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Abstract: The main production technologies for commercial photovoltaics are discussed. The mature crystalline silicon processes continue to be the source of most of the world’s solar cells. Advances in thin-film manufacturing technology has led to several viable alternatives.
1.     INTRODUCTION

Commercial solar cell technologies belong by in large to one of two main categories:

· Crystalline-Si solar cells.

· Thin-film solar cells.

Crystalline silicon solar cells either single-crystal or multicrystalline currently represent 88% of the market with thin-film technology making up the remaining 12% [1].  Crystalline silicon solar cells are constructed using wafers of crystallised elemental silicon a few hundred nanometres thick. Thin-films on the other hand are of the order of a few tens of nanometres thick. This difference arrises principally from the fact that crystalline silicon is an indirect bandgap semiconductor requiring a longer optical path length to achieve full absorption than the direct-bandgap materials used in thin films.  

2. CRYSTALLINE SILICON SOLAR CELLS

The first stage in the manufacture of crystalline silicon solar cells is the production of high purity silicon and is currently not actually undertaken by the photovoltaic industry.

2.1 Refinement Of Pure Silicon

The PV industry relies on the microelectronics industry for it’s supply of purified silicon. Electronic-grade grade silicon is 99.99999% pure and is described as poly-crystalline as it has no particular crystallographic structure.  All electronic grade silicon is produced by the thermal decomposition of high-purity SiHCl3 or SiH4 in one of two reactor types [2]:

1. Siemens-type Reactor

2. Fluidised Bed Reactor

The starting material for both processes is metallurgical grade silicon which is produced by reducing quartzite with coal in an electric arc furnace.

2.1.1 Siemens-type Reactor

The majority of EG grade silicon is produced by thermal deposition in a Siemens-type reactor. 

[image: image1.png]- Cooled Reactor Wall

Silicon Rods

Graphite Contacts

" Gas Mixture Outiet
Electrical
contacts || Gas Micure Inlet

SHCh /SHy




Figure 1. Production of EG-Si in a Siemens-type reactor

Fig. 1 outlines the Siemens process:

· Silane gas is prepared using metallurgical grade silicon via the reaction
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· Rods of high purity Si are electrically connected to graphite electrodes.

· The rods up heated to (1100-1200(C and the mixture of  SiHCl3 and H2 is passed through the reactor.

· Silicon is deposited on the rods causing them to grow in size. This occurs by the reaction
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· The rods of electronic grade silicon are removed from the reactor and broken into chunks.

Stoichiometrically the amount of hydrochloric acid produced when the silane is deposited matches that which was originally used to prepare the gas.

AsiMi in the USA have developed a slightly different process using essential the same reactor but with SiH4 as a feed gas.  The advantage is that the deposition temperature can be kept as low as (800(C yielding higher purity silicon[3].

2.1.2 Fluidised Bed Reactor
This new process developed by MEMC in the USA has potentially several advantages over the Semens reactor.
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Figure 2. Production of EG-Si in a fluidised bed reactor

Si seed particles are held in suspension by a mixture of SiH4 and H2 which flows through the reactor as shown in Fig. 2. The reactor is maintained at a temperature (600(C while deposition takes place causing the seed particles to grow. When the particles have grown to approximately 2mm in size they fall out of suspension and are withdrawn at the bottom or the reactor. The fluidised bed reactor is a continuous process allowing higher production rates and lower energy consumption than with the Siemens-type reactor.

2.1.3 Supply of Silicon to the PV Industry
Solar-grade silicon has lower purity requirements than EG Silicon. 
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Figure 3. Supply of Silicon to the PV Industry

At various stages in the production of EG wafers silicon is rejected on grounds of quality and passed onto the PV industry, this is illustrated in Fig. 3.  Photovoltaic manufacturers may also purchase a portion of virgin semiconductor stock.

Should the photovoltaics market continue to outgrow that of microelectronics it is expected that processes specifically designed for the production of solar-grade silicon will have to be developed.

2.2 Crystalline Silicon Module Manufacture

Once a source of solar-grade silicon has been established crystalline silicon photovoltaic manufacturers undertake four main process.

1. Production of silicon crystals.

2. Cutting of silicon crystals into wafers.

3. Cell processing.

4. The arranging of the cells into modules.
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Figure 5 Siemens Solar Industries’ manufacturing cost breakdown [4]

Fig. 5 shows how the manufacturing costs are distributed for an example solar cell manufacturer, each step accounts for a sizable proportion of the total.

2.2.1 Production of silicon crystals 

The band structure of crystalline silicon is dependent on its long range order and therefore the polycrystalline material produced in the refinement of silicon will not have the desired semiconductor properties. Crystalline silicon used by the photovoltaic industry can be divided into two classes:

1. Single-crystal silicon.

2. Multicrystalline silicon.

2.2.1.1 Growth Of Single-Crystal Silicon

Single-crystal silicon contains no grain boundaries which can lead to the existence defect states inside the band gaps. These defect states aid recombination and hence result in lower efficiency. Single-crystal silicon is therefore used in high performance solar cells.
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Figure 4. The Czochralski method

The most common method of silicon crystallisation is the Czochralski method shown in Fig. 4.  Silicon chunks are first melted at 1414(C in a graphite crucible lined with high purity quartz. A seed crystal of silicon is then lowered into the melt and pulled back very slowly while rotating. Strict control of the temperature causes the silicon to solidify at the interface between the seed and the melt and adopt the crystallographic structure of the seed. As a result an ingot of single-crystal silicon is produced. By adding boron or phosphorous to the melt the silicon can be doped p-type or n-type.

The quality of crystal produced by the CZ method is good but some impurities are introduced via the interaction of the molten silicon with the crucible. The cylindrical ingots can be either ground to a precise diameter or cut to give a square cross-section.

The cost of the CZ process stems mainly from the energy used and the material lost as pot scrap. Recently the development of a continuos feedstock introduction process (recharge) coupled with finite-element modelling of the heat flow within the ‘hotzone’ (where the silicon is melted) has led to considerable energy savings and reduced material loss [5]. 

Commercially available CZ based solar cells have efficiencies of around 14% for those produced by screen printing (Sec. 2.2.3.3),  and 15.5% if the more advanced laser-grooved buried contact approach is used (Sec. 2.2.3.4).

2.2.1.2 Growth Of  Multicrystalline silicon
Multicrystalline unlike single-crystal silicon is not one large continuous crystal but rather contains many crystals (grains) each several millimetres to centimetres across. The boundaries between the grains constitute an imperfection or which there are several others including microdefects and contamination from the crucible.  The result of these defects is an efficiency around 1% lower than that of crystalline silicon produced via the CZ method. However the big advantage of using multi-crystalline silicon is that it can be produced cheaper and faster than single-crystal silicon.

[image: image8.png]Heating Coils

Sicon Melt
1 Chamber,
Dulti-crystalline
Silicon
Cracisly ColdlChamber
7
Water coofed pedestal

and shaft




Figure 5. Casting of Multicrystalline silicon ingots

The process shown in Fig 5 is far less precise than the CZ method. The silicon material is melted and then carefully cooled. Upon cooling, a directional solidification takes place originating at multiple locations resulting in the multi-grained structure. As with CZ doping is achieved by adding a known mass of dopant to the melt.

The efficiency of multi-crystalline cells can be improved by the addition of a silicon nitride antireflection coating (ARC) which also acts as a source of hydrogen for the pacification of the grain boundaries [6].

2.2.2 Cutting of silicon crystals into wafers

Once crystalline silicon ingots have been produced and shaped to meet dimensional specifications (causing a loss of around 25% of the material) they are ready to be cut into wafers.

2.2.2.1 Wire Sawing
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Figure 6. Mutli-wire saw configuration

The most common modern method of slicing wafers is shown in Fig 6. Tensioned wire is used to guide an abrasive slurry through the silicon. The slurry has three main functions:

1. Carrying the abrasive particles (SiC grains) to the cutting zone.

2. Flushing away silicon chips and residues (kerf).

3. Heat removal by the liquid carrier (usually polyethylenglycol).

The wires used are generally only a few hundred micrometres wide and can be up to several hundred kilometres long.  Up to 1000 wafers can be obtained from one slicing lot [7]. The process suffers from being relatively slow and also expensive as up to 30% of the silicon is wasted as saw dust (kerf loss). This loss is quantified by the following formula [8]
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where K is the width of wafer lost, D is the wire diameter ((160(m) and d is the mean size of the abrasive particles ((10(m). The constant A depends on the applied process, but generally lies in the range 2-5. Material is also lost through damage to the surface which must be etched away before cell processing (see Sec. 2.2.3.1), this is referred to as sub-surface damage (SSD). 
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The resulting total material loss (TML) is the sum of the kerf loss and twice the sub-surface damage depth (2 sides)
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Typically TML is in the region of 250 (m. The purchase  of the slurry also has a considerable impact on the overall expense of the process.  This cost together with the environmental implications of slurry disposal has led to the development of slurry recylcing processes. This is achieved by separating the solids from the cooling liquid and then using centrifugal machines to separate the kerf from the SiC grains. Consumable costs are hence reduced and advanced grit particle treatment has even shown that slurry recylcing can help reduce TML because recycled SiC grains are smaller and more homogenous than those found in virgin slurries [9].

Wire-cutting’s slow speed and material losses while problematic are a considerable improvement over those associated with the inner diameter sawing technique it replaced [10].

2.2.2.2 Ribbon Growth 

Attempts have been made to combine the crystal growing and wafering steps into a single process. The most successful innovation is the Edge-defined Film-fed Growth (EFG) technique which accounts for about 1-2% of  the solar cell wafer market.
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Figure 7. Edge-define film fed-growth process

Fig. 7 outlines the EFG process, molten silicon rises up through a die under capillary action and can then be pulled as a crystalline ribbon as the silicon solidifies [11]. The ribbon produced is then cut into wafers by laser. Commercial implementations of this technology pull a tubular octagon of eight ribbons in order to maximise throughput. Overall the EFG method leads to much lower material losses than the separate crystal growing and wafering processes. The attributes of EFG wafers differ significantly from those of traditional materials. Special processes have had to be developed to accommodate its unique attributes such as non-flatness, and low as-grown bulk material lifetime [12].

2.2.3 Cell processing
This manufacturing phase transforms the silicon wafers into function solar modules and consists of three main stages:

1. Chemical cleaning, etching and crystallographic texturing

2. Diffusion of cell junction and edge junction isolation

3. Addition of metal contacts.

2.2.3.1 Chemical Cleaning, Etching And Crystallographic Texturing

After sawing the wafers require cleaning and etching to remove any contaminant material on the surface and any damage caused by the sawing process. This so called ‘damage etching’ is performed using a hot concentrated solution of sodium hydroxide. Monocrystalline materials undergo the additional step of having their surfaces textured. This is also performed with sodium hydroxide but in a more dilute solution [13]. 
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Figure 8. Texture surface of a monocrystalline Wafer

The surface resulting from the texturing process is pyramidal and is shown schematically in Fig 8. The benefit of the textured surface is that is reduces reflection by giving a percentage of reflected rays a second chance to enter the material (see accompanying diagram in Fig 8). Textured wafers encapsulated in glass can achieve reflectivities as low as 0.02 (plus an additional 0.035 reflectivity at the air-glass interface). This is in comparison to the bare silicon reflectivity  of 0.35. The net result of decreasing the reflectivity is of course to increase the photocurrent.

Alternative techniques for texturing multi-crystalline and ribbon silicon are under development as a major concern of the silicon solar cell has been the lack of efficient technologies of this type. Mechanical etching techniques are now able to create textures in the range of a few microns.  This gives the cell has a more homogeneous appearance and a higher current [14].

2.2.3.2 Diffusion Of Cell Junction And Edge Junction Isolation
Wafers produced in the photovoltaic industry are generally p-type having been doped with boron. To create a pn-junction phosphorus, a n-type impurity is introduced from the surface. This is generally achieved by spraying the wafers with a compound containing phosphorus before they are fed into a furnace. The high temperatures allow the phosphorus atoms to thermally diffuse into the wafer producing a penetration depth of less than one micron. Although the intention is to introduce the n-type dopant to one side of the wafer only, phosphorous invariably seeps around the edges  and even to the rear surface.  ‘Edge junction isolation’  is required to remove the unwanted phosphorus from the sides of the wafer. This  process involves coin-stacking wafers and then placing them in a plasma etching machine to remove a small layer of material from the wafer edge.

In order to improve efficiency manufacturers may also create a p+ region at the back surface.  This creates a ‘Back-surface Field’ and is a very cost-effective means by which manufacturers are able to improve cell performance. The p-type dopant used is aluminum which can be screen printed on the wafer before it is alloyed with silicon in conveyor belt furnaces.

2.2.3.3 Screening Printing Of Metal Contacts

The screen printing approach is essential for the production of low cost solar cells.  The technology allows the metals contacts on the front and rear surfaces to deposited by a simple process well-suited to automation.
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Figure 9. Principal of screen printing process
A paste consisting of a suspension of fine  particles of silver and glass frit (important for promoting adhesion to the wafer surface) in an organic medium is squeezed through a patterned screen mesh onto the cell surface (Fig. 9). After application the past is then dried at low temperature and then fired at high temperature. The firing evaporates the organic solvents and the metal powder becomes a conducting path for the electrical current. The aspect ratio (height:width) of front contacts produced by screen printing is relatively low which means cell efficiency is reduced due to shadowing.

2.2.3.4 Laser-Grooved Buried-Contact Solar Cells

This technique developed at the University of New South Wales, Australia has provided a means of improving commercial cell efficiency by increasing the aspect ratio and quality of the front contacts.
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Figure 10. Laser Grooved Buried Contact process.

Fig. 10 outlines the process, the main steps are as follows:

a) A conventional pn-junction is prepared from a wafer by cleaning and texturing prior to diffusion.

b) A silicon nitride antireflection coating is grown by chemical vapor deposition over the entire top of the cell.

c) Grooves are formed  in the antireflection coating extending into the junction. The grooves are then etched to clean them. It is essential then this step is performed carefully as poorly etched grooves can contain silicon residues which increase the contact resistance [15].

d) After etching a second diffusion is performed which is restricted by the nitride to the regions which have been laser-grooved.

e) Aluminum is then evaporated onto the rear of the wafer and sintered.

f) Electrolessly plated font contacts are added, this is made possible by the insulating silicon nitride which restricts to process the grooved areas.

2.2.4 Module Assembly

The final stage  in solar cell manufacture is the preparation of the finished module. The cells are interconnected and then laminated using ethylene vinyl acetate between a tempered glass front and a rear cover (usually a foil of Tedlar, Tefzel, or Mylar). 

3. THIN-FILM SOLAR CELLS

Thin-film solar cells offer the potential to reduce manufacturing costs through lower material requirements.  Thin-film solar-cell materials are generally direct-bandgap and are therefore good optical absorbers requiring only a few microns for complete absorption. Current commercial thin-film photovoltaic products are constructed from three main materials:

1. Amorphous silicon  (a-Si)

2. Cadmium telluride (CdTe)

3. Copper indium diselenide (CIS)

3.1 Amorphous Silicon

Amorphous silicon differs from it’s crystalline counterpart in that it is a direct bandgap semiconductor and can hence be used in thin-film photovoltaic devices. Interest in a-Si as a photogenator emerged when it was shown that samples prepared using a ‘glow discharge’ in Silane (SiH4) had unusually good electrical properties. It immerged that the presence of hydrogen in the material produced (a-Si:H) has the effect of pacifying ‘dangling bonds’ which lead to defect states inside the bandgap, crippling efficiency [16].

3.1.1 Plasma Enhanced Chemical Vapour Deposition

Modern amorphous silicon films are deposited by a technique called Plasma Enhanced Chemical Vapour Deposition (PECVD), which is basically an updated version of the ‘glow discharge’ process by which they were originally discovered.
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Figure 11. Plasma enhanced chemical vapour deposition

Fig. 11 shows a typical glow discharge deposition chamber. A silicon containing gas such as a mixture of SiH4 and H2 is passed into the chamber which is evacuated by a vacuum pump. Substrates mounted on the anode are heated to an optimum temperateure for growth. A time-varying voltage usually of radio-frequency is placed across the electrodes. The gas in the chamber is excited and decomposes into a plamsa of radicals and ions. Thin hydrogenated silicon films grow on the substrates as the radicals diffuse to them [16].
BP solar use a modified version of this process in which the voltage across the electrodes has zero frequency and hence the technique is refered to as DC PECVD as opposed to RF PECVD.
3.1.2 Amorphous Silicon Cell Designs

For efficiency reasons amorphous silicon cells tend not to be simple pn-junctions. Firstly for doped a-Si:H it turns out that minority carriers don’t travel very far after they have been generated, this would necessitate an extremely thin pn-junction in order to generate current. To overcome this problem a modified a pin structure is used which consists of three layers:

1. A thin ((20nm) p-type layer.

2. A much thicker (a few hundred nm) undoped intrinsic layer.
3. A very thin n–type layer.

The initial p-type layer is called the window layer as most light passes through it without being absorbed. When the light reaches the intrinsic layer it is absorbed creating charge carrier pairs which are separated by the sizable built-in electric field.

Amorphous silicon cells also tend to have what is called a tandum structure. This refers to a design which is basically a combination of two pin structures. The first junction will tend to be formed from a-Si:H and the second from a-SiGe:H. The first (a-Si:H) junction absorbs photons with energies larger than 1.9 eV, photons with smaller energies pass through. Non-absorbed photons are harvested by the second (a-SiGe:H) junction which has a much higher absorption efficiency below 1.9eV. Overall efficiency is thus increased significantly. 

	Layer
	Composition

	Upper p-layer (window layer)
	(10nm layer of an amorphous silicon carbon alloy (a-SiC) doped with boron.

	Upper i-layer
	(200nm layer of a-Si:H.

	First n-layer
	(10nm layer of microcrystalline phosphorus doped

	Lower p-layer 
	(10nm layer of an amorphous silicon carbon alloy (a-SiC) doped with boron.

	Lower i-layer
	(200nm of a-SiGe

	Lower n-layer
	(20nm of  phosphorus doped a-Si.


Table 1. Composition of BP solar TF1 amorphous silicon tandem cell [17].

A second reason for the tandum structure is that amorphous silicon cells tend to degrade during the first few hundred or so hours they are exposed to sunlight, after which their efficiency stabilizes. This is called the Staebler-Wronski Effect and increases with the size of the i-layer. Tandum cells alleviate this effect by  using multiple i-layers of smaller size [2].

3.1.3 
Doped Layer Plasma Enhanced Chemical    Vapour Deposition

Doped amorphous silicon layers can be produced by introducing impurities into the chamber gas. Layers can be made n-type by mixing phosphine (PH3) with the gas mixture or p-type by mixing in diborane (B2H6), BF3, or trimethyl boron (B(CH3)3). The transparent ‘window-layers’ in a-Si cells are usually an amorphous silicon carbon alloy (a-SiC) which are produced using a mixture of SiH4 and CH4 strongly diluted in Hydrogen. The a-SiGe lower i-layer can be produced using a combination of SiH4 and GeH4.

3.1.4 BP Solar’s TF1 Process

One of the advantageous of thin-film solar cells is that the full module can be deposited with the cell interconnections during the deposition process. This is the case in BP Solar’s TF1 process which exhibits the design issues just discussed [17].
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Figure 12. BP Solar TF1 process from monolith to module

The process is shown in Fig 12. The staring point is a commercially available substrate coated with silicon dioxide and a transparent conductive oxide (tin oxide). The tin oxide is first scribed (patterned) with a laser. The different layers of the tandum structure are then deposited by performing PECVD with different gas mixtures.  The device structure is then complete by depositing (100nm of zinc oxide by low pressure CVD. A second laser scribe then cuts down to the TCO before (200nm of aluminium is deposited by magnetron spluttering. The final laser cuts isolate the cells before the addition of electrical contacts and lamination.
The laser scribing is critical to such processes as it needs to be selective with respect to cutting the TCO in the first cut but, for the second and third cut, the TCO needs to be left untouched [18]. 

3.2 Cadmium telluride

The interest in using cadmium telluride in solar cells stems from the fact that it has a band-gap which is very close to the theoretically-calculated optimum value for solar cells under unconcentrated AM1.5 sunlight [19]. Several approaches has been taken in attempting to commercialise CdTe solar cells, that taken by BP Solarex in the production of their Apollo range will be discussed.

3.2.1CdTe Electroplating

The advantage of this process is that the stoichiometry of the absorber layer is accurately determined by performing the process under computerised potentiostatic control[20] [21].

The Apollo process begins with the preparation of the glass substrate. Commercially available transparent conductive oxide (tin oxide) coated glass is cut to size. Cadmium Sulphide (CdS), the n-type semiconductor is then deposition on the glass. The chemical bath deposition (CBD) technique is used in which the CdS is deposited from an aqueous solution directly onto the substrate. The simplified reaction is:
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The film is then annealed causing grain growth and the CdS to densify. The next step is the all important production of the CdTe absorbing layer by electrochemical deposition. The CdS/TCO substrate acts as the cathode onto which Cd and Te ions are reduced according to the following reaction:
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The film is then annealed in air at 450(C causing the formation of Cd vacancies which induces intrinsic doping to enable a type conversion, n to p. Grain growth also occurs. A monolith TCO/CdS/CdTe film has formed  which is separated into discrete cells and connected to form the finished module using steps very similar to those of  the TF1 process of the a-Si module.

3.3  Copper Indium Diselenide

Copper Indium Diselenide (CIS) is another promising thin-film solar cell technology. CIS cells are normally based on CIS/CdS heterojunctions, cadmium sulphide is chosen because it provides a good match in terms of lattice constants and electron affinities. The small band-gap ((1eV) of CuInSe2 can easily be increased by adding gallium or phosphorus. Molybdenum is the metal most often used to make contacts with CIS. The manufacturing process used at Würth Solar can be outlined as follows [22][23]:

1. A glass substrate is coated with the molybdenum back contact by d.c. magnetron spluttering.

2. The back contact is then patterned by laser scribing.

3. The absorber layer is deposited by co-evaporating Copper Indium and Selenium at 500° C.

4. A thin-buffer layer of CdS is prepared by Chemical bath decomposition to form the heterojunction. 

5. A transparent conducting layer of ZnO is fabricated by magnetron spluttering.

6. The remainder of the patterning (similar to that of the BP TF1 and Apollo processes) is performed by laser scribing.

7. The modules are finished by attaching electrical contacts and standard glass lamination.

4. EMERGING TECHNOLOGIES

In addition to the crystalline silicon and thin film cell types discussed, a number of other developing technologies may emerge as major contributors to the photovoltaic industry.  Tandem solar cells containing a bottom cell with hydrogenated microcrystalline silicon and a top cell with hydrogenated amorphous silicon promise a method for producing low-cost thin-film silicon-based photovoltaic modules with almost 10% stabilized module efficiency [24].  Dye-sensitive solar cells could hold the key to dramatically reducing manufacturing costs, while opening up new markets due  the fact that cells can be manufactured to be flexible allowing then to be embedded  throughout a product [25].
4. CONCLUSIONS

The main production technologies for commercial photovoltaics have been reviewed. Traditional crystalline silicon cells dominant the world market and many innovations have helped reduce module cost and increase efficiency. The technology of thin-films has developed substantially and offers the promise of cells with less material requirements and manufacturing processes more suited to mass production. The contribution of thin-films is still however relatively small. Several emerging technologies could well have a significant impact on the photovoltaic industry but crystalline silicon is likely to remain dominant due to the maturity of its manufacturing processes and consumer acceptance. 
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