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Abstract: The Silicon on Dust Substrate (SDS) is a gas-to-wafer process that produces multicrystalline
silicon ribbons directly from gaseous feedstock (silane), avoiding the standard industry steps of
polysilicon deposition, crystal growth, and wafering. The SDS technique consists of three main
steps: (i) micrometric-sized silicon powder production by grinding silicon chunks; (ii) chemical vapor
deposition (CVD) of silicon over this silicon powder substrate; and (iii) zone-melting recrystallization
(ZMR) of the nanocrystalline pre-ribbon obtained in the CVD step. Several samples were produced
by this technique. During CVD, mechanically self-sustained nanocrystalline pre-ribbons were grown
over silicon powder substrates, with growth rates in the order of 50 µm/min. The ZMR process
performance is substantially impacted by the pre-ribbon physical characteristics. The best and largest
recrystallizations were achieved on pre-ribbons grown over powder substrates with smaller particle
sizes, which also have lower substrate powder incorporation ratios. Multicrystalline silicon ribbons
with crystalline areas as large as 2 × 4 cm2 were successfully produced. These areas have visible
columnar crystal growth with crystal lengths up to 1 cm. The SDS ribbons’ measured resistivity
confirmed the high powder content of the resulting material. The ability to produce solar cells on
SDS multicrystalline silicon ribbons was demonstrated.

Keywords: photovoltaic; silicon powder; silicon feedstock; metallurgy; silicon ribbons; chemical
vapor deposition; zone-melting recrystallization

1. Introduction

In the last three decades, the photovoltaic (PV) market has progressed from the
megawatt (MW) scale to the terawatt (TW) scale. This enormous growth of photovoltaic
systems deployment was accompanied by a reduction in the cost of the PV energy by a
factor of 100 [1], and in certain countries, PV energy is already the cheapest way to produce
electricity [2]. The PV market is expected to grow in the coming decades due to demand
growth and the necessary progressive decarbonization of energy production [3]. The PV
market is mostly driven by crystalline silicon (c-Si) technologies that in the last decades
have represented more than 90% of the installed capacity [4].

The reduction in the price of PV energy was achieved both by decreasing the PV
systems’ production costs and by increasing their conversion efficiency.

One possible trajectory to reduce the cost of photovoltaic devices and consequently the
cost of PV energy is the direct growth of silicon ribbons instead of the highly energetically
intensive ingot growth.

We present here the Silicon on Dust Substrate (SDS) method, a gas-to-wafer process
to produce multicrystalline silicon ribbons, based on atmospheric pressure, using low-
temperature (<600 ◦C) chemical vapor deposition (CVD) of silicon on top of a silicon dust
substrate, followed by a zone-melting recrystallization (ZMR).

For several decades, ZMR has been used to recrystallize and purify silicon and other
materials [5,6]. To our knowledge, the best solar cell results achieved on silicon substrates
obtained by zone-melting recrystallization were 16.0% at Mitsubishi Electric Corporation [7]
and 13.5% at Fraunhofer ISE [8]. Moreover, Reber at al. reported on high-throughput ZMR
performed at speeds as high as 350 mm/min [9].
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The SDS method skips the stages of polysilicon deposition, crystal growth, and wafer-
ing that are present in the conventional methods to produce multicrystalline silicon, thus
avoiding the considerable material losses inherent to the wafering process [10]. This
method has the potential to significantly reduce the energy used to produce silicon photo-
voltaic substrates, a feature that can be particularly relevant in the present context of the
Ukraine–Russia conflict and the inherent rising energy costs.

The proposed method also provides a pathway for silicon material reuse from manu-
facturing losses or end-of-life PV systems, supporting circular economy principles [11,12].

In previous studies, the SDS was thoroughly described, and several results were
presented [13–15]. In the present manuscript, the impact of the powder substrate grain
size on the recrystallization step is analyzed and the ability to produce solar cells on SDS
substrates is demonstrated.

This manuscript is structured as follows: Section 2 describes the SDS concept and
experimental details; Section 3 presents the main results; Section 4 discusses the results;
finally, Section 5 draws some conclusions and suggests future developments.

2. Materials and Methods

We describe here the use of the Silicon on Dust Substrate (SDS) to produce multicrys-
talline silicon ribbons to be used in photovoltaic applications; the produced ribbons were
tested by manufacturing solar cells.

2.1. SDS Approach

The Silicon on Dust Substrate is a gas-to-wafer process, aiming to produce multicrys-
talline silicon ribbons directly from gaseous feedstock, bypassing the standard industry
steps of polysilicon deposition, crystal growth, and wafering. Figure 1 presents the SDS
process diagram compared with crystalline silicon wafer production for solar applications.

The SDS technique consists of three main steps: (i) production of silicon powder;
(ii) chemical vapor deposition (CVD) of silicon over a silicon powder substrate; and (iii)
production of multicrystalline silicon ribbon by zone-melting recrystallization (ZMR) of
the nanocrystalline pre-ribbon obtained in the CVD step.

The production of silicon powder is carried out in two stages: (a) silicon chunks are
broken into small pieces using a wafer crusher with silicon-nitride-coated jaws; (b) the
small pieces are then fed to a grinding mill, which produces the silicon powder. Any type
of silicon material can be used as feedstock, but naturally the silicon powder obtained will
retain the features of the original material.

In this study, the silicon chunks used as feedstock came from the remains of commercial
multicrystalline p-type silicon samples with a resistivity between 0.5 and 1 Ω·cm.

The CVD step starts by placing a layer of silicon powder on top of a quartz holder,
acting both as a deposition substrate during the CVD and as a sacrificial layer for easy
detachment from the quartz. The silicon powder can also be obtained as a by-product of
a fluidized bed reactor using silane as precursor. Next, a fast CVD at low temperature
(<900 K) and atmospheric pressure, using silane as gaseous feedstock, deposits a thick layer
of silicon over the powder substrate, resulting in a mechanically self-sustained, porous,
and nanocrystalline silicon pre-ribbon. Finally, the pre-ribbon is subjected to ZMR, as a
narrow horizontal floating molten zone with 2 mm height travels along the pre-ribbon and
turns it into a multicrystalline silicon ribbon. Figure 2 shows a concise diagram of the SDS
experimental process.
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The well-established production of silicon wafers, based on cutting either Czochralski-
grown monocrystalline or directional-solidification-grown multicrystalline silicon ingots,
using multi-wire sawing techniques, is responsible for global material losses rising to over
40% [1]; consequently, feedstock and wafering processes can represent up to one-third of
the final cost of ingot-based silicon PV modules [16]. This situation justifies the research on
alternative methods to produce silicon substrates that increase material yield and allow



Metals 2023, 13, 452 4 of 11

for further cost reductions of PV devices. Therefore, the SDS is part of a broader group
of different approaches to the current PV industry standards that aims to increase the
efficiency in material use, such as ribbon technologies [17,18], thin-films grown over a
substrate [19–21], kerf-free wafering processes [22–24], and diamond-wire sawing followed
by kerf recycling [25,26].

The SDS process is similar to several ribbon technologies in that it avoids the usual
crystal growth methods, namely the use of a crucible and multi-wire sawing. However,
some key differences set it apart from them: (i) in theory, SDS is a contamination-free
process, since no foreign material is in contact with the silicon powder substrate during
CVD or the floating molten silicon during ribbon recrystallization, which ensures that both
gaseous feedstock and silicon powder have a high purity level; (ii) no high structural quality
substrate is required; and (iii) it requires a low energy budget due to low temperature and
atmospheric pressure used in the CVD process and due to the small volume of the molten
zone during the ZMR process.

In summary, the SDS process has the potential to deliver good-quality material for
solar cell manufacturing with a significant reduction in the overall cost.

2.2. Experimental Setup

The experimental setup used by the SDS process is composed of three main appara-
tuses: a grinding mill to deliver silicon powder of micrometric grain size [13], a CVD reactor
to produce nanocrystalline pre-ribbons, and a zone-melting recrystallization furnace to
finally obtain multicrystalline silicon ribbons. Both the grinding mill and CVD apparatuses
are thoroughly described in previous works [13,14].

The current ZMR reactor is the fifth iteration of in-house developed reactors, built to
perform zone-melting recrystallization in silicon ribbons using focused incoherent light
as a heat source. The reactor is built of aluminum and composed of two parts: (i) the
main body, measuring 220 × 140 × 76 mm3 and containing the optical system with two
elliptical mirrors and two tubular halogen lamps of 1000 W each; (ii) the upper and lower
chambers, which allow the vertical displacement of the recrystallizing ribbon and facilitate
system cooldown. Silicon pre-ribbons from the CVD reactor, measuring up to 40 mm in
width, can be recrystallized by a stable molten zone traveling at a speed in the range of 1 to
10 mm/min and under a controllable inner atmosphere. Figure 3a presents a simplified
schematic of the reactor concept.
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The recrystallization process was improved over past reactors, as the current optical
system creates a stable and uniform molten zone, for up to 40 mm width (along the pre-
ribbon length in the y direction) and 0.5 to 2.0 mm in height (x direction). Moreover, the
reactor is airtight, making it possible to control the flow rate and gaseous species, which
reduces the chance of contamination and oxidation. A close-up photo of the ZMR reactor’s
interior is presented in Figure 3b, showing the optical system and a silicon pre-ribbon with
focused radiation over the surface.

The optical system creates two heating regions at the same height on both sides of
the silicon pre-ribbon surface, melting the entire ribbon material on a well-defined linear
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molten zone. The two mirrors have the same optical properties, with a focal distance of
30.6 mm and ellipse semi-axes of 39.9 mm and 25.5 mm. The 1000 W halogen lamps have a
glass tubular encasement and an 80 mm long linear filament.

Each elliptical mirror has an effective focus angle of αE = αM − αS = 140.3◦ − 34.7◦ =
105.6◦, resulting in a geometric efficiency of η = 58.7% and a diffuse-to-focus power
ratio of Pdiff/Pfoc = 0.704. The radiation intensity distribution over the pre-ribbon was
computed with a ray-tracing software, and the following parameters were used: (i) the
mirror surface is an aluminum-coated film, having an average reflection coefficient of 0.95
and no scattering; (ii) the reactor chamber material is unpolished aluminum with an average
reflection coefficient of 0.60 and a gaussian scattering model; (iii) the number of analysis
rays is 2 × 106 for each lamp filament; and (iv) the target detector is a 60 × 30 mm rectangle
with a 100% absorption rate placed in the same z axis position as the pre-ribbon. Figure 4
shows the ray-tracing simulation results obtained. Figure 4a presents the normalized
radiation intensity map in the xy plane at the z coordinate where the pre-ribbon is placed.
Figure 4b shows the normalized radiation intensity profile along the x coordinate at y = 0
(i.e., length of the ribbon), and Figure 4c shows the normalized radiation intensity profile
along the y coordinate at x = 0 (i.e., width of the ribbon).
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Figure 4. Ray-tracing simulation of the radiation intensity over the recrystallized pre-ribbon (normal-
ized): (a) xy plane intensity map; (b,c) profiles along the x and y directions.

It can be observed that the radiation is highly focused in a very thin strip that homoge-
neously covers the width of the pre-ribbon (y direction). Such a radiation profile explains
the occurrence of a localized melting of silicon, which creates the molten zone.
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2.3. Characterization

The characterization of the SDS ribbons consisted of the measurement of the thickness,
before and after the ZMR step, followed by electrical measurements. The ribbons’ resis-
tivity was measured with a four-point probe and the carrier lifetime was determined by
microwave photoconductance decay (µ-PCD) measurements using a Semilab WT-1000. Fi-
nally, to further analyze the quality of ribbons, solar cells were produced and characterized
by measuring one-sun I-V curve.

3. Results

The method of zone-melting recrystallization has been applied to several types of
silicon substrates, both multicrystalline silicon wafers [26] and different kinds of silicon
ribbons [14,27]. In addition, the ZMR method proved its ability to promote boron and
phosphorous doping of silicon ribbons [28,29].

3.1. Pre-Ribbon Recrystallization

Obtaining recrystallized silicon samples, either ribbons or wafers, with a sufficiently
low oxide content to be used in photovoltaic applications, depends on the occurrence
of certain conditions. First, during the recrystallization, the partial pressure of oxygen
on the furnace atmosphere should never exceed a threshold around 7% [26]. To ensure
that this condition is met, it is important to consider that, despite the recrystallizations
being performed in an argon atmosphere, there is possible contamination with ambient air.
Furthermore, even if the samples are cleaned with an HF solution, their oxygen content
will be released during recrystallization. The sample to be recrystallized must also meet
two conditions: homogeneity and low porosity. It is harder to maintain a stable linear
molten zone in a sample that does not have a homogeneous density and/or has a high
level of porosity, where heat behavior is less predictable than in a homogenous and dense
sample. Multicrystalline silicon wafers have relatively low oxygen content, and provided
that the native oxide is removed by the HF cleaning, their recrystallization in an argon
atmosphere is straightforward. On the other hand, the SDS pre-ribbons grown by CVD are
more porous and less homogeneous, and the sample porosity also causes them to oxidize
rapidly, which results in higher oxygen content than in the multicrystalline silicon wafers
previously mentioned. Ribbons with such high oxygen content tend to form a film of silicon
oxide in the heated areas of the ribbon during recrystallization. If not removed, the oxide
layer will cover the molten zone, increasing the difficulty of monitoring and controlling it
and often resulting in either an incomplete (or superficial) recrystallization or in a collapsed
molten zone. Recrystallization of SDS ribbons is thus more complex; in fact, its complexity
level strongly depends on the details of the CVD process, namely the grain size of the
powder used as substrate.

The molten zone height can vary between 0.2 and 2.0 mm. The height attained depends
not only on the lamp power applied and the focus accuracy of the optical system, but also
on the sample properties and argon flux used. The appearance of the molten zone starts
with the formation of one or more small silicon molten spots that rapidly spread laterally
until a line-shaped molten zone (i.e., the linear molten zone) is formed. Initially its height
is around 0.2–0.5 mm. After attaining a stable molten zone that spreads over the sample
length (Figure 5), the molten zone height can be carefully increased up to 2.0 mm by a slight
increase in the power applied to the halogen lamps.
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3.2. SDS Pre-Ribbon Recrystallization and the Role of the Powder Grain Size

As previously mentioned, the properties of the pre-ribbon play an important role in
the complexity and success level of the ZMR process. Figure 6 presents the images of three
SDS ribbons after recrystallization. These ribbons differ mainly by the range of powder
sizes used as substrate during the CVD process: (a) [106 µm, 180 µm]; (b) [75 µm, 106 µm];
(c) [45 µm, 75 µm].
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In Figure 6a, an image of the ribbon grown with [106 µm, 180 µm] powder substrate
is presented. It can be observed that during ZMR, soft oxide structures in the shape of
thin filaments and hairy agglomerates are formed. In addition, several void areas are
visible, which are due to molten zone collapse during recrystallization. To understand
the reasons for this unsuccessful recrystallization, we must consider that the pre-ribbons
obtained with such a large powder size have the highest powder incorporation ratio (~80%)
between all the pre-ribbons obtained in this study [15]. A higher powder incorporation
rate, which in fact corresponds to a lower incorporation of silicon from the gas phase, has
two consequences for the ZMR process: (1) since the silicon from the gas phase deposits
between the powder grains, gluing them together, a lower level of incorporation from
gas will likely result in a less homogenous pre-ribbon; (2) the level of purity of the silicon
powder is several orders of magnitude lower than the highly pure silicon deposited from
the gas during CVD, and consequently a higher powder incorporation rate corresponds
to a pre-ribbon with a higher contamination level. As previously mentioned, both these
factors increase the level of complexity of the ZMR process.

When using substrates with lower grain sizes, the growth rate of the CVD process is
higher (i.e., larger effective deposition area), originating from a higher incorporation of
silicon from the gas phase and a lower powder incorporation ratio. As explained before,
pre-ribbons with lower powder incorporation ratios will likely be more homogenous and
have fewer impurities. The recrystallization of pre-ribbons grown using a [75 µm, 106 µm]
powder substrate confirms this analysis, as can be observed in Figure 6b. Although the
recrystallization of the pre-ribbon was challenging, with the formation of thick oxide layers
in the silicon surface that hindered the success of the ZMR along large parts of the sample,
in some small parts of the pre-ribbon it was possible to perform a complete recrystallization,
obtaining elongated crystals with lengths up to 5 mm. For the pre-ribbon grown with the
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[45 µm, 75 µm] powder, the described trends are intensified: the CVD process has an even
higher growth rate, and the powder incorporation ratio is reduced to 72%, resulting in a
more homogenous pre-ribbon, potentially with a lower impurity content. Therefore, the
recrystallization of this pre-ribbon was less eventful than the previous ones, and it was
possible to successfully recrystallize an area of around 8 cm2, with elongated crystals with
lengths up 1 cm visible on both sides of the ribbon, as can be observed in Figure 6c.

3.3. Characterization of SDS Ribbons
3.3.1. SDS Ribbon Thickness

The measurement of the ribbons’ thickness before and after recrystallization proved
that there is a densification of samples during the ZMR step, resulting in thickness reduc-
tions between 40% and 60%, being larger for the samples grown with larger powder grain
sizes. The ribbons’ thicknesses after recrystallization were in the 270–330 µm range.

3.3.2. Resistivity and Minority Carrier Lifetime Measurements

Table 1 presents the resistivity, average dopant concentration (ND), and carrier lifetime
of an SDS ribbon.

Table 1. Resistivity, dopant concentration, and carrier lifetime of SDS ribbon [14].

Resistivity (Ω·cm) ND (cm−3) Lifetime (µs)

SDS ribbon 0.70 ± 0.05 2.1 × 1016 0.3 ± 0.1

The bulk resistivity of the SDS Ribbons, measured using the four-point probe method,
returned values around 0.70 Ω.cm, which corresponds to a doping level in the order of
2 × 1016 cm−3, the same doping level as the powder substrates used. This result further
confirms the high powder incorporation rate of the ribbons. The SDS ribbons’ minority
carrier lifetimes obtained by µ-PCD measurements were around 0.5 µs, which shows that
the material obtained does not have enough quality to be used as a substrate for commercial
solar cells. The low quality of the SDS ribbons can be attributed to the contamination of the
silicon powder substrates with metallic impurities, such as iron. Such impurities, when
incorporated in the multicrystalline silicon ribbons, act as recombination centers and limit
the charge carrier lifetime [30].

3.3.3. Solar Cell Manufacture and Characterization

To further characterize the SDS ribbons, we produced solar cells on SDS substrates.
Since the main goal was to compare the quality of the SDS ribbons obtained with commercial
multicrystalline silicon wafers, the solar process was very simple: it consisted of the creation
of the emitter (i.e., pn junction definition) and the metallic contacts’ formation. The solar
cell emitter was produced by performing a phosphorous diffusion at a temperature of
900 ◦C. The metallic contacts were obtained in an evaporator: aluminum was used as
back contact, and successive layers of titanium, palladium, and silver were evaporated to
form the front contact. No anti-reflective coating, surface passivation, or back surface field
were used; hence, one would not expect to attain high efficiencies. Still, SDS solar cells
showed much lower efficiencies than the control cells made on commercial multicrystalline
silicon wafers.

The solar cells obtained were characterized by measuring the one-sun I-V curve, and
the solar cell parameters were obtained. In Figure 7, the I-V curve for the best SDS cell is
presented.
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The main solar cell parameters for the best solar cells of each group are presented
in Table 2.

Table 2. Solar cell parameters of the best SDS and control solar cells.

Voc (mV) Jsc (mA/cm2) FF (%) Eff (%)

SDS 415 14.3 37.4 2.2
Control 581 19.3 44.6 5.0

As previously mentioned, solar cell processing is not optimized, which explains the
overall low performance of the produced cells. The fill factor (FF) values are particularly
low due to the lack of optimization of solar cell contacts, which caused important resistance
losses. Regarding this aspect, the difference between SDS and control cells is not substantial.
On the other hand, the SDS solar cell has, respectively, 29% and 26% losses in the open-
circuit voltage (Voc) and short-circuit current density (Jsc), when compared to the control.
Consequently, the best SDS solar cell attained an efficiency of 2.2% compared to 5.0% for
the best control cell, which confirms the limited quality of the material obtained.

4. Discussion

The SDS process starts with the production of silicon powder. As previously men-
tioned, any type of silicon material can be used as feedstock, but in fact, the use of silicon
with a high impurity level can compromise the growth process and quality of the ribbons
obtained. Since the main goal of this study was to analyze the feasibility of the recrystal-
lization of pre-ribbons grown by CVD over powder substrates with variable grain sizes,
the purity level of the feedstock was not monitored, which explains the poor quality of the
material obtained (i.e., low minority charge carrier lifetimes) and low performance of the
solar cells produced. To achieve a better quality of the SDS ribbons, one must ensure that
the metallic impurity level of the powder substrate is negligible.

It was observed that the success of the SDS process and the crystalline quality of the
ribbons obtained are highly dependent on the size of the grain powder used as substrate
during the CVD process. For larger powder grain sizes, the ZMR step is more eventful,
with a lower success rate. For smaller powder grain sizes, ZMR is easier to perform, and
for instance, using pre-ribbons grown on [45 µm, 75 µm] powder, crystalline areas as large
as 8 cm2 were obtained.

All the SDS silicon ribbons produced have high powder incorporation rates (70–80%).
Such high incorporation rates make the quality and features of the SDS ribbons highly
dependent on the characteristics of the silicon powder. Hence, if a less pure silicon feedstock
is used to produce the silicon powder, the resulting SDS ribbon will have a similar level
of purity. Moreover, the feedstock doping level and type will largely determine the SDS
ribbon doping level. Thus, it would be desirable to achieve a lower powder incorporation.
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On one hand, it is much easier to ensure the high purity of the gaseous source than of the
powder. On the other hand, ribbons with a higher incorporation of silicon from the gaseous
source tend to have a lower porosity [22], which strongly contributes to the success of the
growth process and the quality of the SDS ribbons.

One possible way to reduce powder incorporation and ribbon porosity is to use a fixed
amount of silicon powder as substrate and mechanically compact it at a fixed pressure
around 100 MPa, four orders of magnitude higher than the manual compacting performed
in this study.

Regardless of the SDS ribbons’ powder incorporation ratio, it is essential to ensure a
higher purity of the silicon powders used as substrates to reduce the charge recombination
in the silicon ribbon, as it compromises the quality of the solar cells produced.

5. Conclusions

The study presented here demonstrated the feasibility of the SDS process as a path
to produce silicon ribbons for photovoltaic applications, avoiding the costly steps of ingot
growth and wafering. The study also highlighted the importance of the features of the
powder used as substrate during the CVD step, in particular its grain size: for pre-ribbons
grown on powders with lower grain sizes, the ZMR step is easier to perform, the ribbons
obtained have higher crystalline quality, and they can be used as substrates to produce
solar cells.

As future developments, we suggest a better control of the quality of silicon powder
used in the CVD step and achieving a lower powder incorporation ratio in the ribbons.
Improved control of these two features will favor more straightforward zone-melting
recrystallizations and the production of SDS ribbons with higher crystalline quality (i.e.,
larger crystal grains).

The SDS method can produce multicrystalline silicon ribbons for photovoltaic applica-
tions in a cost-effective way and has the potential to reduce the energy bill of photovoltaic
systems. This is particularly relevant in the context of the present energy crisis. Addition-
ally, the use of silicon chunks as a base material for the SDS process offers an opportunity to
reuse manufacturing waste material or material from end-of-life PV systems, contributing
to the increase in the circularity of the crystalline silicon PV industry.
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