogenated polymorphous silicon definition.
Furthermore, there is a slight increase of the average sizes
with RF power and then a decrease to 7 nm for the sample
deposited with 150 W. Table 1 shows the variation of the
film thickness with the deposition parameters. It can be
seen that there is no direct relation with the increasing
power for R¼0.1 but for R¼0.05 it appears to have an
increasing trend with power except for the sample of
100 W. Also we can identify that there is a minimum for
R¼0.05 and 100 W and a maximum for R¼0.1 and 150 W
in the film thickness.

We performed Raman spectroscopy in order to describe
quantitatively the variations of the crystallite volume fraction
(XC) of the films. Fig. 3 shows representative Raman spectra of
films deposited with different flow rate ratios R and different
RF powers. In general, for amorphous/crystalline mixed phase
silicon thin films such as pm-Si:H, we consider that the
Raman spectrum consists of three contributions to the
transverse optical (TO) mode peak: a sharp peak around
520 cm�1, an intermediate peak between 500 and 519 cm�1

and a broad peak around 480 cm�1 which correspond to the
crystalline, grain boundaries and nanocrystalline, and amor-
phous phases, respectively [10]. For 50W we can observe



Fig. 2. (a) HRTEM image from pm-Si:H films grown with 150 W and R¼0.1 showing the amorphous and crystalline phases and (b) the silicon average
nanocrystals size for R¼0.1 as a function of RF power.

Table 1
Crystalline fraction, thickness and optical gap energies for the different
deposition parameters.

R Power
(W)

Crystalline fraction
(%)

Thickness
(nm)

Eg (eV)

0.1 10 1870.73 37075 1.7470.02
25 1970.78 32575 1.7770.02
50 2270.90 25075 2.2070.02

100 2270.89 30575 1.8870.02
150 2771.11 55075 2.0970.02

0.05 10 1370.53 13575 1.6570.02
25 2771.10 15575 2.0370.02
50 2571.02 17075 1.9270.02

100 1270.50 11075 1.8270.02
150 5472.19 18075 1.8670.02
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that the samples are predominantly amorphous since the
Raman signal consists of a broad peak centered around
480 cm�1. With the increase of the RF power a sharper peak
centered close to 520 cm�1 is observed, indicating that the
films are more crystalline with respect to the samples
deposited at 50W. However, at lower R the crystallinity is
increased with increase in RF power (Fig. 3a). For the sample
deposited with 150W and R¼0.05 a very sharp peak
centered around 507 cm�1 evidences the nanocrystalline
structure of the sample, while for the sample deposited at
50W a shoulder around 510 cm�1 can be distinguished
which suggests a nanocrystalline contribution to the spec-
trum. All these results confirm the trends observed by
HRTEM and agree with the pm-Si:H definition.

The Raman spectra of the samples were analyzed by
deconvolution into 3 Gaussian peaks corresponding to the
crystalline (520 cm�1), nanocrystalline (500–519 cm�1)
and amorphous (480 cm�1) phase and the areas of each
peak were used to calculate the crystalline fraction (XC).
This parameter can be calculated by the expression XC¼
IC/(ICþyIa) [11], where IC is the sum of the areas corre-
sponding to the nanocrystalline and crystalline TO Peaks,
Ia is the area corresponding to the amorphous TO peak and
y is the absorption cross section ratio which has a value
yffi0.99, so we used y¼1 for our samples [12]. Important
changes in the crystalline fraction, from 12% to 54%, were
obtained with the variation of R and the RF power as
shown in Table 1. For R¼0.1 the crystalline fraction
increases with the increase of RF power. The increase of
the crystalline fractionwith RF power comes along with an
increase of the nanocrystals sizes as observed in Fig. 2b,
except for the sample deposited at 150 W where the size is
reduced, indicating that the density of the nanocrystals
must have increased. However, for R¼0.05 the crystalline
fraction has an anomalous behavior with the increase of RF
power. In this case as the power increases from 10 W to
25 W the crystalline fraction increases and for powers of
50 W and 100 W, it decreases again. At 100 W it shows the
lowest crystallinity, while at 150 W it shows the highest
crystallinity and the highest value for both flow rate ratios.
As observed in Table 1 there is a variation of the film
thickness along with the deposition parameters (R and RF
power). We believe that there are changes in the plasma–
surface interactions which could represent the main fac-
tors for the induced crystallinity during growth. This can
be related to a combination of growth and etching regimes
with higher amounts of hydrogen in the plasma during
deposition [13]. Moreover, since we use dichlorosilane as
precursor gas, chlorine chemistry is affected by changes in
R and RF power and this affects the behavior of the
crystalline fraction in the PECVD process. In the SiH2Cl2
system, when SiHxCly (xþyo3) radicals arrive at the
growing surface, both hydrogen and chlorine are prefer-
entially extracted as HCl and bring forth the film deposi-
tion. Incrementing hydrogen dilution (lower R, in this case)
promotes interactions between atomic H and Si–H and Si–
Cl bonds that result in higher density of nucleation sites
and increased chlorine extraction from the film, but also
an enhancement of ion bombardment and attack of the
growing surface [10]. Chlorine extraction from the surface
involves exothermic reactions with atomic hydrogen
which releases a considerable amount of energy that
induces local crystallization [14]. Thus, there are two
competing phenomena involved: ion bombardment and
local crystallization that can explain the anomalous trend
in XC observed for lower R and also explain the variation of
the surface thickness during growth.



Fig. 3. Raman spectra from pm-Si:H films grown with (a) R¼0.05 and (b) R¼0.1 and different RF powers. A Raman spectra deconvolution for R¼0.1 and
50 W is shown as an inset.

Fig. 4. Photoconductivity vs. crystalline fraction of pm-Si:H films grown
with (a) R¼0.05 and (b) R¼0.1 with different RF powers.

Fig. 5. Photosensitivity vs. crystalline fraction of pm-Si:H films grown
with (a) R¼0.05 and (b) R¼0.1 with different RF powers.
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The photoconductivity of the films deposited with differ-
ent R and RF powers are shown in Fig. 4. For the samples
deposited with lower R, important changes in the photocon-
ductivity are appreciated (Fig. 4a). It is worth noting that there
can be as much as one order of magnitude difference between
the photoconductivity of the sample deposited at 10W and
the sample deposited at 150W. There is no explicit trend of
the photoconductivity as a function of only the crystalline
fraction in the films. The transport properties in this material
are also influenced by the structural disorder caused by
crystallite size variations, grain boundaries, amorphous phase
and voids [15]. An increase of atomic hydrogen bombardment
from the plasma may cause ion-induced desorption of hydro-
gen from the surface during growth [13]. This process affects
considerably the optoelectronic properties of the amorphous
matrix since the removal of bonded hydrogen can lead to
dangling bonds and increase of the structural disorder. This



Fig. 6. Effective absorption coefficient at 2.19 eV from pm-Si:H films
grown with (a) R¼0.05 and (b) R¼0.1 with different RF powers. A
representative Tauc-plot for R¼0.1 is shown as an inset.

Fig. 7. Schematic representation of an intrinsic polymorphous silicon
bandgap grading thin film applied in a p–i–n solar cell structure.
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effect is diminished by increasing R. In Fig. 4b, we can observe
that the photoconductivity has a smaller variation as a
function of the crystalline fraction compared to the samples
deposited at R¼0.05. Fig. 5 shows the photosensitivity as a
function of the crystalline fraction. It is observed that pm-Si:H
films present a high photoresponse with sensitivity values up
to 2.8�103. For lower R the photosensitivity has a variation of
up to one order in magnitude between samples, whereas for
higher R it shows a slight variation with the crystalline
fraction. This result is expected since the highest structural
variation in the samples is observed for R¼0.05. For R¼0.1 it
is observed that the photosensitivity between samples varies
very slightly; moreover, it is one order of magnitude lower
than for most of the samples grown with R¼0.05. This
confirms that the variation in the electronic properties cannot
be described as only a function of the crystalline fraction.

To compare the absorption properties of the films an
effective absorption coefficient (αeff) was calculated at
fixed photon energy of 2.19 eV which is in the region of
maximum intensity of the solar spectrum. Fig. 6 shows the
effective absorption coefficient of the pm-Si:H films as a
function of crystalline fraction. The absorption coefficient
decreases as the crystalline fraction increases for both R
values. The value of α at 2.19 eV for standard a-Si:H is
8�104 cm�1 and for crystalline silicon is 8�103 cm�1

[16]. In Fig. 6 we can appreciate that for both R ratios the
effective absorption coefficient shows a decreasing trend
with the crystalline fraction. We can observe from Fig. 6
that the αeff of some of the samples deposited at low R is
close to the absorption values of a-Si:H, while the samples
deposited at higher R have absorption properties more
similar to those of crystalline silicon. These results show
that we can obtain very different absorption properties in
pm-Si:H depending on the growth parameters and
furthermore they can be tailored by varying the nanocrys-
tals size and density in accordance with the pm-Si:H
definition. Finally, the optical gap values were calculated
using the Tauc model from the UV–vis measurements.
These results are presented in Table 1 and in Fig. 6 a
representative Tauc-plot for R¼0.1 is shown as an inset.
The measurement range shown for the Tauc-plot is
between 410 and 820 nm which is the range of interest
for photovoltaic materials with optical gaps between 1.1
and 2.2 eV, as in the materials studied in this work. It is
observed that the optical gap values for both flow rate
ratios are between 1.65 eV and 2.2 eV. As in the case of the
transport properties, there is no clear trend with the
crystalline fraction. Other effects, such as quantum con-
finement in nanocrystals, should be taken into account to
explain the tendency in the optical gaps, as well.

An intrinsic polymorphous silicon bandgap grading thin
filmwas proposed to be applied in a p–i–n solar cell structure
according to the optical and transport properties of the pm-
Si:H films discussed previously. A schematic representation of
this structure is presented in Fig. 7. The intrinsic film is
located between a-Si:H p-type and n-type layers in order to
generate an electric field separating the electron–hole pairs
and driving each to the corresponding contacts. Further
details of these materials can be found elsewhere [4]. The
device is illuminated through the glass and photons cross the
TCO layer and the emitter to reach the intrinsic pm-Si:H layer
to be absorbed. A ZnO buffer layer was selected to lower the
potential contact between the back contact and the base
layer. The filmwith higher bandgap was the one deposited at
150W and R¼0.1 (Table 1), so we selected it as the top layer
beneath the emitter because absorption of high energy
photons is desirable at the top of the structure. On the other
hand, for the middle layer we chose the film deposited at
150W and R¼0.05 which presents the highest crystalline
fraction and a smaller bandgap than those of the previous
layer. Finally, for the main absorber we selected the film
deposited at 10W and R¼0.05 as the back layer because it
presents the highest photoconductivity, absorption properties
and the lowest bandgap. This design improves the absorption
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properties of conventional p–i–n structures and should
increase the conversion efficiency of the solar cell devices.
This is due to the photon absorption range control as a
consequence of an optimal crystalline fraction selection and
the related properties within the different intrinsic pm-Si:H
layers which generates a better carrier collection probability,
increasing the internal quantum efficiency of a solar cell. An
advantage of this proposed structure is that it consists of the
same type of silicon alloy and the different layers can be
easily achieved by variation of the deposition parameters in
the same deposition process.

4. Conclusions

Varying the dichlorosilane/hydrogen flow rate ratio and
RF power during the PECVD process we obtained pm-Si:H
thin films with very different internal structures. The
optical and transport properties of these films depend
strongly on their structural characteristics. The crystalline
fraction is not enough as a parameter to describe the
change of electronic properties in pm-Si:H thin films;
other structural information such as the size and density
of the nanocrystalline inclusions should be taken into
account too. Variations of as much as one order of
magnitude were observed in both the photoconductivity
and effective absorption coefficient of the samples depos-
ited with different R. These results allowed the design of
an intrinsic polymorphous silicon bandgap grading thin
film applied in a p–i–n solar cell structure. The solar cell
structure was proposed based on the experimental optoe-
lectronic properties of the pm-Si:H thin films. An advan-
tage of this type of structure is that it consists of the same
type of silicon alloy and the different layers can be easily
achieved by variation of the deposition parameters in the
same deposition process.
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