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A B S T R A C T

Fabrication of nano-crystalline thin film solar cell by co-sputtering of silicon and aluminum, and metal induced
crystallization is reported in this paper. After a brief introduction on magnetron sputtering and aluminum-
induced crystallization techniques, it discusses the drawbacks of “aluminum induced layer exchange” concept as
the common method for fabricating poly-Si thin films; and proposes Si-Al co-sputtering as a simple alternative
fabrication method. Then a three-steps process is introduced for the fabrication of “Al electrode/n-Si wafer/p-Si
thin film/Al electrode” solar cell. Material and electrical characterizations of the fabricated p-Si thin films are
done by Raman spectroscopy, X-ray diffraction, optical microscopy, scanning electron microscopy and Hall
Effect measurement to study the crystallization ratio, grain size, morphology, carrier density and mobility of the
prepared films, respectively. The best fabricated samples show a crystallization ratio of 88% and the largest grain
size of 68 nm. The hole concentration in the films is in the order of 1018 to 1019 cm−3 with a maximum mobility
value of 17 cm2/V s. Then, photovoltaic properties of the fabricated solar cells are determined by under dark and
illumination J-V curves, and external quantum efficiency measurements. Dark J-V curve of the best sample
represents an ideality factor of 1.39, rectification ratio of 1993 at± 1 V and reverse saturation current density of
62.1 nA/cm2 which confirms the formation of a good p-n junction. The illuminated J-V curve under AM1.5G
conditions exhibits a photovoltaic conversion efficiency of 6.02% for the best sample, with a short circuit current
density of 24.9 mA/cm2 and open circuit voltage of 456mV. The external quantum efficiency of this sample
reaches to more than 59% at the wavelength of 700 nm. Finally, a simple model is proposed to describe the
formation of nano-crystalline Si thin film, deposited by Si-Al co-sputtering, during the thermal annealing.

1. Introduction

Metal induced crystallization (MIC) is a commonly used method for
the fabrication of poly-crystalline silicon (Poly-Si) thin films that can be
used in low cost photovoltaic devices (Gall and Rech, 2013; Haschke
et al., 2014), thin film transistor (TFT) displays (Fortunato, 1997;
Fortunato et al., 2012), and recently in blu-ray storage devices (Her
et al., 2009). In MIC process of amorphous silicon (a-Si), abundant and
low cost metal elements like aluminum are being used for reducing the
thermal annealing budget and duration which can lead to lowering the
overall cost of the solar cell fabrication. MIC process is required for
crystallization of the as-deposited a-Si layers made by magnetron
sputtering (MS). As a promising technique for the deposition of Si thin
films, MS has recently attracted considerable attentions because of its
intrinsic advantages compared to chemical vapor deposition (CVD).

Some of these advantages are the simplicity, low temperature process,
higher using ratio of Si and elimination of toxic materials such as SiH4.
These advantages make MS a low-cost and environment-friendly fab-
rication method, which provides a high level of uniformity and scal-
ability of the process (Safi, 2000).

Among different metals used for MIC process, aluminum (Al) is
widely used in MIC of Si thin films due to the simple eutectic system of
Si-Al binary alloy and the significant lowering of the starting tem-
perature of crystallization (Hamasha et al., 2016; Kezzoula et al., 2011;
Kuraseko et al., 2009; Wang et al., 2013). The main technique of fab-
rication of poly-Si by aluminum induced crystallization (AIC), is called
Aluminum Induced Layer Exchange (ALILE) which was introduced and
discussed in several references (Gall et al., 2006; Jaeger et al., 2010;
Nast and Wenham, 2000; Stöger-Pollach et al., 2007; Widenborg and
Aberle, 2002). This method has some drawbacks and disadvantages
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which cannot be avoided or eliminated easily due to the nature of the
ALILE process. The first issue is the directional expansion of the poly-Si
film grown by ALILE. As described in (Jaeger et al., 2010; Widenborg
and Aberle, 2002) the poly-Si layer growth starts by vertical diffusion of
Si into Al layer and followed by horizontal (lateral) expansion of the
poly-Si layer. The growing process begins from the nucleation centers
under the boundaries of polycrystalline Al or alumina layer, so the lo-
cally formed poly-Si grains in those centers can’t expand enough to
reach and coalesce other grains if any of these centers have more dis-
tance than average from the other nucleation centers (Nast and
Hartmann, 2000). Therefore, discontinuous areas will be created on the
poly-Si layer, which can affect the film quality by reducing the homo-
geneity and increasing the film resistivity. In addition, a high quality
poly-Si film fabrication by ALILE strongly depends on the Al2O3 layer
formation (Nast, 2000). This process requires breaking the sputtering
chamber vacuum (to let the Al2O3 forms on Al layer), which increase
the risk of contaminating the sample. On the other hand, a long in-
terval, from several hours to a few days, is required between sputtering
sequences for thickening the Al2O3 layer (Gall et al., 2010; Sieber et al.,
2003; Stöger-Pollach et al., 2007; Van Gestel et al., 2013). Otherwise,
an extra step should be added to the fabrication process for pre-an-
nealing of the Al layer in vacuum or O2 environment to form a thick
enough alumina layer.

Another major problem with the ALILE process is the excess Al,
which is transferred to the top layer due to the layer exchange by
thermal annealing. Depending on its thickness, this layer can cover
even the whole surface of the film and reduce the PV performance of
the fabricated solar cell seriously. Therefore, it should be removed
physically or chemically (Van Gestel et al., 2013). Accordingly, the
preparation of such poly-Si layer has some typical problems like: un-
uniformed layer thickness, low quality for acting as the absorption layer
of solar cell, and even non uniform level of doping.

One way to overcome these obstacles and simplifying the fabrica-
tion process is the co-sputtering of Al and Si, which makes it possible to
avoid the layered structure of the deposited film. We refer to this
method as AIC by Co-Sputtering (AICCS) onward. The prepared poly-
crystalline thin films by this method generally have nanometer grain
sizes. In contrast to ALILE, the growth process of such nano-crystalline
Si (nc-Si) films by AICCS is taking place almost iso-tropically during the
whole period of thermal annealing. Co-sputtering of different materials,
such as B, SiC and SiO2, in binary or trinary alloys with Si have been
studied by different research works (de Lima and Marques, 2002; de
Lima Jr. et al., 2002; Ohmura et al., 2001). However, to our best
knowledge, the solar cell fabrication by AICCS has not been reported
yet. In this research, we adopted the AICCS technique as a simple and
efficient technique for preparation of nc-Si and we have fabricated thin
film solar cells fully and only by MS and MIC methods.

2. Experimental details

Primarily, we used two different types of substrates in our experi-
ments. The first type was n-type Czochralski (CZ) 〈1 0 0〉 mono-
crystalline Si wafers with the thickness of 300 μm and the resistivity of
10–20Ω cm. The second type was quartz glass, mainly for the char-
acterization purpose of the fabricated Poly-Si thin films. The substrates
were sequentially cleaned by carbon tetrachloride (CCl4), acetone
((CH3)2CO) and ethanol (CH3CH2OH) for 10min in each step at the
temperature of 60–70 °C. After rinsing the substrates in deionized water
and before loading them into the sputtering chamber, the Si wafers
were dipped in diluted HF (10%) for less than one minute in order to
eliminate the native silicon oxides from their surfaces and they were
dried by blowing of pure nitrogen. As illustrated in Fig. 1, the whole
process of the solar cell fabrication by this method is composed of only
three main steps. In the first step of the fabrication process, we de-
posited the amorphous thin film by co-sputtering of p-type Si and Al.

A homemade MSP3200T magnetron sputtering machine was used

for this purpose which had the capability of deposition from three
targets simultaneously and independently. A simplified configuration of
the sputtering targets and the substrate positions are shown in Fig. 2(a).

A single crystalline p-type Si disk with the purity of 99.9999% and
resistivity of 1Ω cm, and an aluminum disk with the purity of 99.99%
were used as the Si and Al targets respectively. Both targets had the
diameter of 80mm and thickness of 0.5 mm.

In this study we carried out three sets of experiments at different
deposition conditions as listed in Table 1. By conducting these experi-
ments, we firstly wanted to realize the fabrication of poly-Si thin film
and solar cell by AICCS method. Secondly, we tried to evaluate the
impacts of different Al:Si ratios on the properties of the fabricated nc-Si
thin films. The Al:Si ratio, in its turn depends on the following factors:

• Sputtering powers which determine deposition rates of Al and Si

• Deposition time which determines the film thickness

From other MIC related research, it is known that by reducing the
film thickness the temperature and time of crystallization can be re-
duced significantly (Wang et al., 2012). Therefore, following the first
experiment (with the film thickness of 500 nm and the Al:Si ratio of
∼1:4), we reduced the overall film thickness by half in the two next
experiments. Therefore, we ran the second and third experiments to
investigate the films properties resulted from the Al:Si ratios of ∼1:5
and ∼1:3, respectively. So, we expect this set of experiments gives an
overall insight about the impacts of Al:Si ratio on the performance of
the solar cells made by AICCS thin films.

Following the first and before the second step of each experiment,
the as-deposited wafers were cut into several pieces with almost 1 cm2

areas. Then they were treated by different thermal annealing profiles in
the second step of the illustrated fabrication process in Fig. 1. In this
step, different annealing temperatures, from 450 to 850 °C, were ap-
plied to the fabricated thin films for various durations of 6–12 h, in the
vacuum pressure of ∼10−5 Pa. A typical profile of the applied thermal
annealing treatment is shown in Fig. 2(b). All of the annealing treat-
ments were done by using of an SK-1200 electrical annealing furnace.

The final step of the solar cell fabrication process was the creation of
the metal contacts by sputtering of 250 nm of Al via a stencil mask,
which shaped the electrode fingers pattern on the p-type nc-Si thin film
that formed after thermal annealing. The same thickness of Al was
deposited over the whole n-Si wafer side as the solar cell back contact.
Besides, for the ease of measurement of the electrical properties of the
nc-Si film deposited on glass substrates, four Al electrode pads with the
dimension of 1mm×1mm, were also created on the corners of each
sample.

After taking these three steps, material and electrical properties of
the fabricated solar cells and the nc-Si films formed on glass substrates
were measured and analyzed by different methods. We used Raman and
X-ray diffraction (XRD) spectroscopies to study the crystalline proper-
ties of the nc-Si layers. The Raman peaks were measured by a LabRam
HR spectrometer made by HORIBA, and the corresponding shifts were
analyzed by Labspec6 software for the wavenumbers ranged from 400
to 600 cm−1. The XRD measurements were carried out, by a SmartLab
system manufactured by Rigaku, over the range of 10–90° of 2-θ angle.
We also conducted X-ray photoelectron spectroscopy (XPS) measure-
ment, by a PHI Quantera SXM system, made by ULVAC-PHI, to study
the material composition of the fabricated nc-Si films.

The surface morphology of poly-Si layers was observed by an
Olympus BH3 optical microscope and ZEISS Merlin FE scanning elec-
tron microscope (SEM). The carrier concentration and mobility of the
fabricated nc-Si films on glass were studied by Hall Effect measurement,
using an HMS 3000 system made by ECOPIA. The photovoltaic per-
formance of the fabricated solar cells was evaluated and analyzed by
measuring their I-V curve under AM1.5G conditions and external
quantum efficiency (EQE). A Keithley-2400 source meter was used to
measure the I-V curve of the solar cells under the AM1.5G conditions,
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