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Abstract: In this review article, the state of the art of the complete processing chain in the production
of solar photo-electric modules from raw materials (quartzites, quartz sand) is detailed. In particular,
the silicon and silane production technologies of the Institute of Physics and Technology of Almaty,
Kazakhstan, can become part of an expansive technologies chain. Such integration could present
a number of benefits in comparison with the analogs, including less environmental pressure and
increased safety. The combination of innovative production technologies of highly effective solar cells
and modules with competitive production technologies of solar-grade silicon and silane constitutes a
basis for the creation of an industrial cluster in the field of silicon solar photo energy with a complete
vertically integrated production cycle.
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1. Introduction

The energy sector, traditionally slow-changing, has been experiencing unprecedented
growth in recent years. This is largely due to the emergence of renewable energy sources.
Meanwhile, political priorities such as climate change, energy security, and air pollution
have made the transition to renewable energy a priority for the world community. Today,
we are entering a new era in which transformation in the energy sector will drive the
transformation of the economic sector, as the transition to a low-carbon energy sector
remains a key to climate neutrality. Today, the share of greenhouse gas emissions from
traditional energy-producing industries is more than two-thirds of total greenhouse gas
emissions [1].

The rapid development of renewable energy sources and their increasing importance
in the worldwide energy balance are the latest trends. One of the most dynamic commer-
cial renewable energy sources is solar photovoltaics [2]. Solar energy has a number of
advantages over alternative energy sources: it is widely available and inexhaustible, the
conversion of light into electricity does not directly influence the environment, and solar
installations are modular, enabling the construction of electricity generation systems of
any required size and power and the ability to operate solar installations both on-grid
and off-grid.

The main electricity-generating component of solar modules is a solar cell made of
materials directly converting solar radiation into electricity. Currently, commercial solar
cells can be divided into the following groups:

• Wafer-based crystalline Si solar cells (made of monocrystalline Si, multi-crystalline Si,
polycrystalline Si)—occupying 85–90% of the market; and
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• Thin-film solar cells (made of amorphous Si, CdTe, CuInGaSe2 (CIGS) or CuInSe2
(CIS), GaAs/Ge, organic materials and organohalide perovskites)—occupying around
15–20% of the market.

The market share of crystalline silicon solar cells has appeared to grow over time in
recent years. Silicon is the second most abundant element in the Earth’s crust, constituting
26% of its mass, and is generally safe for the environment. Due to these factors and taking
into account the ever-decreasing prices of silicon solar modules, it is difficult to imagine
another material being able to replace it in the near and even distant future [3].

The Institute of Physics and Technology (Almaty, Kazakhstan) has several works about
methods of metallurgical-grade silicon (MG-Si) production and purification of silicon to
upgraded metallurgical-grade silicon (UMG-Si) and works about silane production meth-
ods. As a result of conducted studies and works, purified silicon samples and Si crystals
grown by the Czochralski method were obtained on a laboratory scale, approximately
2–3 kg; the results are summarized in [4]. Based on the results of the previous study, the
process of integrating silicon production technology on an industrial scale was planned
within the framework of the KazPV project. The KazPV Project is aimed at “Creating of
the production of photovoltaic modules based on Kazakhstan silicon”, which includes the
production of MG-Si and solar-grade silicon (SoG-Si), solar cells, and photovoltaic modules.
The first solar-grade silicon was obtained and test solar cells were created under KazPV
project [5–8]. This initiative has not been completed yet, and it is planned to continue
work in both directions, namely, silicon purification and growing Si ingots and producing
solar cell.

This article mainly focuses on the analysis of technological processes employed in the
production of silicon solar cells and modules and the identification of some of the most
promising threads, from the authors’ viewpoint, for further development of large-scale
terrestrial solar photovoltaics.

2. Silicon Classification

Silicon raw materials are divided into the following grades by impurity concentration
(see Table 1):

• Metallurgical-grade silicon (MG-Si) is usually produced by carbothermic preparation.
MG-Si is used in the iron and steel industry as the doping material and is the raw
material for solar- and electrical-grade silicon.

• Solar-grade silicon (SoG-Si) is derived from MG-Si by its further purification and
intended for use in SC.

• Electronic-grade silicon (EG-Si) used for the production of solid-state electronic devices,
chips, etc.

Table 1. Concentrations of impurities in various grades of silicon.

Elements Metallurgical-Grade Silicon
(ppm)

“Solar” Silicon
(ppm)

Electronic Silicon
(ppm)

Si 1 98–99 99.9999–6 N >99.9999999–9 N
Fe 2000–3000/1500–6000 0.3/<0.1 0.01
Al 1500–4000/1000–4000 0.1/<0.1 0.0008
Ca 500–600/250–2200 0.1/<1 0.003
B 40–80/10–50 0.3/0.1–1.5 0.0002
P 20–50/20–40 0.1/0.1–1 0.0008
C 600/1000–3000 3/0.5–5 0.5
O 3000 10
Ti 160–200/30–300 0.01/≤1 0.003
Cr 50–200/30–300 0.1/≤1

1 Si is contained in weight %.
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3. Metallurgical-Grade Silicon

The most common method for producing MG-Si is the reduction of quartzite with
carbon (carbothermal process) in an arc furnace with immersed electrodes. Impurity
levels in MG-Si are of decisive importance for the purity of the starting quartzites and
the carbonaceous reducing agents used in the carbothermal process. High-purity quartz
concentrates are obtained by grinding natural quartz to a size of 100–300 microns, which are
further purified from mineral and chemical impurities. To specify the purity of high-purity
quartz concentrates, IOTA classification is used. It is Unimin (USA) quartz concentrate-
grade classification. IOTA is characterized by low concentrations of Al, Fe, and alkaline
earth metals. Minimum and maximum concentrations of impurities in quartzite, the most
often used for solar energy, are as follows: 25 ppm > Al > 10–12 ppm; Fe < 1 ppm; alkaline
earth < 7–12 ppm [9].

One of the promising approaches to metallurgical silicon production is aluminothermal
technology (Figure 1). Raw materials for it are quartz raw materials and technical aluminum.
This technology demonstrates its feedstock tolerance, allowing one to work with both large
pieces of quartzite and bulk feedstock in the form of quartz sand [10,11]. In addition, waste
from phosphorus and metallurgical industries can be used as quartz raw materials [12,13].
The main reaction in this technology is:

3SiO2 + 4Al = 3Si + 2Al2O3, (1)
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The reaction takes place at a temperature of 1200–1300 ◦C. The main advantages of this
technology in comparison with the carbothermal process are the possibility of obtaining
cleaner reduction products based on difficult-to-remove boron and phosphorus impurities,
high process efficiency in terms of the use of materials and energy, and the production of
high-alumina cement as a waste product.

4. Upgraded Metallurgical-Grade Silicon

One of the promising technologies for obtaining silicon that meets the requirements
for silicon of “solar quality” is the direct purification of metallurgical silicon to obtain
improved metallurgical silicon (upgraded metallurgical-grade silicon—UMG-Si). Work in
this area began at the end of the 1980s by Siemens, Solarex, Bayer, Heliotronic (subsidiary
of Wacker Chemie), and a number of other American and Japanese companies [14–17].

The process details may vary from manufacturer to manufacturer, but as a rule, such
technologies involve removing metal impurities and reducing the boron and phospho-
rus content necessary for the production of “solar-grade” silicon. Most of the existing
production facilities consist of the following elements:

• Carbothermal reduction of quartz from selected raw materials to minimize the content
of impurities; and

• Bucket refining using gas (or plasma) or slag.
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The final product purity reaches 99.99% [18]. The first studies on obtaining improved
metallurgical silicon were of more scientific than applied importance due to low economic
demand for solar modules. In 2004–2008, due to the shortage of high-purity silicon,
interest in solar energy was revived, leading to the emergence of new UMG-Si production
facilities [19–21]. In particular, Q-Sells (Germany) had a long-term contract for the supply
of UMG silicon with Elkem (Norway), Solarvalue (Slovenia), and Timminco Ltd. (Canada),
and produced solar panels from it with efficiency over 15% [22].

The aluminothermal technology development for processing phosphorus production
waste and high-purity Kazakhstani quartzites in the past few years has made it possible
to obtain improved metallurgical silicon with a low content of hard-to-remove boron and
phosphorus impurities at a level of 1 ppmw [23–25]. In this case, the resulting product
purity reaches 99.95%, and the yield is 75–85%. Silicon obtained by the aluminothermal
treatment method has structure and phase composition that sharply differ from those
for conventional metallurgical silicon, and the subsequent acid cleaning has a higher
efficiency compared to acid cleaning of conventional commercial metallurgical-grade
silicon. Thanks to the developed method of slag cleaning, effective removal of phosphorus
and boron is achieved by binding phosphorus with aluminum and subsequent sublimation.
Demonstration of aluminothermal technology for UMG-Si production with hard-to-remove
boron and phosphorus impurities at the level of solar-grade silicon raises the question
whether it is possible to combine this technology with directional crystallization methods
that can effectively remove remaining metal impurities with simultaneous growth of
crystalline ingots at a low cost.

5. Gaseous Silicon Compounds

The main raw materials for obtaining high-purity silicon of electronic quality are
gaseous compounds: trichlorosilane (SiHCl3) and monosilane (SiH4) [26]. Most polycrys-
talline silicon wafers for the solar industry are obtained with the so-called Siemens method
by using trichlorosilane [27,28]. Monosilane technology is an alternative to traditional
chloride technology. Union Carbide (USA) first developed this process in the late 1980s.
According to this method, the process for monosilane production consists of several stages:
silicon tetrachloride hydrogenation in reactors with a fluidized bed at a temperature of
about 500 ◦C and pressure of about 3–4 MPa to obtain chlorosilanes, vapor–gas mixture
condensation, purification of chlorosilanes from low-boiling impurities and separation
into light ends consisting of trichlorosilane and dichlorosilane, heavy ends consisting of
silicon tetrachloride, disproportionation of trichlorosilane and dichlorosilane to obtain
monosilane and a mixture of chlorosilanes, purification of monosilane (Figure 2). Then,
monosilane materials are exposed to pyrolysis at 800–1000 ◦C in free space reactors, in
fluidized bed reactors, and in rod-type reactors (as in the Siemens method). Polycrystalline
silicon (poly-Si) produced by this method features low levels of the most harmful boron,
phosphorus, and carbon impurities at./cm3: boron <3 × 1012; phosphorus 1.5 × 1013; car-
bon 2.5 × 1016 [29,30]. For more than 20 years, Union Carbide technology has significantly
improved and is used in a modified form by REC (Brockton, MA, USA), the world’s largest
monosilane producer.

An alternative to the Union Carbide method for monosilane preparation is acidolysis of
silicon-containing alloys [31,32]. For example, the ternary alloy CaxAlySiz was previously
demonstrated, which, when reacted with a mineral acid solution, leads to the release
of predominantly monosilane (SiH4) [33,34]. At the beginning of the work, the starting
material (ternary alloy powder) is loaded into a dosing device. The reactor and the metering
device are sealed and purged with nitrogen to displace oxygen. After that, water is fed
into the reactor, and then concentrated hydrochloric acid is supplied through the acid
line in the calculated quantity and in established portions. Before the first portion of the
acid is fed into the reactor, a stirrer is turned on. The steam–gas mixture (crude silane)
leaving the silane synthesis reactor is sent to the refrigerator for drying to remove the
main portion of moisture (in the form of hydrochloric acid). The condensate is returned
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to the silane synthesis reactor, and the raw silane stream is directed to a condenser with
the temperature maintained below the silane condensation temperature by using the
refrigerator. After filling the condenser with silane, the temperature of the refrigerator
is raised stepwise and the silane is fed to the rectification column where higher-boiling
impurities are removed from the entire evaporation cube, and then to the column where
lower-boiling impurities are removed from the reflux condenser. The silane purified by
rectification is accumulated in a condenser with a refrigerator. The purification pattern
should make it possible to obtain silane with an impurity concentration that would ensure
the production of polysilicon suitable for solar cells. Silane purified according to the
developed pattern should ensure the production of polycrystalline silicon rods with a
boron purity level of at least 2 × 1016 at./cm3 (1–2 ohm·cm, p-type) and with a donor
purity level of 2–5.7 × 1017 at./cm3 (0.1–1 ohm·cm, n-type) conductivity. Silicon with this
level of purity is suitable for solar cell production.
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Compared to the traditional monosilane production method, the new technology
is expected to offer significant cost savings that will extend to subsequent process steps
(see Figure 2).

6. Mono- and Polysilicon Ingots Production

Polycrystalline silicon obtained in the form of rods serves as a raw material for the
production of monocrystalline silicon ingots by the Czochralski and zone melting meth-
ods [35].

Currently, monocrystalline silicon is manly produced by the Czochralski method
(80–90%) [36,37], in which purified polycrystalline silicon is melted in a crucible from
highly pure quartz in a high-vacuum furnace. This method is used to grow the largest
single crystals.

According to the zone melting method, ingots are grown in vacuum without crucibles.
The polycrystalline ingot is fixed in holders and melted using the high-frequency inductor.
The molten narrow part moves along the ingot from the bottom up and is held by the forces
of surface tension between the liquid and solid zones. The method is based on unequal
solubility of impurities in the liquid and solid phases. When the molten zone moves along
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the length of the ingot, impurities are pushed back to its end. The upper part of the ingot
most contaminated with impurities is cut off and sent for remelting. After 15–20 passes,
silicon of the desired quality is obtained. The difference from the Czochralski method is
that the material obtained after zone melting is not contaminated, since it does not come
into contact with the wall [38].

The most polycrystalline silicon intended for photovoltaic industry is obtained by
directional crystallization. In this method, silicon to be purified is melted in large square
quartz crucibles, followed by directional crystallization of ingots from bottom to top by
cooling the bottom of the crucible. The resulting columnar structures in silicon provide a
minority carrier lifetime sufficient for use in photovoltaics.

7. Solar Cell Production

After cooling the grown ingots of poly- or monocrystalline silicon, the ingot edges
are cut off, thereby removing areas with high impurity concentrations. Crystals obtained
are shaped (squared), ground, and cut into plates. Dimensions of crystalline solar cells are
usually 125 × 125 mm2 or 156 × 156 mm2. Furthermore, solar cell manufacturers texturize
silicon wafers and create semiconductor structures, as a rule, by the high-temperature
phosphorus diffusion method, and the application of electrical contacts.

7.1. Amorphous Silicon Solar Cells

Amorphous silicon solar cells are a cheaper alternative to crystalline solar cells. Usu-
ally, they are produced on rigid substrates (glass, metal, etc.), but it is also possible to
manufacture them on flexible surfaces [39,40]. The starting material in the production of
amorphous silicon solar cells is monosilane. The main method of deposition on a substrate
is plasma chemical vapor deposition (PECVD). Amorphous silicon is a hydrogenated form
of silicon (a-Si:H), since it contains hydrogen in an amount of 5 to 20 at %, and therefore,
the amorphous silicon film has stable semiconducting properties.

Advantages of amorphous silicon over crystalline silicon are the possibility and com-
parative simplicity of making solar cells with a large area (more than 1 m2) at lower
deposition temperatures (about 200 ◦C), as well as specific semiconductor properties that
can be controlled to obtain the required specification by selecting the optimal combinations
of film components. In addition, solar cells based on amorphous silicon provide a higher
solar energy conversion efficiency at elevated temperatures of 40–60 ◦C and in conditions
of high cloud coverage [41,42].

Another important advantage of amorphous silicon is the ability to fabricate multi-
junction structures using several layers with different bandgap widths. The most frequently
manufactured multijunction amorphous solar cells consist of upper a-Si:H and lower
microcrystalline silicon (µc-Si:H) layers [43–45]. µc-Si:H is a two-phase material consisting
of crystallites (D < 20 nm) embedded in an amorphous silicon matrix [46]. The first solar
cell with this structure was manufactured in 1994 at the Institute of Microengineering of
the University of Switzerland and demonstrated 4.6% efficiency [47].

There are no technical losses associated with cutting, grinding, and polishing in
amorphous silicon solar cell technology, which exist in the monocrystalline silicon-based
solar cell manufacturing. This helps to reduce the cost of production processes.

The disadvantage of solar cells based on amorphous silicon is that their efficiency is
approximately 2 times lower than that of crystalline silicon cells for a higher defect density
and light induction due to the Staebler–Wronski effect [48,49].

In 1976, the first thin-film solar module based on a-Si with 2.4% efficiency was pro-
duced at RCA Laboratories [50]. The highest demonstrated efficiency of a single-junction
thin-film photocell based on amorphous silicon is 10.1% [39]. In this photocell, amorphous
silicon was deposited on ZnO:B substrate by low-pressure chemical vapor deposition
(LPCVD). The efficiency is slightly higher than 13.6% in tandem (double) amorphous
silicon elements (a-Si/nc-Si/nc-Si) [51,52].
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7.2. Silicon Hetero-Junction (HIT) Solar Cells

High efficiency of monocrystalline silicon and low cost of amorphous silicon are
successfully combined in a heterojunction solar cell known as HIT (heterostructure with
intrinsic thin layer technology). In HIT elements, the basis is monocrystalline silicon with
thin layers of amorphous silicon deposited on the surface. The application of two materials
with different bandgap widths significantly expands the absorption spectrum of the solar
cell, increasing its efficiency. On the industrial scale, the silicon heterojunction technology
makes it possible to obtain solar cells with efficiency over 20% [53,54].

Heterojunction silicon solar cell technology was first patented by Sanyo in the early
1990s. The first elements using this technology were based on a heterojunction of n-type
crystalline silicon and p-type amorphous silicon. The maximum efficiency for such a solar
cell structure has reached 12.3%. The introduction of a thin a-Si:H intrinsic conduction
layer between the n-type and p-type silicon layers led to a further increase in solar cell
performance. Improving the surface quality in heterojunction elements based on p- and n-
type Si wafers showed that a sample using the n-type wafer demonstrates higher efficiency
(17.6%) compared to a sample using the p-type wafer. (16.4%) [55–57].

A significant part of the incident radiation will be reflected even with the textured
crystalline silicon wafer due to the high difference in refractive indices between amorphous
silicon (n = 4–5) and air (n = 1). Transparent conducting oxide (TCO) coatings, playing
the role of electrodes in HIT cells, have refractive indices ranging from 1 to 5, and can
significantly reduce the reflected radiation.

HIT technology currently competes with the traditional technology where the p–n
junction is formed by the impurity diffusion method [58,59]. Solar cells made using
traditional technology can demonstrate comparable levels of efficiency, but this is usually
achieved through complex and energy-intensive technological operations. Table 2 shows
a comparison of HIT heterojunction elements with elements having the PERL structure
(passivated emitter with local doping of the rear surface).

Table 2. Comparison of PERL solar cells with heterojunction elements (based on [60,61]).
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8. Solar Module Production

After dimensioning and processing both sides of a substrate (grinding, texturing,
chemical processing, etc.), the contact grids are applied on future photo cells. Most of
producers use a screen-printing method (silk screen process). The method is considered
simple as it can be applied on substrates both made of ideal single-crystal and low-quality
multicrystal silicon. They use complex silver pastes for the face side, and aluminum and
silver for the back side. The face side contact grid consists of several dozens of finger-type
current collectors located perpendicularly to 2 or 3 broad contacts. Then, completed solar
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elements are assembled in modules and the modules are assembled in solar panels. SE in
the module can be connected in parallel, in series, or in parallel series. SE are connected
with each other by metal tapes (buses). Soldering flux is applied on each element and tapes
are soldered. After soldering, the photo cells are cleaned by ultrasound in water at 60 ◦C.
Then, they are dried and several photo cells are soldered in a row. The number of connected
SEs in a module is determined by the required rated voltage. Modules with 36 SEs with
four rows, each of which consists of nine elements, are standard for most producers. Photo
cells are checked with a voltmeter, as it is easy to correct soldering at this stage. A metal
tape connecting these rows is applied through ready lines. Then, the system is put face side
down on transparent laminated glass. The glass serves as a base supporting the photo cells.
The module is sealed with ethylene vinyl acetate (EVA) and polyethyleneterephthalate
protective film. The obtained sandwich structure is laminated in a furnace within 15 min
for reliable fixing to the protective glass and reflection loss minimization.

The innovative solar cell module connection technology called SmartWire Connection
was presented in 2014 at the Intersolar Exhibition in Munich. SmartWire Connection
technology uses a wire matrix with more than 2000 points of connection with conducting
fingers instead of standard tape connectors for conducting buses. Thin wires made of a foil
are coiled on a polymer film. The ends of wires are connected by a wide bus, which serves as
a bridge and transmitter for the serial connection of photo cells to the module. The obtained
film and wire structure is applied on a photo cell with preliminarily mapped contacts by
means of vacuum (see Figure 3). Photo cells are assembled with a semi-automated machine
where the desirable module size (36/48/60/72) is set. Connections are made by the same
film and wire structure but from the back. Photo cells assembled in a cellular matrix are
placed in a vacuum and laminated. The electric connection of photo cell rows occurs during
the process of lamination.
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The main benefits of wire foil application in comparison with SE with connecting
tapes [65–68] include:

• Reduced shading of the face surface thanks to thin wires dozens of micrometers wide;
• Reduced quantity of required silver due to replacement with copper wires by 70%; and
• Up to 10% increased quantity of produced electricity without increasing the module cost.

9. Conclusions

This review work demonstrates the complete production chain of finished goods in the
field of solar photo energy from raw materials (quartzites, quartz sand) to the end product
(solar photo-electric modules). Along with popular technologies, we describe a number
of technologies, particularly the silicon and silane production technologies of the Physics
and Technology Institute of Almaty, Kazakhstan, which can become part of the described
production chain possessing a number of benefits, including reduced environmental stress
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and improved safety. On the basis of these technologies, complete vertically integrated solar
photo-electric clusters can be established, allowing us to considerably reduce production
cost of finished goods in the industry, creating local points of economic growth independent
of external market factor effects. It is obvious that in conditions of increasing quantities
of hydro carbonic raw materials on international markets, reduced solar quality silicon
production cost and less environmental stress from this process are some of the most
important arguments for the subsequent growth of solar power’s role in the world energy
balance. The combination of innovative production technologies of highly effective solar
elements and modules with competitive technologies of solar quality silicon and silane
production constitutes a basis for establishing an industrial cluster in the field of silicon
solar photo energy with a complete vertically integrated production cycle. This will allow
creating conditions for further decreases in the prices of final products and an increased
share of renewable energy sources in the worldwide energy balance.

The review article shows that our studies can be integrated with international tech-
nologies in order to develop and enhance the entire process chain from silicon to solar cells
in Kazakhstan. These major opportunities are beneficial for Kazakhstan, and the technology
may also become promising for other countries with further improvement. Moreover, in
the event of successful project completion, it is a favorable export item in the long term. Of
course, further activities will depend on the government, as such projects are only possible
with governmental support.
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