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Abstract: The fabrication of n-type nanocrystalline silicon thin films using magnetron sputtering and crystallization by adding antimony and
thermal treatment is presented in this article. Firstly, a short overview about thin-film deposition methods, along with the advantages and
disadvantages of the magnetron sputtering, is provided. Then, the technique of adding metals for recrystallization of amorphous silicon is
described, and the necessity of using antimony for obtaining n-type nanocrystalline silicon along with its characteristics is discussed. Next,
the process of thin-film deposition using magnetron sputtering and the production of n-type nanocrystalline silicon on a quartz substrate, by
antimony-induced crystallization, is explained. Subsequently, the characterization process and necessary measurements to confirm the
crystallization of the nanocrystalline silicon layer and determine its crystalline properties are presented. For ease of electrical
characterization, a simple n/p junction Schottky solar cell is fabricated using the produced nanocrystalline silicon layer on a p-type
monocrystalline silicon wafer. In addition to nanocrystalline properties, the optical and electrical characteristics of this cell are also
investigated. The measurements show that with the proposed method, a fine grains nanocrystalline silicon layer with an average grain size
of 20 nm was formed in the <111> direction. J-V characteristic measurement shows the creation of a solar cell with conversion efficiency
of 1.39%, open-circuit voltage of 265 mV, and current density of 16.32 mA/cm?. These results confirm that antimony can be used in the
process of crystallizing amorphous thin-film silicon obtained from magnetron sputtering and converting it into n-type nanocrystalline silicon.
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1. Introduction

Thin-film polysilicon is a widely used material in the electronics
industry, which has been used for many years in the fabrication
of transistors, Thin-Film Transistor (TFT) displays, solar cells,
optoelectronic devices, and more recently in the production of
microelectromechanical) components and non-volatile Blu-ray
memories (Abo Ghazala et al., 2020; Fortunato, 1997; Haschke
et al., 2014; Her et al., 2009; Sharma et al., 2014). In most cases,
the polysilicon fabrication process involves chemical vapor
deposition (CVD) techniques, such as metalorganic chemical
vapor deposition and plasma-enhanced chemical vapor deposition,
which are extensively employed for this purpose (Prayogi et al.,
2023). Despite the advantages of high precision in film deposition
and excellent quality of grown polysilicon using these methods, it
should be acknowledged that these methods have inherent and
significant challenges such as high fabrication costs, complexity
of required equipment, the need for high-temperature deposition
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processes, use of toxic and explosive gases, and limitations in film
deposition dimensions (Safi, 2000; Tiiziin et al., 2010).

According to Figure 1 (Babu & Moorthy, 2015; Ennaoui, 2012),
one of the alternative solutions is to use magnetron sputtering, which is
considered as a type of physical thin film deposition and has developed
significantly in the recent years due to its numerous advantages. These
advantages include the low temperature deposition, high efficiency in
the use of raw materials, scalability to large dimensions, and higher
environmental compatibility due to the absence of chemical, toxic,
and explosive materials within the sputtering process. Additionally,
the working conditions and process control are easier, and the
required equipment is cheaper and simpler due to the use of solid-
state materials for film deposition (such as silicon and metal
targets) (Fujimura et al., 2015).

However, the deposition of materials using the magnetron
sputtering has a major drawback, which is the non-crystalline and
amorphous nature of the final product of this process. The thin
film obtained from silicon sputtering has abundant dangling bonds
between silicon atoms, which can act as recombination centers for
the majority charge carriers and fundamentally affect the electrical
properties of the film. One approach to neutralize these dangling
bonds is to use hydrogen which can combine with incomplete
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Figure 1
Different thin-film deposition methods
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bonds and neutralize them in the deposition process. The thin-film
silicon prepared by this method is denoted as a: Si-H. This
structure is still in an amorphous state and for many applications
it requires another step to be crystallized. Furthermore, the use
of hydrogen gas itself is hazardous and problematic, as it is
flammable and explosive, and deposition systems involving
hydrogen flow are more complex and must have sufficient safety
measures (Hamasha et al., 2016).

A fundamental solution to address this issue is to apply a heat
treatment process to the thin silicon layers, which will result in the
silicon recrystallization (Baskar, 2019; Wilken et al, 2022).
However, this solution faces a major problem, which is that the
recrystallization of silicon begins at temperatures above 900°C, and
complete crystallization of the amorphous film requires higher
temperatures and longer heat treatment times. These conditions result
in complexity, increased costs, and impracticality of this method.

One approach to overcome this challenge is to add metal atoms
to the thin silicon layer prepared by the sputtering method and then
perform a thermal annealing process on it. In this process which is
called metal induced crystallization, metal atoms contribute to the
creation of polycrystalline silicon, by neutralizing free bonds and
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reducing the temperature required to initiate the crystallization
process, resulting in lower energy and temperature needed for the
creation of polycrystalline layer from amorphous silicon (Maity,
2022). This allows the use of cheaper substrate materials that
can withstand lower temperatures as a silicon device substrate.
However, the structure of the resulting polycrystalline layer can
have varying quality and specifications depending on various
factors of magnetron sputtering, such as temperature, pressure,
thickness and sequence of layers, temperature profile, purity of the
metal material, and level of impurities (Becker, 2013; Gall, 2009).

The mechanism of silicon crystallization by adding metals has
been extensively studied, and this process has been widely used to
prepare polycrystalline silicon layers with p-type doping using atoms
such as aluminum (Maity, 2019; Shekoofa, 2017), copper (Shekoofa
et al., 2020), tin (Neimash, 2014), and nickel (Schmidt et al., 2009).
However, the use of this method for n-type doping requires further
investigation and optimization, due to the special properties of
materials that can create n-type doping. Therefore, the idea of this
research is to attempt to create n-type thin-film silicon by sputtering
and crystallization with the help of adding a suitable metal.

After this introduction, the organization of different sections of
the paper is as follows. The materials and method of the research are
introduced in Section 2. It includes the details of the deposition
method, the specifications of the used equipment, and the list of
applied characterization tests. In Section 3, the results of each
characterization techniques are presented and discussed one by
one. Finally, the last section is dedicated to the conclusion and the
proposed future works.

2. Materials and Methods

To create n-type polysilicon, the best material that can be added
to amorphous silicon is phosphorus, a group 5 element, which is
commonly used in CVD deposition methods to create n-type
silicon. However, phosphorus cannot be used in magnetron
sputtering because the material that is co-deposited with silicon in
sputtering must be solid and stable, and capable of transforming
into targets used in sputtering machines. Additionally, phosphorus
is toxic and harmful to human health.

The substitute element for phosphorus must have an ionization
energy level close to the conduction level of silicon in order
to function as an n-type dopant. By referring to the ionization
energy diagrams of various impurities in combination with silicon
(Figure 2 (Ionization Energy/Dopant Energy Levels of Impurities
in Crystalline Silicon (Olesinski & Abbaschian, 1985))), it can be
seen that elements such as phosphorus, lithium, arsenide, and
bismuth are not suitable for this purpose due to various reasons
such as instability, toxicity, and high cost.

The only suitable element for this purpose is antimony, which is
capable of transforming into targets, is non-toxic, and has stability in
the laboratory and sputtering process conditions (Figure 2 left
(Tonization Energy/Dopant Energy Levels of Impurities in
Crystalline Silicon)). However, the main advantage of antimony in
the crystallization process is demonstrated by its binary compound
with silicon. Adding antimony to silicon reduces the crystallization
threshold temperature of silicon from approximately 900°C down
to about 660°C (Figure 2 right (Olesinski & Abbaschian, 1985)).

At the same time, a kind of n-doping also occurs in this process,
due to the ionization of a percentage of silicon atoms and the
substitution of antimony atoms with them (Carlsson et al., 1997;
Ohmura, 2003). In this process, the crystallization of silicon
follows the mechanism of metal layer exchange, where during a
thermal annealing process, an amorphous layer of silicon in
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Figure 2
Left: The energy ionization diagram of various impurities in silicon. Right: Si-Sb binary phase diagram
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contact with a thin layer of certain metals can acquire a crystalline
structure while displacing the layers order. The occurrence of this
layer exchange has been extensively studied in various references
(Kuraseko et al., 2009; Nast & Wenham, 2000). In this study, the
Si/Sb/Substrate structure (with antimony layer prior to the silicon
layer) was used to create a thin layer of nanocrystalline silicon
after the heat treatment and layer exchange between the metal and
silicon layers.

2.1. Specifications of deposition process

All the deposition processes in this experiment were performed
using a MSP3200P magnetron sputtering machine. Two types of
substrates and four types of sputtering targets were used in these
experiments. The specifications of the substrates and targets used
in this process are presented in Table 1.

The specifications of the deposition process are presented in
Table 2. The preparation of the magnetron sputtering system for the
thin-film deposition process is done as follows: the chamber
evacuation starts and continues until the pressure reaches 0.0001 Pa
after placing the targets in designated positions. The heater of the
sample holder is turned on at the beginning of the chamber
evacuation process. The temperature of the substrate gradually
increases with the start of the chamber evacuation and reaches
140°C. If the temperature is suddenly increased at the beginning, the
final temperature may exceed the predetermined value by several
degrees. If the substrate heating starts with the sputtering process,
the actual vacuum level will be worse than the predetermined
vacuum level indicated in Table 2 (due to the lack of sufficient time
for the evacuation of evaporated impurities), and it will negatively
affect the quality of the deposited micro-silicon (Ruan, 2019).

After the base vacuum pressure was less than 1 mPa and
the sample holding temperature (substrate temperature) reached
140°C, argon gas was introduced into the chamber with a flow
rate of 40 sccm until the vacuum pressure increased to 1.2 Pa at
the threshold of the deposition process and the main part of the
layering process can begin.

Figure 3 illustrates the steps of the deposition process to create a
n/p solar cell by n-type thin-film nanocrystalline silicon. Initially,
a 100 nm layer of antimony is deposited, followed immediately
by a 100 nm layer of n-type silicon under the conditions listed in
Table 2, on substrates made of p-type monocrystalline silicon

Weight Percent Antimony
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1800 Frbrrirrrt prrbrrrh A e ks 2

{yauc

90 1
T r———r———rr—rrrr—

ey
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O e e e e e e A
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Table 1
The specifications of the substrates and targets used in this study
Dimension/
Diameter Thickness  Purity
Material (mm) (mm) (%)
Antimony target 80 5 99.99
n-Type silicon target 80 3 99.99999
Silver target 80 5 99.99
Aluminum target 80 5 99.99
p-type monocrystalline Si 50.8 0.300 99.99999
wafer (CZ <100>),
resistivity of 1-10 Q.cm
Quartz glass substrate 10 x 10 1 -
Table 2

Sputtering parameters for the thin-film deposition in this study
Deposition parameters Sb n-Si Dimension
Base pressure <1073 <1073 [Pa]
Sputtering pressure 1.2 1.2 [Pa]
Sputtering power 60 250 [W]
Duration 140 310 [s]
Deposition rate 0.7 0.32 [nm/s]
Thickness 100 100 [nm]
Ar flow rate 40 40 [scecm]
Substrates temperature 140 140 [°C]

wafers and on quartz pieces (for characterization purpose). After
removing the deposited thin-film samples from the sputtering
machine and cutting them into smaller pieces, multiple samples
were prepared for thermal annealing operations.

2.2. Thermal annealing process

The deposited thin-film samples on the different substrates,
i.e., wafer and quartz glass, were subjected to heat treatment at
different temperatures ranging from 500°C to 900°C, through a
three-phase process as displayed in Figure 3.
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Figure 3
The three different regions of (a), (b), and (c) in a typical applied
heat treatment profile for the maximum temperature of 500°C
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During this process, various samples of n-type nanocrystalline
silicon with different characteristics were obtained due to the
occurrence of the so-called silicon and antimony layers
displacement process.

2.3. Electrodes fabrication

In the final step of the sample fabrication process, four silver
electrode pads, with dimensions of 1 mm X 1 mm and a thickness
of 250 nm, were deposited on the four corners of the sample to
perform electrical characterization tests on samples with quartz
substrate. For the samples deposited on silicon wafer substrate,
firstly a 250 nm thick layer of aluminum was deposited on the
entire back of the sample, and then using an appropriate pattern
mask, metal electrodes with the same thickness made of silver
were deposited on the surface of the thin-film layer, creating a

basic n/p junction Schottky solar cell (as shown in the step 5 of
Figure 4).

The reason for using silver for the top electrodes compared to
aluminum is that since the nanocrystalline layer is n-type, the
aluminum atoms can neutralize the effects of antimony impurities,
converting the regions under and around the electrodes to intrinsic
semiconductors, which increases the internal resistance of the
layer and the series resistance of the solar cell. On the other hand,
silver electrodes do not have this effect and can maintain the
desired characteristics of the nanocrystalline n-type layer.

2.4. Characterization tests and specifications of the
measuring equipment

After depositing the thin-film layer and fabricating the
necessary electrodes, the next step is to perform different tests and
measurements to verify the formation of crystalized silicon thin
film, determine the crystal structure and quality, and its electrical
characteristics. Raman and X-Ray Diffraction (XRD) tests were
used to determine the crystalline properties of the thin-film
material. The optical and electron microscopes were used to
examine the morphological properties of the samples, and J-V
curves were measured to determine the electrical characteristics in
dark and illuminated conditions. Raman spectrum measurements
were performed using a LabRam HR spectrometer manufactured
by Horiba, equipped with a laser beam with a wavelength of
532 nm. XRD tests were conducted using a SmartLab
system manufactured by Rigaku equipped with a Bruker D8
diffractometer and a CuKoa source with a wavelength of
Ml =1.5406 A. An Olympus BH3-WHP6 optical microscope
and a JSM-7001F electron microscope manufactured by JEOL
were used for the examination of the morphological properties of
the nanocrystalline layer. Finally, J-V characteristic measurements
were performed using a Keithley-2400 source meter and a solar
simulator system model XES-70S in dark and illuminated
(AM1.5G standard irradiance) conditions, respectively.

3. Results and Discussion

In the first step of the characterization process, Raman spectra of
different samples were measured and the amount of corresponding

Figure 4
Different steps of the solar cell fabrication process by n-type thin-film nanocrystalline silicon
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Figure 5
The state of Raman spectrum peak shift in the thin-film sample
prepared at different temperatures and their crystallization
percentage per temperature (inset diagram)
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Raman peak shifts was examined to confirm the formation of the
nanocrystalline layer and determine the crystallization ratio at
different annealing temperatures. In Figure 5, which shows the
normalized Raman spectra for three nanocrystalline samples
prepared at three different temperatures, the Raman peak is
observed at around 825 cm’ and shifts to 517 cm?! with
increasing temperature up to 900°C, but does not reach the
wavenumber of 520 cm!, which corresponds to the peak of the
reference monocrystalline silicon sample. The crystallization
percentage of the thin film was calculated by using equation (1),
where [, I, I, represent the intensities of the crystalline,
nanocrystalline, and amorphous components, respectively (Chen
et al., 2014).

R, = (Ic + Im)/(Ic + I, +0.85 X Iu) (1)

The small diagram in Figure 5 indicates the relatively low percentage
of crystallization of the n-type silicon nanocrystalline layer prepared
in this process, which is about 68% at temperatures of 800-825°C
and changes only slightly to 71% as the temperature increases to
900°C.

In the next step, XRD spectra of various samples were evaluated
to determine the crystal structure and orientation of the prepared
nanocrystalline thin films, by examining the location and intensity
of the peaks related to the silicon crystal directions. According to
the results which are shown in Figure 6, a very small peak at the
angle of 28.5° is observable even at a low temperature of 500°C,
but the distinct peak corresponding to Si <111> direction can
only be observed at temperatures higher than 600°C. A clear peak
is observed at 825°C, and this peak becomes much stronger at
950°C. By studying the corresponding peak to <111> orientation
at the angle of 28.5° and it is determined that the grain size of
the crystals at this temperature is approximately 20 nm using the
Bragg’s law. However, at 950°C, peaks corresponding to the
<220> and <311> directions are also observable, but due to their
broadness and low height, the crystal grain size related to these
peaks must be smaller. The presence of these peaks confirms the
deterioration of the quality of the nanocrystalline layer prepared at
temperatures higher than 900°C using this method, which makes
it unsuitable for many applications.

Figure 6
The occurrence of the peak related to Si <111> and its
strengthening with increasing temperature
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Figure 7
Crystal structure formation nuclei (yellow arrows) and
crystallized regions (yellow circles) of silicon thin film on
quaternary substrate

After confirming the formation of the crystalline structure in the
produced silicon thin film, the morphology of the samples deposited
on the quartz substrate was examined by optical microscopy, as
shown in Figure 7. According to this figure, a significant portion
of the surface of the sample prepared at 850°C is still
uncrystallized, and the silicon-antimony binary compound remains
in an amorphous form. Although multiple nucleation sites for
crystal formation can be seen in this image (such as the points
marked with yellow arrows), only a few of these centers have
grown enough to create a few-micron-sized structure in the form of
clusters of crystalline silicon (yellow circles). Due to the relatively
large distance and sparsity of these clusters, a homogeneous
layer or at least a continuous layer has not formed.

In the next step, the grown thin-film layers on the silicon wafer
substate were analyzed by SEM imaging. As shown in Figure 8, dark
areas (enclosed by yellow curves) were observed among the
relatively homogeneous and bright surface of the sample after
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Figure 8
Crystallized (enclosed by yellow curve) and non-crystallized
regions after heat treatment, compared to the structure
of the sample before heat treatment (red box)

Figure 9
J-V characteristics curve in the dark and under irradiation,
for the solar cell fabricated at 850°C on the CZ <100>
p-type silicon wafer
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annealing the sample at 850°C. In addition to the formation of such
dark regions, which are the evidence of the crystallization of the
amorphous silicon, there is significant difference in surface texture
between the unannealed sample (red box) and the heat-treated
sample which clearly indicates the effects of temperature on the
silicon thin film under study. In fact, the primary amorphous
structure has been transformed into a relatively uniform
crystallized layer with crystal sizes ranging from tens to hundreds
of nanometers.

Following the crystal properties, the electrical characteristics of
the n-thin film Si/p-mono Si substrate were also investigated in this
study. The J-V characteristic curve of the silicon thin film processed
after thermal treatment at 850°C on p-type monocrystalline silicon
wafers was measured under both dark and standard AM1.5G
illuminated conditions, resulting in a curve shown in Figure 9.
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Figure 10
Examples of the low adhesion issue of the fabricated thin films on
different substrates after thermal annealing at 850°C

The main characteristics of this simple solar cell were an open-
circuit voltage of 265 mV, a short-circuit current of 16.32 mA/cm?,
and an overall efficiency of 1.3%. Despite its low efficiency, the
photovoltaic behavior of this sample indicates that the thin silicon
layer prepared has been reasonably crystallized and doped with
the n-type impurity, both of which are due to the influence of
adding antimony atoms to the amorphous silicon.

Further analysis of the reverse-bias region of the J-V
characteristic curve reveals that the reverse saturation current of
the p-n junction created (the magnitude of the current at negative
bias voltages under dark condition) is high, while the parallel
resistance of the solar cell (the flatness of the red curve in reverse
bias) is low. Both factors, which are affected by the low quality
and lack of continuity of the produced nanocrystalline silicon
layer, reduce the efficiency of this solar cell. In the forward-bias
region, it is observed that the series resistance (the slope of the
red line at zero current) is very high, which may be due to the
presence of numerous uncontrolled impurities in the prepared
nanocrystalline sample, the small size of crystalline grains, the
oxidation of the surface of the nanocrystalline film during the
cooling process after thermal treatment, and the lack of
appropriate electrical conduction of the metallic electrodes on the
film surface. These issues have also resulted in an overall
reduction in the fill factor of the solar cell which is limited to
almost 32%.

In the last part of the characterization process, the visual
inspection of some of the fabricated samples was carried out
which showed a major issue with the quality of the n-type poly-Si
thin-film created by antimony-induced crystallization. Figure 10
shows three samples which exhibit the peeling of the poly-Si
films after thermal annealing at 850°C. This is resulted from the
instability and low adhesion of the created poly-Si layer to the
C-Si or glass substrates after heat treatment, which may happen
even after annealing at relatively low temperature of 500°C. Such
problem has been reported in some other research too (Wang
et al., 2008). The problem is getting severer especially at the
higher temperatures when more excess Sb content, transferred to
the top of the poly-Si after annealing, and it must be removed by
chemical etching before electrode contacts fabrication. This low
adhesion and bonding force can lead to form a poor mechanical
interface between the created n-type layer and p-type substrate
and reduce the performance of the p-n junction in terms of its
photovoltaic energy conversion. It should be noted such condition
has not been reported for aluminum- and copper-induced
crystallization of amorphous silicon.
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4. Conclusion

In this study, a simple and environmentally friendly method
(without using any toxic or hazardous chemical substances) was
investigated for the fabrication of n-type nanocrystalline silicon thin
films. We used the magnetron sputtering technique with the
addition of antimony metal, followed by thermal treatment for this
purpose. Different characterizations were carried out on two sets of
samples fabricated on monocrystalline Si wafer and quartz glass
substrates. The measurements confirmed the formation of a
nanocrystalline silicon layer mainly with a crystal orientation of
<111>, the average crystal grain size of about 20 nm, and lengths
of the crystallized regions ranging from a few tens to a few
hundred nanometers. A simple solar cell composed of this thin film
of nanocrystalline on a p-type silicon wafer was created, and its
electrical characteristics were measured. According to the measured
J-V curves under dark and illuminated conditions, the fabricated
solar cell showed a significant photovoltaic property, with a short-
circuit current density of more than 16 mA/cm? under AM1.5G
irradiation. However, due to some process flaws such as impurities
in the antimony target, the residual atoms inside the sputtering
chamber, and oxidation of the nanocrystalline layer during and after
the thermal treatment process, the quality of the obtained thin-film
layer was not satisfactory, and its improvement requires further
research.
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