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1.16.1 General Introduction
1.16.1.1 Photovoltaic Market

Crystalline silicon photovoltaic (PV) is the working horse of the PV energy market from its invention in the 1950s up to today. In the last
decade, the market share of crystalline silicon PV has always been in the range between 80% and 90% (see blue sections in Figure 1).
Crystalline silicon PV can be subdivided into cells made of multicrystalline, monocrystalline, and ribbon silicon, with multi-

crystalline silicon (mc-Si) playing the most important role closely followed by monocrystalline silicon (mono-Si). The dominance

of crystalline silicon PV has historical reasons: the early invention of this solar cell type and the parallel development of the

microelectronic industry; in addition, the superior properties of silicon and silicon solar cells have also contributed to the

dominance of crystalline silicon PV:

* Silicon is an abundant material (about 25% of the earth’s crust is comprised of silicon).

* Silicon is nontoxic. This is especially important for a green technology.

* PV modules with crystalline silicon solar cells are long-term stable outdoors (>20 years). This is decisive for the cost competitive-
ness of PV because currently investment starts to pay back around the 10th year after the initial installation of the PV system.

* High energy conversion efficiency. A high efficiency reduces system costs and enables installation of high-power systems at sites with
limited available space like rooftops. The best commercial silicon solar cells available today exceed 20% efficiency [1].

Comprehensive Renewable Energy, Volume 1 doi:10.1016/B978-0-08-087872-0.00117-7 353
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Figure 1 Market shares of different photovoltaic technologies. Data based on the yearly market surveys published in Photon International. Aachen,
Germany: Photon Europe.

o Considerable potential for further cost reductions. Although there have been returning predictions that silicon PV has reached its cost
minimum, the costs went down following a learning curve with a learning rate of 20% [2] (20% cost reduction for doubling the
cumulated installed power) which will quite probably be extended in the future.

1.16.1.2 Historical Development of Cell Efficiency

In 1941, the first silicon solar cell was reported by Ohl [3]. It featured a melt-grown pn-junction and an energy conversion efficiency
of less than 1%. A great progress was made in the early 1950s when Pearson, Fuller, and Chapin at the Bell Laboratories prepared
silicon solar cells with a diffused pn-junction. The first cells were fabricated on p-type silicon and reached an efficiency of up to
around 4.5% [4]. Then they switched to arsenic-doped n-type silicon with a boron-doped emitter [5]. This increased efficiency to a
value of more than 6%. The first application of these ‘solar batteries’ was as power source for satellites. They won the competition
against other power supplies such as chemical batteries [6]. The space race was of national interest for Americans and Soviets during
the cold war and solar cells played an important technical role. In fact, today, PV panels are still the dominant power source for
satellites and other space applications. Up to the end of the 1950s, the cells were mainly fabricated on n-type silicon, leading to
superior efficiencies of up toaround 14%. However, it was found that space radiation hardness was less detrimental for cells with a
p-type base [7]. This became more clear when a high-atmosphere nuclear bomb was ignited by the Americans, leading to failure of
the solar panels of satellites [8]. Thus, in the early 1960s, there was a switch to cells on p-type silicon with a phosphorus-doped
emitter [9]. These cells had a higher radiation hardness but started with a lower efficiency. It took up to 1973 to achieve higher
efficiencies with cells on p-type silicon than those reached in the early 1960s with cells on n-type base.

A second strong phase of cell development started in the 1980s with the passivated emitter solar cell (PESC) clearing the
important 20% hurdle in 1985 [10]. The PESC and also its successors the passivated emitter and rear cell (PERC) [11] and the
passivated emitter, rear locally diffused cell (PERL) [12] have a very important feature in common: surface passivation in order to
reduce recombination of charge carriers at the surfaces. Indeed this is a crucial prerequisite for all high-efficiency silicon solar cells
particularly for interdigitated back-contact cells [13, 14] where the collecting junction is at the rear side and most carriers have to
diffuse a long way. Back-contact cells have always played an important role in the race for record efficiencies and are the base
structure for today’s best commercial solar cells with efficiencies greater than 22%. The best efficiency for a mono-Si solar cell is 25%
[4, 15] getting quite close to the ‘practical’ limit of around 26% [16].

Although cell efficiencies on mono-Si are significantly higher, it is very important to keep an eye on cells on mc-Si since 5 out of
10 solar cells today are made of this material type. Mc-Si is cheaper than mono-Si but unfortunately also has a lower material quality
due to a higher amount of crystal defects and metal impurities. Since this difference in material quality is especially relevant for
record solar cells where hyper-pure floating-zone (FZ) silicon is used for monocrystalline cells, it is fair to report record efficiencies
for multicrystalline cells separately. The major interest in mc-Si started in the mid-1970s with record efficiencies of around 15%. In
this case, the historical increase in efficiency was mainly influenced by the improvement in material quality either during the
arystallization process or during the cell process utilizing gettering and internal hydrogen passivation of crystal defects (see Section
1.16.4.3). An effective way to reduce the influence of material quality is the reduction of cell thickness and usage of effective surface
passivation. This path led to today's record solar cell on mc-Si with an efficiency of 20.4% and a thickness of only 99 pm [17, 18]

1.16.1.3 Maximum Achievable Efficiency

A major question related 1o efficiencies of solar cells is of course how far one can get. The answer to this question was given in a very
elegant way by Shockley and Queisser in the 1960s [19]. Based on a detailed balance calculation for the ideal case that the only
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Figure 2 Spectral losses in a solar cell. The figure shows the maximum achievable energy of a silicon solar cell in relation to the sun spectrum (AM1.5).

recombination channel is radiative recombination, they calculated the maximum achievable efficiency, which is around 30% for a
band gap of 1.1 eV (sic!).

Figure 2 visualizes the main loss mechanism in a silicon solar cell: spectral losses. It shows the maximum achievable energy of a
silicon solar cell in relation to the sun spectrum. Photons carrying a specific energy can generate only one electron-hole pair even if
their energy is higher. The energy greater than the band-gap energy is lost in thermalization of the hot carriers, that is, as heat (see the
upper gray part in Figure 2). Photons with energies lower than the band-gap energy cannot generate an electron-hole pair
(nonabsorption; see the right gray part in Figure 2). These two losses account for about 50% of the power carried in the sun
spectrum.

In contrast to the calculation of Shockley and Queisser, in a realistic crystalline silicon solar cell radiative recombination does not
play a dominant role due to the indirect band structure of silicon. Instead of this, Auger recombination plays a dominant role.
Recent accurate determination of the Auger coefficients in silicon has led to the calculation of the maximum achievable efficiency of
a silicon solar cell as being 29% [20]. However, such an idealized device without contacts is only of theoretical interest and cannot
be realized. For a realistic but optimized silicon solar cell, an efficiency limit of 26% was predicted [16].

1.16.2 Current Status of Silicon Solar Gell Technology
1.16.2.1 Basic Structure of a Silicon Solar Cel!

This section will give an overview of the technology currently used in industry to produce a silicon solar cell. A solar cell technology
is defined by two features:

* the physical structure of the solar cell, which consists of a geometrical order of structure elements, and
* the production technology, that is, equipment, materials, and processes applied to realize such a product.

For a working solar cell, at least three structure elements are needed:

* An absorber that absorbs incoming photons and translates their energy to an excited state of a charge carrier. Typically, a
semiconductor like silicon is used as the absorber and the absorption process generates an electron in the conduction band, that
is, an electron from the valence band is transferred to the conduction band leaving behind a ‘hole’ in the valence band.

* Amembrane that prevents the reverse process in which the excited carrier recombines with its ground state. Such a recombination
may transfer the excitation energy of the electron into the excitation of a photon, transfer the energy of the electron to another
already excited electron, or lead to lattice vibration. In the current technology, a junction formed by adjacent areas of p- and
n-conducting semiconductor layers called the pn-junction is used.

¢ Contacts that allow for collection of carriers and interconnection with other solar cells or an outer load.

In principle, these elements would be sufficient, but an industrial solar cell is more complex as described in the following section,

1.16.2.2 Physical Structure of an Industrial Silicon Solar Cell

The currently dominating physical structure of mono-Si and mc-Si solar cells is mostly denoted as a co-fired screen-printed
aluminum back surface field (Al-BSF) cell.
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Figure 3 Structure of aluminum back surface field (AI-BSF) sofar cell. ARC, Antireflection coating.

Although there are a number of variations within the family of Al-BSF cells, all have several distinct structure elements in common,
making up around 80% of the world market share. In the following, these common characteristics are described (compare Figure 3):

1. The cell is most probably made froma 156 x 156 x 0.2 mm? sized boron-doped crystalline silicon wafer with an acceptor density
N, of around 10'° cm™2, which corresponds to a base resistivity of around 1 Q cm (p-type substrate). The wafers are from either
mono-Si or me-Si. Mono-Si is typically grown and cut with the (100) plain parallel to the large surface of the wafer. Furthermore,
these wafers are typically not full-square, but rather pseudo-square, that is, the diagonal measures about 5-20 mm shorter than a
matching full-square and are with radial geometry at the corners. Mc-Si wafers are full-square with only slightly beveled comners.
Multicrystalline means that the crystal area size is typically in the range of mm? to cm?; thus, the number of crystals per wafer is in
the range of several 10°. The wafers are typically extremely pure, with metallic impurity levels below 1 ppm. In mono-Si wafers,
oxygen is the dominant impurity with concentrations typically in the range of several 10" cm™. Mc-Si wafers show compara-
tively higher concentrations of metals and carbon, which accumulate in the grain boundaries. The oxygen concentration is rather
in the range of 10'” cm™ or below [21]. The main functions of a p-type substrate are to efficiently absorb incoming photonsona
large surface, to enable diffusion of minority carriers (electrons), and to behave as a good conductor to enable efficient transport
of majority carriers (holes) to the contacts.

2. The front side (within this text, front side refers to the side of a solar cell that faces the sun) of the solar cell is textured with a
texture depth of typically a few micrometers. While mono-Si features upstanding randomly distributed pyramids, the surface of
mc-Si solar cells mostly features a randomly distributed order of round-shaped valleys (compare Figure 4). The main functions
of the texture are to increase the transmission of incoming photons into the silicon absorber and to increase the path length of
the photons inside the absorber (oblique direction of the photon propagation relative to the surface and high internal reflection
at the surfaces).

3. The top layer at the front side of the cell is doped with phosphorus. The donor concentration Np, falls steeply from more than
102° ¢m3 at the silicon surface to values below N, in a depth of less than 1 pm forming a net n-type layer with a sheet resistivity
of around 75 Q sq ™" and a pn-junction of several hundreds of nanometers. The main functions are to allow the formation of this
pn-junction with reasonable thickness to separate charge carriers, to enable a sufficient diffusion length of minority carriers

_ﬂ,,_
y‘?

Figure 4 Texture on the front side of monocrystalline (left) and multicrystalline (right) silicon solar cells.
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(holes) within the layer, and to allow for effective conduction to enable efficient transport of majority carriers (electrons) to the

contacts.

4. The front side is further coated with an approximately 75 nm thin layer of amorphous hydrogenated silicon nitride. The layer is
slightly silicon-rich leading to a refractive index of approximately 2.1 [22] for an effective reduction of front reflection. The
amorphous structure allows for the incorporation of hydrogen concentration of typically more than 10 at.%. The main functions
are to provide antireflection coating based on refractive index matching and quarter-wavelength thickness and passivation (the
term passivation is used in order to indicate reduction of carrier recombination rates, typically by technical means; passivation
can take place at the surface or within the volume and is denoted accordingly) of the n-type surface as well as the volume based
on the incorporated hydrogen [23, 24].

5. At the front surface an H-like pattern of sintered silver paste is formed [25], which punches through the silicon nitride layer [26,
27]. The H-like pattern is continuous and makes up approximately 8% of the front surface. Below the sintered paste, pure silver
crystallites are penetrating through the silicon nitride into the silicon along the (111) planes with a depth of up to around
100 nm and a surface area fraction of typically around 10-30%. The bulk of the sintered silver paste is densely formed from
round- and flake-shaped silver particles, which are interconnected to each other by sinter necks (compare Figure 5). The volume
in between the silver particles is filled with glass frit. The main function of the H-like pattern is efficient carrier transport and
transparency for the incoming light, that is, low shading. It can be subdivided into two device elements, which are denoted
contact busbars and contact fingers, which fulfill specific functions:
¢ Mostly three busbars are used, which are approximately 1.5 mm wide and 20 pm high, equally spaced in parallel to the wafers

edge. Their main functions are collection of current from the contact fingers and allow for a soldering interconnection to a
coated copper ribbon with good electrical and mechanical contact (minimum adhesion force 1 N).

¢ Contact fingers are approximately 100 pm wide and 20 pm high and are situated perpendicular to the busbars with a pitch of
typically 2 mm. At the outer edges of the wafer which are parallel to the busbars, the fingers are frequently interconnected to
each other. At all edges there is a range of typically 1.5 mm which is not covered by contacts at all. The main functions of the
contact fingers are to provide low contact resistance to the underlying n-type silicon surface and an excellent lateral
conductivity for efficient carrier transport. The interconnection of fingers at the edge enables good carrier collection from
the edge of the solar cell and tolerance to individual finger interruptions at the outer side of the cells. Analysis of the
microstructure of the contact area between screen-printed finger and silicon has revealed that the silver bulk is typically
separated by a thin glass from the silicon surface. Different current transport paths have been discussed and found including
grown-in silver crystals in close contact with the silver bulk as well as enhanced carrier transport due to metallic particles in the
glass layer allowing for multistep tunneling (compare Figure 5) |28, 30-32].

6. The rear side is fully metallized. The main function is efficient carrier transport. Again the rear side metallization can be
subdivided into two areas.

e Around 5% of the rear side area is used as contact pads, which are situated on the opposite side of the front busbar. They form
either a continuous or an interrupted line. These contact pads are typically 4 mm wide and consist of approximately 20 pm thick
silver paste. Frequently, a low fraction of aluminum is also incorporated. The vertical structure at the rear silver contact pads is
similar to the one at the front contacts. The aluminum allows for a slight doping underneath the silver contact pads [33]. The
main functions of these contact pads are to collect the current from the metallized area and to enable a high-conducting electrode
for later soldering to the interconnector ribbon with good mechanical contact (minimum adhesion force 1 N).

* The remaining area of the rear side consists of a multilayer area which is surounded by a nonmetallized 1.5 mm wide area all
around the wafer edge. The silicon surface at the metallized rear area is doped with aluminum of approximately 5 pm deep to a

Figure 5 (Left) Picture of a current screen-printed contact. (Right) Model for the current transport at the screen-printed silver contact. Three different
current transport routes between silver crystals and silver bulk are proposed: direct contact, tunneling through the glass, and multitunneling via metal
precipitates in the glass. Reproduced with permission from Kontermann S, Horteis M, Kasemann M, et al. (2009) Physical understanding of the behavior
of silver thick-film contacts on n-type silicon under annealing conditions. Solar Energy Materials and Solar Cells 2009(93): 1630~1635 [28] (copyright
2009 Elsevier) after Schubert G (2006) Thick Film Metallisation of Crystalline Silicon Sofar Cells. Dissertation, Universitit Konstanz [29].
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Figure 6 Scanning electron microscopy (SEM) image of the cross section of the rear Al contact and the underlying doped area (aluminum back surface
field (AI-BSF)). Reproduced with permission from Krause J, Woeh! R, and Biro D (2010) Analysis of local Al-p*-layers for solar cells processed by small
screen-printed structures. In: Proceedings of the 25th European Photovoltaic Solar Energy Conference and Exhibition, pp. 1899-1904. Valencia, Spain
[36]. Copyright 2010, WIP, Munich.

maximum concentration of around 3-4 x 10'®cm™, which slowly decreases toward the surface [34, 35]. On top of the doped
silicon surface, there is a eutectic layer, also approximately 10 pm (see Figure 6). On top of the eutectic layer, there is a layer of
sintered aluminum paste with substantial in-diffusion of silicon [36]. The main functions of these areas are to provide a low contact
and lateral resistance as well as a passivation of the rear side by implementing a high-low junction or back surface field (BSF).
7. The edge of the solar cell consists of an interruption of the highly n-doped layer on the front and the p-doped layer on the rear
side of the solar cell. This interruption is at least a few micrometers wide. The main function of this area is to interrupt an
unwanted carrier transport from the n-type emitter at the front to the rear p-layer in order to prevent parasitic shunting.

Typical efficiencies for this cell structure in current production lines are 17.5-18.0% for mono-Si and 16.5-17.0% for mc-Si.
The main drivers for the enormous success of this cell structure are as follows:

e The simplicity of the production technologies related to realize the structure in comparison to the efficiency which can be
obtained.

e The tolerance of structure and process against variations of wafer quality, that is, variations in the concentration of base material
doping, metallic and other impurities as well as grain boundaries.

e One of the most important points for the success of this cell structure is the availability of the associated production technology.
None of the vital structure elements or process sequences is severely protected by patents or other legal issues. This allowed many
equipment and material manufacturers to join the competition for best and lowest cost products.

Due to the enormous demand for production technology on the market, these drivers were keys to a very rapid increase in
production capacity. X

1.16.2.3 Process Sequence
In the following, the individual process steps are discussed in detail. The corresponding process flow is shown in Figure 7.

1. Incoming inspection and sorting into carriers

Input
Si—
wafer

Output

cell

Legend: (g = Handling —-—

Figure 7 Schematic process flow for an industrial crystalline silicon solar cell line.
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The entrance interface is the wafer in a stack. As a first step the wafers are typically inspected for microcracks using infrared
transmission. Then they are either sorted into wet chemical carriers or directly put onto a belt for further processing depending on
whether further processing is batch or in-line processing, respectively.

. Saw damage removal, texturing, and cleaning

Differences in the texturing process used depend mostly on the crystallinity of the wafer. Mono-Si wafers are etched in 70-80 °C
hot aqueous sodium hydroxide with organic additives (typically isopropanol) for approximately 20-30 min to attain the
random pyramidal structure. The main reaction can be summarized as

Care has to be taken with the released molecular hydrogen and eventually evaporated organic additives. Due to the long
etching time and high temperature, batch-type wet benches are the standard for this process in order to achieve high
capacity and throughput. The etching is typically stopped using a short dip in an acidic solution. Specific cleaning is
partially applied at this point to remove metal ions and other impurities from the surface. Then rinsing is performed and
the wafers are dried.

McSi is textured by treating with acidic agents that are simultaneously oxidizing and oxide etching like mixtures of deionized
water, HNOs3, and HF for approximately 1-2 min. The process temperature is typically reduced to values of 10-15 °C for better
control and reduced etching since the process is strongly exothermic. The main reaction that takes place is

3Si + 4HNO3 + 12HF — 38iF; + 4NO + 8H,0 2]

Care has to be taken with the nitrous oxide released during the process. After the texturing, a thin porous surface layer (stain),
which remains after the etching process, is removed in aqueous potassium hydroxide. The low temperature and short process
times enable the use of in-line wet bench systems, which offer improved material flow compared to the carrier-based wet bench
processing. The wafers are rinsed in cascade benches and dried.

. Phosphorus diffusion

The textured and cleaned wafers are then transferred into quartz carriers for phosphorus diffusion. Narrow wafer distance in the
carrier and back-to-back processing allow for up to 500 wafers being processed simultaneously in one tube. The quartz carrier is
then transferred into a hot tube and the furnace is closed. For phosphorus diffusion, pure nitrogen is used as a carrier gas, which
is guided through a container of liquid phosphorus oxychloride (POCI;} and released to the chamber together with oxygen to
perform the following reaction on the wafer surface:

The production of chlorine is beneficial in terms of the removal of metallic impurities like sodium. This part of the process is
typically denoted predeposition. A second reaction takes place from the phosphorus oxide, which can be described as

2P;05+581—5810; +4P (4]

This phosphorus silicate glass (PSG) is grown to a thickness of a few tens of nanometers and then the flow of POCl; is turned off
to keep the phosphorus content at a finite level. This allows a deeper diffusion for a given surface concentration during the
subsequent drive-in. The temperature is typically increased for this part of the process to plateau temperatures in the range of
820-850 °C. At the end of the process, the furnace is purged and the carrier is taken out of the furnace. A typical cycle time is
around 1 h [37].

In-line diffusion has been used for many years instead of tube furnace diffusion. Here the phosphorus dopant is applied
outside the furnace, for example, by ultrasonic spraying. In-line diffusion has clearly lost market share due to several reasons even
though low contamination furnaces based on ceramic rolls or strings have proven to enable clean processing [38].

. Phosphorus glass removal

The PSG is removed in a further wet chemical etching processing. Hydrofluoric acid is used due to its excellent etch selectivity
with the ratio of etching rate of phosphorus glass to silicon around 400:1 for standard processing conditions. Nevertheless,
since the phosphorus surface concentration is very high after the diffusion, a controlled etch back of a few nanometers of the
highly doped surface area is desirable and is used in many production lines. Again rinsing and drying is applied after
processing. The full process cycle takes just a few minutes and can be applied in either batch- or in-line-type wet benches.

. Deposition of antireflection coating

As a next step, the hydrogenated amorphous silicon nitride layer is deposited. The dominating technology is plasma-enhanced
chemical vapor deposition (PECVD) based on silane and ammonia. There are a number of different PECVD approaches in the
field, two most important being a low-frequency direct plasma or a microwave plasma based on linear antennas for in-line
processing (compare Figure 8). The plasma partially dissociates the silane and ammonia and the deposition takes place via
different mechanisms [40].
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Figure 8 Schematic drawing of the two dominating plasma-enhanced chemical vapor deposition (PECVD) techniques. (Left) Direct low-frequency
plasma and (right) microwave antenna. Reprinted with permission from Photon International, March 2003 [39]. Copyright 2003 Photon Holding GmbH.
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Figure 9 The three print steps for contact formation.

Reactive sputtering based on silicon-containing targets and nitrogen and ammonia as reactive gases was introduced as an
alternative with excellent lateral homogeneity and optical performance, but has not succeeded in substituting the dominating
PECVD approach [41].

6. Screen printing of contacts -
The contact definition is performed via subsequent printing of three different pastes - rear Ag, rear Al, and front Ag paste - and
subsequent drying. During the printing process, the paste is distributed by the fast moving squeegee. The paste makes contact
with the wafer substrate through the openings of the screen. A typical procedure is shown in Figure 9, but the printing can also be
applied in a different order, for example, printing the front H-like pattern first. The pastes typically contain particles of metal and
glass frits with maximum size in the range of 10 pm to prevent clogging of the screen and efficient formation of sinter necks in the
following high-temperature steps. Further constituents are solvents and other organic compounds that are added in order to
improve the printability and give the pastes their thixotropic behavior, that is, reduced viscosity under the application of shear
stress during printing. Substantial developments have taken place in the formulation of the pastes, which enabled a large part of
the efficiency development within the last 10 years. Consequently, the emitter sheet resistance could be increased from 40 10
nearly 80 Qsq~". Also the formulation of the rear paste has been improved substantially, which allows the formation of a more
homogeneous and highly doped BSF and reduced mechanical stress which appears due to the quite different expansion
coefficients of silicon and aluminum. Drying at 200 °C is important to remove the solvents from the paste to prevent spreading.
The last drying step can be included in the final firing step.
7. Contact firing

After the last printing step, the wafers undergo a further thermal treatment in a conveyor belt furnace. During temperature
ramp-up, the organic compounds with low boiling temperature that have been added by the last printing step are removed. In
the second phase, the remaining organic compounds are burned in an oxygen-containing atmosphere at around 400 °C. Then
the wafers are heated to temperatures around 800 °C within a few seconds and cooled directly thereafter. The front and reat
contact formation takes place during this part of the process. The most widely used models for the contact formation are shown
in schematic graphs in Figures 10 and 11.
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Figure 10  Simplified model of contact formation. (a) Schematic cross section of Ag thick film paste on < 100> Si after combustion of organics. (b) Glass
etches through SiNx layer. (c) Redox reaction between Si and glass. Pb is formed. (d) Liquid Pb starts to melt Ag. (e) Ag—Pb melt reacts with Si. Inverted
pyramids are formed. (f) On cooling down, Ag recrystallizes on (111)-Si planes. Reproduced with permission from Schubert G (2006) Thick Film
Metallisation of Crystalline Silicon Solar Cells. Dissertation, Universitdt Konstanz [29].
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Figure 11  Formation of the aluminum back surface field and rear contact from a screen-printed aluminum paste: (1) paste after drying; (2) at 660 °C,
melting of aluminum occurs and silicon dissolves in a mixed phase; (3) around 700 °C, all the aluminum is completely molten and substantial
incorporation of silicon occurs; (4) at the peak temperature, the liquic phase Has its maximum thickness; (5) during cooling down, the silicon recrystallizes
with incorporation of aluminum, while the silicon content in the mixed liquid phase reduces, (6) at the eutectic temperature, the mixed phase of aluminum
and silicon solidifies. Reproduced with permission from Huster F (2005) Investigation of the alloying process of screen printed aluminium pastes for the
BSF formation on silicon solar cells. In: Proceedings of the 20th European Photovoltaic Solar Energy Conference, pp. 1466—1469. Barcelona, Spain [42].
Copyright 2005 WIP, Munich.

The front contact formation process is described in the model of Schubert [29]. Within the firing process, the glass contained
in the paste etches the dielectric layer and gets into direct contact with the underlying silicon. Then, the liquid glass promotes
dissolution of silver from the silver particles and silicon into this liquid phase as well as of the metallic glass particles into the
silver particles. The dissolution of the silicon appears preferentially along the strongly bound (111) planes within the silicon
forming the special shape of the crystallites [28].
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The formation of the p-doped rear layer can be subdivided into several steps according to the model of Huster [42], and is
briefly summarized in the following. At temperatures above 660 °C, the aluminum within the aluminum oxide-coated
particles melts and punches locally through the oxide shell to form a contact with the surrounding particles and the underlying
silicon. On further heating, aluminum and silicon form a mixed liquid phase at the silicon surface, with a ratio of
approximately 70/30 at the peak wafer temperature of approximately 825 °C. During cooling down, the process is reversed,
but aluminum is incorporated during the epitaxial regrowth of the silicon at the surface. The concentration of the aluminum is
determined by the solubility at the respective temperature. At the eutectic temperature (T=577 °C), the remaining mixed
phase solidifies and yields a continuous layer on top of the silicon surface. Due to the different thermal expansion coefficients,
the wafer is typically bent substantially during the cooling process. Based on his investigations, Huster [43] proposed stress
relief cooling: cooling the wafers to temperatures in the range of -40 °C accelerates plastic reformation of the rear contact
layer, which can be used to completely eliminate the otherwise occurring bow. This has partly been used in the industry, but
adapted formulations of the paste also allowed minimization of the bow to current values of 1-2mm for standard wafer
thicknesses of 180-200 pm.

. Edge isolation

After contact firing, the wafer is now a solar cell and power can be extracted. Nevertheless, power is limited by a severe shunt path
over the edge of the solar cell, where the highly doped emitter meets the highly doped Al-BSF and yields high-high junctions,
which allow for substantial tunneling or worse. The process that was introduced 10 years ago is the removal of the n-conducting
layer in the near-edge areas by laser ablation. Typically, the area is ablated using a UV solid-state laser featuring nanosecond pulse
duration, The laser beam is guided in a distance of up to 200 pm along the edge to form a groove of around 10 pm in depth and
30 pm in width.

There is one important deviation of this sequence which is based on a different separation of the front and rear junction.
Recently, the separation using single-sided wet chemical etch back of the rear phosphorus-doped layer has become a favorable
technology for junction isolation. It is performed in combination with the PSG glass removal, which keeps equipment and
consumable costs low. Compared to laser edge isolation from the front side, it saves a small amount of active cell area and
typically delivers a slight efficiency gain.

. I-V measurement and sorting

After processing of the cell is finished, the cells are measured for their electrical and optical characteristics. The current-voltage
characteristic is determined using illumination via a flash with an intensity plateau of a few tens of milliseconds. The whole
measurement from V=0 to V =V, takes about 20 ms (compare Figure 12). The measurement is performed as close to standard
testing conditions as possible, that is, using an irradiance of 1000Wm™2, a spectral distribution in accordance with the
normalized AM1.5g spectium [45], a cell temperature of 25 °C, and perpendicular incidence of the light. The deviations of
the irradiance from standard testing conditions are taken into account by the signal of a monitor cell placed adjacent to the tested
cell. Furthermore, the cell is tested under a reduced light level and in the dark in order to extract further information on the
electrical performance of the cell. Further visual measurements are performed, especially to control the visual appearance of the
cell, Finally, the cells are sorted into performance bins. )
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Figure 12 (Left) Typical irradiance within the plateau of a flash tester. The dotted lines indicate typical incidence with the electrical measurement of
short-circuit current density (Jso), maximum power point (Pype), and open-circuit voltage (Vo). (Right) /~Vcurve taken by a flash tester. Reproduced from
Krieg A (2007) Inbetriebnahme und Weiterentwicklung eines automatisierten [V-Kennlinienmessplatzes und Entwicklung eines Verfahrens zur
Materialverfolgung in der Solarzeflenproduktion. Masterarbeit, Fachhochschule fiir Technik und Wirtschaft Berlin [44].
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1.16.3 Influence of Basic Parameters

To optimize the efficiency, that is, to reduce the power losses of silicon solar cells, it is important to understand the influence of
different cell and material parameters such as bulk lifetime and cell thickness. In general, the influence of basic parameters can be
classified based on the associated loss mechanisms:

1. The ratio of electrons that are not excited to the conduction band per incoming photon, often referred to as optical losses.
Here further differentiation can be applied based on whether
¢ the loss occurs since the photon does not enter the solar cell. This might be due to reflection from the metallized areas of the
active surface of the cell.
» the photon enters the cell but leaves it again without absorption within the cell. This is mainly controlled by the internal
reflectance at front and rear and takes place for near-band-gap photons.
o the photon is absorbed in the cell but no excitation of an electron from the valence to the conduction band occurs, which
mainly takes place by free carrier absorption of infrared radiation in heavily doped regions.
2. Electrons that are excited but not delivered to an outer circuit, often referred to as electrical losses. The electrical losses can be
subdivided into
¢ Losses due to recombination of electrons with holes. The recombination takes place in every structure element of the wafer
(excluding deposited layers and contacts).
e Losses due to scattering of the (majority) charge carriers, which leads to ohmic heat. This takes place in all structure elements of
the solar cells.

The physics of the solar cell can be described well by a number of basic equations, partially being of differential type in time and
space. Thus, exact calculations of the performance of a solar cell can be obtained by only one- to three-dimensional numerical
simulators. Since sound multidimensional calculations are time consuming in both the description of the problem and the
computer-based numerical calculation, a one-dimensional approach using the program PC1D is probably the most widely used
approach to simulate solar cells [46]. A number of lumped parameters are used due to the one-dimensional characteristic of the
simulator. Table 1 gives an overview of a standard set of parameters that can be used to describe and simulate a screen-printed
mono-Si solar cell yielding an efficiency of 18.0%.

[t is of specific interest to assess the impact of the variation of relevant parameters on solar cell’s efficiency. Three parameters are
most relevant to determine recombination in the base of the solar cell: the thickness of the solar cell, the bulk carrier lifetime, and
the rear surface recombination velocity. Changing the thickness and the bulk carrier lifetime of the solar cell can only be achieved by
changing the wafers used for processing, which is of specific importance since the wafer covers a substantial cost share of the whole
solar cell (60-70%). We have performed PC1D simulations to visualize the effect of variation of these parameters for a standard
industrial cell based on the parameter set shown in Table 1 applying a variation of the rear surface recombination velocity in the
range of Sy, =1250cms™" (bad Al-BSF), 500cms™ (standard AI-BSF), and 200cms™' (excellent Al-BSF). A value as low as
80cms™" has so far been demonstrated only for dielectric passivation with localized Al-BSFs, which also changes the internal
reflectivity at the rear side to values of up to 95% [50, 51].

Table 1 Cell and material parameters used for model calculation of a equation monocrystalline silicon solar cell yielding an efficiency of 18.0%
(Vo =620mV, Jyo = 36.5 mAcm2, FF=79.5%)

Parameter Value

Base resistivity, ppase Prase = 2 Q1 om, typical value of industrial monocrystalline silicon solar cells
Oxygen concentration, [0}] 6x10"7cm™

Bulk recombination due to boron-oxygen complex, ¢z Fundamental limit given by Bothe et al. [48] with a factor of 2 due to

improvements by high-temperature steps [48, 49]
Using poase =2 cm, which corresponds to N pase=7.2cm™,
[0]=7 x 10" ¢cm™3, and yields ¢z =84 ps

Shaded area fraction due to front metallization, fnageq 7%

Reflection an active cell area Measured data with Ryeightes = 3%

Emitter doping and passivation Rahear=75Qsq™", error function profile, Syom=4 x 10°cms™
Rear recombination and internal reflectance (due to the difficulties in Srear=500cms™" [50]

describing an aluminum BSF properly in PG1D)
Rin=65% [50, 51]
Lumped series resistance R,=0.60cm?
Lumped parallel resistance R,=10kQcm?

The used internal rellectance and surface recombination velocity dala are based on accurate internal quantum efficiency analysis of current solar cells [47]
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Figure 13 PC1D simulation of cell efficiency for variations of the bulk lifetime oy (left, cell thickness w=200um) and cell thickness w (right,
o= 84 pis) for different rear surface recombination velocity Syear. The figure on the right also includes the result for an increased internal rear reflectance
(95%). Srear=500cms™ can be taken as state-of-the-art.

In Figure 13, the result of PC1D simulations for variations of bulk lifetime and cell thickness is shown for different rear
recombination velocities. The high impact of the bulk lifetime on the efficiency in the range from 10 to 1000 pm is clearly visible. A
reduced rear recombination velocity substantially increases the sensitivity due to the more dominant bulk recombination.

The impact of the cell thickness on the efficiency is clearly dependent on the rear recombination velocity. For high S, of
1250 cm !, a reduction of the thickness will greatly reduce the efficiency of the solar cell. This reduction is only small but still
apparent, if S, is reduced to 80 cms™". But if we further turn on the increased internal reflectivity of a dielectrically passivated rear,
then the efficiency actually increases to a thickness of around 100 pm and is just reduced after this.

1.16.4 Strategies for improvement
1.16.4.1 Dielectric Surface Passivation

1.16.4.1.1 Influence of surface passivation
All cell structures that have shown efficiencies greater than 20% feature an efficient surface passivation with dielectric layers.
Especially the rear side is of great importance as shown before. To achieve surface passivation in a cell structure, nearly the full rear
surface (around 99%) is covered with a dielectric layer like SiO», SiN,, or Al,O3 to greatly reduce the rear surface recombination
velocity Seqr. Only small point-like or line metal structures on the rear form the base contact (see Figure 14).

However, the present state-of-the-art rear surface structure of industrial silicon solar cells is a screen-printed and thermally fired
Al-BSF (see Section 1.16.2), which has two major restrictions: (1) the wafer bow due to the firing process and (2) the lower electrical

Figure 14  Silicon solar cell with surface passivation (blue) at front and rear surface. Only small point-like metal points (yellow) form the base contact.
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Figure 15 Internal quantum efficiency (IQE) of different rear surface structures on 1 Q cm 250 um thick floating-zone (FZ)-Si with a high-efficiency front
structure. Note: The low IQE for short wavelengths of the AI-BSF cell (open diamonds) is due to a degradation of front surface passivation during firing.
Nevertheless, the IQE starting at 900 nm is identical to the performance of industrial cells. For abbreviations, see Table 2.

Table 2 Internal reflectance (Ain) and rear surface recombination velocity (Sear) as extracted
from the data in Figure 15

Rim Srear
Structure (%) (cms™")
LBSF (local boron back surface field) [55] 94.5 60
LFC (laser-fired contacts) [56] 95.5 110
PERC (random pyramids, passivated emitter and rear cell) [11] 95.0 200
Bor-BSF (boron-diffused back surface field) 71 430
Al-BSF (screen-printed alloyed Al back surface field) 65 750
Ohmic Al contact (evaporated) 83 107

Note that for a proper description, it is necessary to introduce a Phong-like characteristic
The dielectric passivation layer for the LBSF, LFC, and PERC structure was a lhermally grown 105 nm lhick oxide.

and optical quality. In particular, the rear surface recombination velocity S, is @ crucial parameter, but exhibits a great range of
values found in literature. This makes it difficult to evaluate the potential of Al-BSFs versus dielectric passivation.

Thus, an experimental study of different rear surface structures combined with a high-efficiency front structure which does not
limit the cell perfformance was performed [52]. This makes it possible to determine the surface recombination velocity S, and the
internal reflectance Ry, quite accurately [53].

Figure 15 shows the measured internal quantum efficiencies (IQEs) of different rear structures starting from a low-quality chmic
Al contact up to a PERL [54]/local back surface field (LBSF) [55] rear surface. The effective S,c,, and Rin, have been extracted by fitting
asimulation model to the IQE and reflection measurement (see Table 2). It should be noted that the quality of the Al-BSF formation
has been improved since this investigation. Therefore, in the simulation in Section 1.16.3, S,.,. values of 500 cm s™! have been used.

1.16.4.1.2 Passivation mechanisms of dielectric layers

There are two different mechanisms leading to good surface passivation (for a comprehensive overview about this topic,
see Reference 57): (1) the reduction of interface states D;, and (2) field effect passivation, that is, the strong reduction of one
carrier type by incorporation of fixed charges Qr in the passivation layer. Although these mechanisms or the combination of
both leads to low surface recombination velocities for different excess carrier densities 4n, the resulting S(4n) curve shows
different characteristics (see Figure 16). The reduction of interface states is more effectively reached for thermally grown SiO,
layers, while the field effect passivation together with a moderate reduction of D, is more typical for PECVD-deposited layers
like SiN,. Typical values for $iO, are D;;=10"°cm™2 eV~ and Q;=10'""cm™, while values for SiN, are D;=10"' cm™2eV™"
and Q;=10"em™2.

1.16.4.1.3 Layers and processes for surface passivation

Due to the successful implementation of passivation layers for high-efficiency devices in the 1980s, the respective processing
technologies have been a field of intense research and development in the past decade. According to their main passivation
mechanisms, we can subdivide these layers into four groups:
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Figure 16 Sketch of the impact of the two passivation schemes, reduction of interface state density 0, (dotted) and field effect passivation (dashed),

1.

Thermally grown SiO, was the passivation layer utilized for the first solar cells with efficiencies greater than 20%. Thermally
(800-1000 °C) grown SiO, yields excellent passivation on p- and n-type surfaces. The oxidation process is unique as it is not a
mere deposition process as all the other layers described in the following, but it actually consumes silicon of a defined thickness
of approximately 45% of the total layer thickness during processing [58]. This leads to the fact that the rate of layer formation is
linear only for a thickness in the range of a few nanometers and it is limited by diffusion of the reaction species through
the already existing oxide layer. The growth rate is thus described by a linear-parabolic model [59, 60]. Under standard
conditions, the oxidation takes place at both sides simultaneously. It can be used as a rather thin layer of around 10nm or
rather in the range of 100 nm. The latter thickness is usually used if the layer is meant to also show optical functionality to serve as
an antireflection layer on the front or a reflection layer on the rear side. Silicon oxide is not temperature stable when it is covered
by aluminum and exposed to temperatures above 500 °C. A capping layer of silicon nitride can be an appropriate choice in such
cases. Oxidation was considered to be too expensive, but higher capacity of tube furnaces and in-line oxidation allow for lower
cost [61].

. Excellent passivation on p-type surfaces has been demonstrated with amorphous hydrogenated silicon nitride (a-SiNH) [62],

silicon oxide (a-SiO,:H) [63], and silicon carbide (a-SiC,:H) [64] layers. These layers have in common that they can provide high
densities of positive fixed Eharges in the range of 10'? cm™, especially for silicon nitride. Deposition of these layers is typically
performed using PECVD. Also sputtering has been successfully applied for surface passivation purposes [65]. A substantial
practical problem of a-SiN:H passivation layers with their high built-in positive charge is that they yield inversion layers for
lowly doped p-type silicon, which can lead to shunting of nonoptimum junctions [66]. In principle, they are better suited for
n-type silicon passivation where they lead to the accumulation of majority carriers at the surface. In general, the same large variety
of plasma excitation systems as for antireflection layers can be used to deposit these layers.

3. Aluminum oxide has been demonstrated with excellent passivation and high negative charge density after thermal treatment

based on single-wafer atomic layer deposition (ALD) [67]. Several attempts have been undertaken to convert the ALD approach
into an industrially feasible system. Nevertheless, excellent passivation results have also been shown for layers deposited by
in-line PECVD or sputtering [68]. For industrial p-type Si passivation, this seems to be an altemative high-quality, low-cost
option. Silicon nitride capping layers have proven to improve the thermal stability of aluminum oxide also appropriate for
contact firing [69].

. Intrinsic amorphous silicon (i a-Si) is a semiconductor and yields outstanding passivation [70], but it is thermally unstable at

T>450 °C [71]; thus a full low-temperature process is preferably applied like the heterojunction with intrinsic thin-layer (HIT)
approach of Sanyo (see Section 1.16.6.4).

1.16.4.2 Metallization
1.16.4.2.1 Front contacts

As the front contacts are facing the sun they have to fulfill various requirements at the same time:

Low shading losses due to the coverage of the active cell area by metal.

Low metal/silicon contact resistivity.

High conductivity in order to allow efficient current transport to collecting structures (e.g., busbars or via holes).
Solderability and mechanical strength against pull-off forces in the module.
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This resulted in screen-printed contacts made of a silver paste that has to be fired after the printing process. Screen printing is a
very reliable process and allows for rather small structures especially if they are aligned in parallel such as the front contact
fingers of the standard solar cell. Even though very fine lines can be printed at lab scale (~60 um), currently most production
lines fabricate wider fingers to allow for robust production. Very remarkable progress has taken place on the printing
equipment side as well as on the materials side where paste vendors are developing paste that is capable of contacting lowly
doped high-performance emitters maintaining all the abovementioned requirements at very high yield. In addition to screen
printing, stencil printing [72] is also used at lab scale, but it has not found its way into production so far. A special challenge to
transfer this well-known technology from printed circuit board (PCB) industry to PV is the shape of the contact grid of the solar
cells. The parallel fingers cut through the screens, considerably reducing their stability. Small bridge-like structures increase this
stability, but this adds cost to the screens and threatens to interrupt the contacts at these places. Another printing technology to
form front contacts is based on extrusion. In this process, the paste is forced through a small orifice and a very high aspect ratio
contact line can be deposited on the wafer surface by the relative movement of orifice and wafer. Clogging has to be avoided in
this technology and a set of parallel operating orifices should be used to allow high throughput. Recently, very promising
results for this noncontact technology have been demonstrated by various authors [73-75].

A very powerful approach to improve the front contact is based on a two-step process [76], In this process, a seed layer is
deposited in a first step. This seed layer is optimized for low contact resistivity and mechanical adhesion to the wafer. Further, it can
be deposited in very fine structures as it does not have to feature high aspect ratios. On these fine structures, a second metal is
deposited which has electrical contact with the seed. This second layer will carry the current and therefore must have a correspond-
ing cross-sectional area.

There are various options to achieve this structure. Double printing of different pastes is most related to the standard fabrication
process. Promising results are already shown by various workers and even production data are already available that show
advantages compared to the standard single print [77, 78].

Aerosol printing [79, 80] or inkjet printing [81] of the seed layer allows for very fine structures of the seed layer, and using a
plating step this seed layer can be enforced by plating of metal on it. Using a light-induced plating process [82-84] (Figure 17), this
process can be carried out in a very efficient manner using in-line plating systems. Excellent results have been achieved by this type
of contact formation, and various materials and production tools are already tested and used in industrial lines and R&D
environments.

Interestingly, this type of plating also allows for plating of copper. Copper could become very important in order to reduce the
material cost of the solar cell and to avoid a silver resource issue [85]. Currently, very promising results are achieved by various
groups [86-89]; especially the investigation of the impact of copper metallization on solar cell performance is an important subject,
as effective copper barriers would allow the use of this cost-effective material [86, 90].

The abovementioned seed layers have in common that they are fired through the antireflection coating. If by a prior process
the antireflection coating is already opened (e.g., by laser ablation or local etching), other seed layers can be used {91, 92]. In
the early high-efficiency research, metal stack layers have been applied (e.g., Ti/Pd/Ag). The company BP Solar has used plated
nickel contacts exploiting the fact that the Ni will deposit on exposed silicon [93]. These Ni layers can be annealed to form
nickel silicides, which allow for good mechanical properties. On these seed layers, silver or other metals can be plated
(Figure 18). Nickel together with copper could become a very cost-effective combination which can also be integrated in
high-efficiency concepts [94].
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Figure 17 Working principle of light-induced plating of silver. The solar cell is contacted at the rear side. By illuminating the cell, a negative potential at
the front contacts is created which attracts the positive silver ions.
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Figure 18 Plated front contact finger consisting of a thin Ni seed layer (see front part) and a thick Ag conductive layer.

1.16.4.2.2 Back contacts
The back contacts of the current solar cells are described in Sections 1.16.2.2 and 1.16.2.3. The applied metal pastes have been
optimized in the past in order to allow the usage of thin wafers without too much wafer bow. Furthermore, the surface
recombination velocities of the contacts formed have been reduced over the years by various methods. Huster and Schubert [35]
describe the effect of added boron to increase the doping level of the back surface field. However, only very limited literature is
available that focuses on improving the optical properties of the aluminum contacts [95]. During the transition to a locally
contacted rear surface of the solar cell, the role of the aluminum paste changes. It will be in contact with only a small fraction of
silicon, whereas the largest share of the aluminum will be placed on a passivating dielectric layer, which also results in high internal
reflectance. Therefore, the optimization of pastes for this purpose is still ongoing, but various workers have already reported
excellent efficiencies on PERC solar cells with modified conventional aluminum pastes.

A further approach to form the back contact is the usage of physical vapor deposition methods [96, 97]. Here, sputtering or either
thermal or e-gun-based evaporation is used. As the formed layers achieve very high conductivities, these methods allow realization
of the same performance with considerably lower metal sheet thicknesses.

1.16.4.3 Bulk Propetrties

~

Certainly, even the best cell structure will not result in high efficiencies if the material quality is too low. Therefore, the investigation
of electrically active defects is of great importance for PV material. Especially for mc-Si with its high amount of metal contamina-
tions [98, 99] and crystal defects, it is very important to understand thermal treatments, gettering [100-102], and hydrogen
passivation [103] in order to increase the carrier diffusion length. These measures were extremely important to obtain the record
efficiencies on small {20.4% on 1 cm?) [17] and large area (19.5% on 243 cm?) [104] multicrystalline substrates.

In a standard cell process, gettering is mainly accomplished by the phosphorus diffusion process. Metal impurities can be
removed quite effectively by this step [100]. However, if the main lifetime-limiting effects are crystal defects, it is crucial to apply
hydrogen passivation [103] to increase carrier lifetime.

Additional effects caused by defects in mc-Si are shunts and junction breakdowns [105, 106]. This is especially important for the
application of these cells in a module where solar cells that are shaded can be driven in reverse by the other illuminated cells.

In order to reduce the material costs, a number of attempts have been made to use other procedures such as the classical
Siemens process to clean the metallurgical silicon. The resulting material is called solar-grade or upgraded metallurgical silicon
(umg-Si). It seems that the common characteristic of this material type is the unavoidable compensation of boron and
phosphorus doping atoms. This can influence the cell and material performance in different ways and is currently under
investigation [107-112].

The dependence of the cell performance on the material quality can be reduced by using thinner wafers. Thus, the decisive ratio
diffusion length/thickness increases by decreasing the thickness. This is especially interesting for high-efficiency cell structures since
the high-quality surface structures are capable of retaining cell performance as the cell thickness decreases. For example, the world
record efficiency of 20.4% on mc-Si using a fully surface-passivated cell structure was achieved on 99 pm thick material while an
efficiency of ‘only’ 19.9% was achieved for a 218 pm thick wafer of the same material type [17]. Using high-efficiency cell structures,
efficiencies greater than 20% have been achieved on extremely thin monocrystalline wafers of less than 50 um [113].

Most of the mono-Si solar cell manufacturers use boron-doped Czochralski (Cz} silicon as the starting material. This material
type shows a severe degradation of minority carrier lifetime induced by illumination or carrier injection [114, 115] reaching a stable
final value after a rather short time of about 24 h. This lifetime degradation can cause degradation of cell efficiency of several tenths
to more than 1%;ypsomee depending on the quality of the cell structure. The responsible metastable defect is related clearly to the
existence of boron and oxygen [116, 117].



Crystalline Silicon Solar Cells: State-of-the-Art and Future Developments 369

Table 3 Cell and material parameters used for modef caiculation

Parameter Value

Shadow loss due to front metallization 5%

Recombination in emitter, Jye 100fAcm2 (—> Voo, max ~ 685 mV)

Maximum achievable FF due to Jy, and Ry, PFF ~82.5%

Bulk recombination due to boron-oxygen complex, rcz Fundamental limit given by Bothe et a/. [48] with a factor of 2 due to improvements

by high-temperature steps [48, 49]
Residual SRH (Shockley-Read-Hall) bulk recombination due to 1000 ys
metal contamination, rieqa

Intrinsic bulk recombination (Auger and direct), zint Doping-dependent parameterization [118]
Base resistivity, ppase Variation between 0.1 and 10Q ¢m
Oxygen concentration, [G] 0and 6-9x 107 cm3
Surface recombination velocity at the rear dielectric layer, Spass Doping-dependent parameterization for annealed thermally grown oxide [119]
Surface recombination velocity at laser-fired metal contact Doping-dependent parameterization for laser-fired contacts [120]

points, Smet
Effective surface recombination velocity at the rear surface, Sear Calculation using Syet and Syass With Fischer equation [121]
Effective base resistance, Rpase Spreading resistance calculation using Gox and Strack’s equation [122]
Distance of rear point contacts Optimum distance calculated for each base doping using PitchMaster software
Additional series resistance due to metallization and emitter, 0.30¢cm?

Rs.residual

In order to calculate a realistic potential for solar cells from boron-doped Cz silicon, an industrial high-efficiency cell structure
featuring fine-line metallization, shallow and well-passivated emitter, and a rear surface structure with dielectric passivation and
local laser-fired point contacts was taken into account (see Table 3).

Bothe et al. [48] have given a fundamental limit of the lifetime in the degraded state as a function of oxygen and boron
concentration. It is important to note that this lifetime is valid for an unprocessed wafer. In several publications [48, 49], it was
reported that the concentration of the metastable defect is reduced by a factor of 2-3 by high-temperature steps above 700 °C. Since
this is the case for our cell process (emitter diffusion, ...}, we have assumed the fundamental lifetime limit of Bothe et al. multiplied
by a factor of 2:

¢, = 2 X 7.675 x 10% [B;] “0824[0;] ~1-748 5]

For the calculations presented here, typical oxygen concentrations between 6 and 9 x 10'” and 0 cm™ as a reference were chosen.
This results in bulk diffusion lengths are shown in Figure 19. The quite dramatic difference between the material with no oxygen
content and the ones with realistic concentrations is obvious. At low base resistivities, intrinsic recombination channels such as
Auger recombination play a dominant role especially for the ideal material. It has to be kept in mind that we have chosen a very high
residual lifetime of 1000 ps. This is not always easy to achieve under realistic conditions since the lifetime in p-type silicon is reduced
even by low impurity concentrations due to the asymmetric capture cross sections of most metal impurities [123]. However, it is a
valuable case study to evaluate the potential of our cell structure under ideal conditions.

Diffusion length after degradation (um})

(Qcm)

Pbase

Figure 19 Bulk diffusion length in boron-doped Czochralski (Cz)-grown silicon as a function of base resistivity for different oxygen concentrations.
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Figure 20 Efficiency as a function of base resistivity for different oxygen concentrations. The maximum efficiencies for each oxygen concentration are
denoted by a circle. The pitch of the rear contacts was optimized for each base resistivity. The dots indicate the point of highest efficiency for each
individual curve,

For the rear surface structure, we have selected a combination of laser-fired contacts (LFCs) and annealed thermally grown
oxide since this results in very high efficiencies and a doping-dependent parameterization of the surface recombination velocity
is known [119, 120]. For technical reasons, that is, low deposition temperature, it might be preferable to choose Al,O5 as a rear
surface passivation layer. However, it will not change the result of our calculation significantly since from a recent publication
[124] it is known that using Al,O5 nearly identical cell parameters can be achieved as with thermally grown oxide. The pitch of
the point contacts is optimized by the spreadsheet-based software PitchMaster [125] as a compromise of recombination losses
and base spreading resistance. PitchMaster calculates the cell parameters for the optimum point contact pitch for each
individual base doping concentration. The results as a function of base resistivity for a cell thickness W of 190 um are given
in Figure 20.

While the cell structure offers an efficiency potential of more than 21%, the best values for oxygen-contaminated materials are in
the range between 19.6% and 20.1% for low and high oxygen concentration, tespectively. This shows clearly the reduced potential
for cells on today’s boron-doped Cz-grown silicon and increases the urge for alternatives.

Three options are promising for a reduction of this degradation: (1) the use of thinner wafers to improve the ratio diffusion
length/cell thickness [126]; (2) decreasing the boron or oxygen concentration to reduce the light-induced degradation [49, 127]; or
(3) the application of the regeneration process as recently demonstrated by Herguth et al. [128].

In addition, alternative material types are also of interest. In fact, cells from gallium-doped Cz-silicon show no degradation
[129]. The only issue occurring with this material might be the large variation of doping concentration over the ingot due to
the low segregation coefficient of gallium. Nevertheless, adapted cell structures show excellent results over a wide doping
range [130].

A strong reduction of the oxygen concentration to values below 1 ppma also results in a perfect suppression of light-induced
degradation. Magnetic Czochralski silicon (MCz) has shown a very high efficiency potential [129, 131]. Another material, PV-FZ™
[132], with a negligible oxygen concentration was reported to be introduced into the large-scale PV production a few years ago. This
material type has shown very high and stable carrier lifetimes for p- and n-doping, but unfortunately the availability of this material
type is still not clear at the moment.

Another material type of interest is certainly n-type silicon. n-type Cz-grown material shows no carrier-induced degradation even
in the presence of a significant oxygen concentration [116, 133]. Also for mc-Si, excellent minority carrier lifetimes have been
measured [134]. This superior material quality is mainly due to the fact that for most relevant defects the ratio of electron to hole
capture cross sections is much greater than unity [123] (Figure 21).

Therefore, compared to p-type silicon, the minority carrier lifetime for the same defect concentration is much greater in the case
of n-type silicon since this parameter is mainly influenced by the hole capture cross section {op). Thus, although the diffusion
constant for minority carriers is about a factor of 2.5-3, which reduces the effective diffusion length, this effect is by far over-
compensated by the higher lifetime in realistic material.

These superior Tecombination characteristics also apply for surfaces. The capture cross sections for the silicon interface of
common dielectric passivation layers such as SiO, or SiN, are also highly asymmetric, that is, 6, > a,, [135-137]. In practice, this
means that the n-type surfaces are easier to passivate. In contrast to these physical advantages, a technological drawback is the fact
that the classical cell process as described in Section 1.16.2 is not directly compatible with n-type silicon.

In the following two sections, cell structures for p- and n-type silicon, respectively, will be discussed in more detail.
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Figure 21  Capture cross sections as a function of energy level for different impurities in crystalline silicon. Reproduced with permission from Macdonald D
and Geerligs LJ (2004) Applied Physics Letters 85(18): 4061-4063 [123]. Copyright 2004, American Institute of Physics.

1.16.5 High-Efficiency Cell Structures on p-type Silicon
1.16.5.1 Main Approaches for High Efficiencies in p-type Devices

Fortunately, various options exist that allow to surpass the currently industrially achieved solar cell efficiencies. A part of these
options can be incorporated into the current solar cell production process without the need to significantly alter the module
fabrication, as the concept of having contacts on both sides of the cells will be untouched. The other set of options relate to structural
changes of the solar cell. Hereby the first target is the reduction of shading losses by forming back-contacted solar cells. However, up
to now, these concepts have not been implemented without a change in the module fabrication process, which is a hurdle for
market entry. As this second set of changes also aim at an improved performance of the entire solar cell module, finally an
individual gain will be expected at both the cell level and the module level, which should make the development of a suitable
module technology very attractive on the midterm.

1.16.5.2 Passivated Emitter and Rear Cell

While solar cell mainstream fabrication was focusing on the Al-BSF solar cell (as described in Section 1.16.2), various research
groups fabricated very highly efficient solar cells with contacts on both sides. But a technological gap between the requirements for
mass production and the need for clean room environments, photolithography processes, and special cleaning sequences to
fabricate the high-efficiency cells did not allow a direct transfer of the developed concepts right away in order to improve and
alter the Al-BSF cells. Currently, various technologies have come into the reach of the PV industry, allowing transfer of those
concepts that were developed in the early days of PV research and which rose to an extraordinary high leve] of performance already
at that time.

In 1989, Blakers et al. presented the PERC (see Figure 22) solar cell reaching solar cell efficiencies of 22.8% [11] and even
exceeding 23% in a later work [138]. This concept is based on fundamental device structure improvements by introducing a
dielectrically passivated rear surface with local point contacts. Due to reduced surface recombination velocity and improved optical
performance, cell parameters were improved compared to cells that do not feature dielectrically passivated surfaces. To further
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Figure 22 Structure of the PERC (passivated emitter and rear cell) sofar cell as proposed in Reference 11. Reprinted with permission from Blakers AW et al.
(1989) Applied Physics Letters 55(13): 1363. Copyright 1989, American Institute of Physics.
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Figure 23  Structure of the PERL (passivated emitter, rear locally diffused cell) solar cell. Reprinted with permission from Zhao et al. (1990) Solar Energy
Materials and Solar Cells 41-42; 87-89. [139]. Copyright 1990 Elsevier.

reduce the recombination of the point contacts and to allow for the use of high-resistivity material, the PERL (see Figure 23) solar
cell structure was introduced by Zhao et al. [140] in 1990. With this concept, cell efficiencies of up to 25% have been achieved [4].

These concepts relate to the passivation and contacting concept used for point contacted back-contact solar cells introduced by
Sinton and co-workers [141, 142].

Although these results for PERC and PERL were all achieved on high-quality FZ silicon wafers, excellent results have been
achieved on mc-Si substrates [101, 143] and on Cz silicon [144, 145] using such structures. A very substantial reduction of the
process complexity was achieved by the so-called RP-PERC (random pyramids, passivated emitter and rear cell) approach, in which
amongst other things the inverted pyramid process for front texturing has been replaced by a random pyramid texture (see also
Section 1.16.2) saving up to four photolithography steps and achieving excellent efficiencies of up to 21.6% on small-area FZ
devices [144]. Further work concentrated on simplification of the formation of the local rear contacts by opening the dielectric
passivation using laser ablation processes [146].

Remarkable reduction in the complexity and cost of the process is achieved using the LFC approach in which the point contacts
are punched through the passivation layer using a laser while the aluminum layer is already present [147]. Alternatively, the
so-called industrial Passivated Emitter and Rear Cell (i-PERC) process [148], in which the dielectric layer is opened before
screen-printed aluminum deposition with subsequent firing, can be applied. The i-PERC process was successfully applied by
various groups [50, 149]. Detailed analysis of the complex local alloying process was carried out by various researchers
[150-152]. It has been reported that during the alloying process considerable amounts of silicon originating from the volume
below the local contact are distributed within the aluminum layer which contains liquid phases allowing for fast transport of the
silicon in the melt [150]. This silicon depletion can lead to voids depending on the process conditions and contact size and is subject
to ongoing investigations [152, 153]. .

Nekarda et al. [154]| demonstrated that also the LFC approach is compatible with a screen-printed aluminum layer, which allowed
integration of LFC into the already widespread scareen-printed aluminum back-contact process which is also compatible with
screen-printed front contacts. Recent progress achieved with this type of cells is reported in the literature [96, 104, 155-158]
demonstrating efficiencies exceeding 19%. Remarkably high values even on mc-Si substrates have been achieved using LFC technol-
ogy. leading to large-area multicrystalline solar cells with a maximum efficiency of 19.5% [104]. In this paper also modules have been
fabricated from such cells leading to a 17.8% efficient multicrystalline Si-based module, which represents a further world record.

Using high-volume systems the aluminum layers can also be deposited by physical vapor deposition (PVD) mass fabrication
[97], and remarkable progress has been reported on using LFC in combination with PVD layers [159].

As these improvements are also accompanied and supported by improved understanding of the underlying physics, the reader is
encouraged to look into related publications for deeper understanding of the corresponding structures [53, 120, 121, 125, 160-163].

1.16.5.3 Metal Wrap-Through Solar Cells

Looking at the standard Al-BSF solar cell, the large fraction of shading caused by the busbars becomes immediately apparent. In the
current modules, up to three busbars (of approx. 1.5 mm width} are used, which adds up to a total shading loss of approximately
3% of the incoming light (based on a 156 x 156 mm? sized solar cell). Further, the interconnection ribbons cannot be made
arbitrarily thick, but the mechanical impact on the cells has to be considered, which leads to the use of rather thin ribbons that cause
series resistance losses in the module. Based on this challenge, the metal wrap-through (MWT) concept was introduced by
Kerschaver et al. [164]. In this concept, the busbars of the solar cell are placed on the rear surface. A set of small metallized via
holes, which can be drilled by laser processing, connect this busbar through the wafer with the front contact grid (see Figure 24).

The size and number of via holes depend strongly on the overall cell design but can be varied with a large degree of freedom. If
the current of a large part of the solar cell is supposed to be transported through the hole, then the diameter is usually larger in order
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Figure 24 Picture and structure of an MWT (metal wrap-through) solar ceil.

to allow a low series resistance contribution of the hole. This has led to the idea of the so-called PUM (pin-up module) [165, 166],
which is strongly related to a concept introduced aiready in 1975 by Hughes Aircraft Company [167, 168].

In concepts similar to Kerschaver’s original design suggestions [164], more and smaller holes are applied, which is compatible
with the standard front grid in which the fingers are parallel. In both cases, the solar cell features a current collecting grid on the front
side, but the interconnection terminals are located on the back surface, which allows new module concepts to be applied. This way
the series interconnection can be done by connecting the solar cells to a structured and conducting substrate [169]. It has been
demonstrated that this type of interconnection can be carried out by very efficient pick and place automation, leading to very high
throughput and very low breakage rates [170, 171]. The fact that no interconnection ribbons are used in this technology allows
minimization of the resistive loss that occurs in the standard module fabrication process. Furthermore, the use of conductive
adhesives becomes possible, which allows reduction of the mechanical stress within the modules considerably. In total, it has been
demonstrated by various workers that the MWT technology allows an efficiency gain of 0.4-0.6% absolute at cell level and an
additional gain of 0.3-0.4% at module level, leading to a total gain of approximately 1% absolute for MWT-based modules
[172-174]. This has led to excellent module efficiency of up to 16.4% on mc-Si, which represented a world record module at that
time [174]. The corresponding proposed MWT solar cell fabrication processes are remarkably close to the standard process mostly
used for the fabrication of Al-BSF solar cells. The only amendments to the standard cell process are hole drilling and rear contact
isolation, which is applied to ensure a separation of the back minus busbar from the aluminum plus pole. Optionally, a third
process is added if the rear minus busbar (which is simultaneously metallizing the vias) is printed with a paste that is different from
the paste used for the solder pads of the plus polarity. Choosing different pastes can lead to a slight efficiency advantage, which can
overcompensate the cost for the additional process. Various companies and institutes have demonstrated that the fabrication of this
cell seems to be feasible [175-178]. Currently, the module production technology and the cost of the related materials seem to be
the limiting factors for the introduction of the MWT solar cell, even though very promising technologies are currently evolving such
that a near-term large-volume fabrication of MWT modules seems to be possible.

1.16.5.4 MWT-PERC

By combining the advantages of the PERC cells described in Section 1.16.5.2 with the advantages of MWT solar cells described in the
previous section, a very attractive concept of an MWT solar cell with passivated surfaces, the so-called MWT-PERC, is obtained. This
cell has been demonstrated by various groups [179-181] and it has been shown that the concept - as it is still very close to the
standard fabrication process - benefits from most developments that are initially meant to support the standard cell such that the
MWT-PERC cell is capable of taking advantage of improvements of the standard process while allowing for significantly higher
efficiencies [182]. Most interestingly, a structural advantage of the MWT-PERC solar cell can be worked out by placing the rear minus
busbar on top of the rear passivation layer. This way a synergetic effect is achieved as the busbar is not only moved to the back
surface but is also eliminated in terms of recombination as it is placed on a passivating layer. Further simplification of the
MWT-PERC cells is achieved by the high-performance MWT (HIP-MWT) approach in which the rear minus busbar is not only
placed on top of the rear passivation layer, but is also located on top of a p-type doped area while the rear surface emitter is omitted.
This approach allows fabrication of HIP-MWT-PERC solar cells by applying simple single-side etching processes, which leads to a
remarkably simple process sequence allowing for excellent efficiencies exceeding 20.2% on 125 x 125 mm? FZ substrates as recently
presented by Thaidigsmann et al. [183]. This value represents the highest efficiency achieved with screen-printed contacts and
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diffused junctions on p-type substrates, showing the enormous power of the MWT-PERC approach which has only recently entered
the R&D centers around the world. Further options for the improvement of MWT solar cells can be found when looking at the
metallization of the front surface as it does not have to be compatible with soldering technologies and no busbar needs to be
formed. Therefore, it can solely be optimized for excellent contact quality with respect to contact resistance, that is, minimum
shading at high aspect ratios. Simplified approaches for seed and plate technology as well as dispensing technology can be applied
and further combined with selective emitter concepts.

1.16.5.5 Emitter Wrap-Through Solar Cells

Compared to the MWT solar cells described in the previous sections, the emitter wrap-through (EWT) solar cell concept includes a
total ban of the front metallization (first proposed by Gee et al. [184]). This is realized by replacing the front contact structure by a
set of densely placed vias (approx. one via per mm” of cell area) of small diameter (approx. 50 pm). The rear surface of the wafer and
the vias feature a further emitter structure which is connected through the vias with the front surface emitter. Only the emitter
located on the rear surface is metallized in the EWT concept. The rear emitter is interrupted in a regular and rather dense (pitch is
approx. 2 mm) pattern in order to expose the basis of the cell for contact formation. This way an interdigitated metal grid can be
formed allowing for efficient current transport (Figure 25).

The emitters on the front and rear side are collecting carriers, which makes the EWT cell very attractive for low-lifetime materials.
Early EWT solar cells showed rather limited fill factors due to two main challenges with the EWT solar cells. The first challenge was
the long exposed pn-junction which was formed as the emitter interruptions are formed to allow the exposure of the ba81s As the
pitch of this structure is roughly 2 mm, the total length of this type of open pn-junction is about 20 m fora 156 x 156 mm? cell. This
issue was overcome by introducing passivation layers and suitable technologies to expose the basis without forming a highly
recombinative open pn-junction. The second major challenge is the series resistance of the EWT solar cells. First, the current
transport through the vias results in additional loss and more severely interdigitated contact grid pattern on the rear surface leads to
very long finger structures which essentially extend to the total length of the used wafers. Various groups have addressed these
challenges with different technological approaches [185-189]. Using high-performance clean room technologies, it was possible to
demonstrate that EWT solar cells are in principle capable of yielding very high efficiencies. Kray et al. [190] have achieved
remarkably high efficiencies of 22% on very thin substrates using photolithography processes Mingirulli et al. [191] demonstrated
18.8% efficient EWT solar cells with screen-printed fingers (cell size approx. 40 x 40 mm 2y allowing to reach an acceptable series
resistance. To reduce the series resistance of the EWT solar cells, Eikelboom et al. [192] suggested a busbarless EWT solar cell and a
corresponding interconnection method based on conductive adhesives. In a later work, again cell/module concepts have been
proposed by Gee and Hacke targeting at reducing the series resistance by distributed terminals [193-195], but during the financial
meltdown in 2009 Advent Solar did not get a chance to bring these ideas to market and was finally taken over by the company
Applied Materials, at which Gee was able to continue some of the EWT work showing excellent results, with EWT cells of 19%
efficiency on large-area Cz substrates featuring distributed screen-printed contact terminals [196]. In parallel to the development of
the EWT with screen-printed contacts, Engelhart et al. [197] worked on a solar cell that was featuring evaporated contacts which have
been structured without photolithography using a PVD metallization process together with very unique contact separation process
called RISE (rear interdigitated single evaporation). Furthermore, they have optimized the emitter of the solar cell by exploiting the
fact that the front side emitter does not need to be contacted; it thus may have a-rather low surface concentration, which allowed
together with a very efficient passivation to achieve low sheet resistance emitters (about 40-50Qsq" 1) which still feature very low
saturation current densities of about 100 fA cm ™2, which was very important for achieving high open-circuit voltages. This structure
allowed to achieve very high conductivities and has led to excellent efficiencies of 21.4% on 91.9 cm? Cz substrates [198]. Ulzhofer
et al. [199, 200 have continued the work on this cell structure, which has considerably increased the understanding of the limiting

n*-diffusion

Figure 25 Structure of an EWT (emitter wrap-through) cell.
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factors of EWT solar cells. The perspective of EWT solar cells is currently unclear given the fact that only few publications appear per
year on this topic; currently, it does not seem to be in the main focus of R&D. Nevertheless, the advantages of the cell concept remain
preserved and the concept could be reconsidered if the technological basis for fabrication of such a cell has become more advanced.

1.16.6 High-Efficiency Structures on n-type Silicon

In the previous section, it was shown that improved cell structures with good surface passivation have the potential to reach very
high efficiencies. But as was shown in Section 1.16.4.3, the cell performance is also limited by the bulk properties. Therefore, it
might be useful to use n-type Cz silicon with its superior physical properties (see Section 1.16.4.3). However, it is not possible to use
the well-known and reliable phosphorus diffusion for the emitter formation and alternatives have to be found.

1.16.6.1 Aluminum-Alloyed Back Junction

The easiest way to realize a solar cell on n-type silicon is to utilize the full-area screen-printed Al-alloyed BSF of standard industrial
p-type cell structures as the p*-back junction of n-type cells. As effective passivation of the front surface is an important prerequisite
for a high efficiency of back-junction cells, a special metallic ink for aerosol printing of the grid has been developed which also
allows weakly doped surfaces to be contacted (Figure 26). Even without an additional passivation layer on the rear side, high
efficiencies of 19.3% on large cells [201, 202] and 19.8% on small cells [203] were achieved (see Table 4).

By the addition of a passivation layer on the rear emitter surface, the emitter dark saturation current (J,) can be reduced [204]
and the internal optical reflectivity increased. In this way, efficiencies exceeding 20% have been demonstrated [203].

By using a structured aluminum-doped emitter on the back surface, it is possible to move the front contacts to the rear surface of
the solar cell by forming an interdigitated structure in which plus and minus terminals alternate in a dense pattern. The cell formed
this way is a back-contacted back-junction solar cell. Gong et al. [205] have presented such a solar cell in which they used
screen-printed aluminum paste that was alloyed in a fast firing furnace to form the emitter. In this initial work, the aluminum
was printed on a photolithographically structured mask in order to allow the formation of the structured aluminum emitter. After
forming the alloy, the aluminum paste residuals as well as the diffusion barrier were etched away. This way in the subsequent
process the aluminum emitter could be passivated allowing for low emitter recombination. This process has led to remarkable
19.1% (aperture area 2 x 2cm) efficient solar cells fabricated on n-type Cz substrates. Bock et al. [206] have applied printed
aluminum pastes on unmasked wafers. After firing the paste and etching away the paste residuals and parts of the eutectic layer, the
rear surface was structured and a phosphorus diffusion was carried out in order to form an n** region in designated regions of the
cell. The cell was passivated on both sides and contacted with a PVD process followed by a contact separation step which allowed to
form the interdigitated grid [206]. Within this approach, 19.0% (aperture area 3.97 cm?) efficient solar cells have been achieved on
n-type Cz substrates. Using screen-printed contacts it would be very cost effective if the printed aluminum paste which forms the
emitter could also be used as conductor. Furthermore, the minus polarity contact could be formed within the same firing step by a

Ag-plated contact finger
on aerosol seed layer

SiN ARC
Random pyramids
P-n* FSF

n-Si base

Al-p* rear emitter

Al rear contact

Figure 26 Cell structure with Al-alloyed rear emitter. ARG, antireflection coating; FSF, front surface field.

Table 4 Results of cells with Al-alloyed back junction and no additional rear
passivation layer

A Voe Jse FF n
Process type  (cm?) (mv)  (mAem?) (%) (%)
Industrial 125x12.5 640 377 80 19.3%
Laboratory 4.0 642 38.7 79.6 19.8¢

#Measurements confirmed by Fraunholer ISE Callab
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Figure 27 Structure of a back-contacted back-junction solar cell using screen-printed pastes for forming both an aluminum-atloyed emitter and the
contact grid [208].

silver-containing paste. This approach is demonstrated by Woehl et al. [207]. The corresponding solar cell is shown in Figure 27.
This approach has resulted in solar cells with an efficiency of 20.0% (aperture area 16.65 cm?) on n-type FZ silicon substrates [208].

As the various approaches summarized in this section are still in the very early stage of development, there is a lot of potential to
increase the achieved efficiency.

1.16.6.2 n-Type Cells with Boron-Diffused Front Emitter

To create a solar cell on n-type silicon and thus utilize the superior characteristics of this material, one can just convert the structure
of a standard solar cell resulting in a p*nn* structure (Figure 28). The p*-emitter is created by a boron diffusion, while the n*-BSF is
generated by a phosphorus diffusion. In an industrial process, both profiles are fabricated in a co-diffusion process. Such structures
are currently transferred to industry [209, 210]. Significantly higher efficiencies of more than 19% have been reached in lab and
pilot line production [211, 212].

The phosphorus BSF is well understood and can be passivated and contacted like the standard emitter of a p-type cell. The
contacting, and especially the passivation, of the front boron emitter is more demanding. The standard passivation layer SiN, [213-
215] and the thermally grown $iO, layers [213, 216-218] have shown a poor performance. Thus, new layers had to be developed.
In most cases, the front surface layer of such cells consists of a thin layer passivating the boron-doped emiter plus a thick layer of
PECVD-SiN, serving as the antireflection coating and hydrogen reservoir. A layer that is easy to realize is created by a wet chemical
passivation in a solution of nitric acid [219]. This increases significantly the blue response compared to cells with a pure PECVD-
SiN, layer. To achieve even better surface passivation, it is worth having a closer look at the passivation system. Therefore, lifetime
samnples with symmetrical boron- and phosphorus-doped emitters were passivated with thermally grown SiO,. Subsequently, the
oxide layers were charged with a corona setup and the carrier lifetime was measured. The measured lifetime can be easily converted
to an implied voltage, which indicates the potential of the emitter including passivation (see Figure 29).

When no charges are applied, the implied voltage for an oxide-passivated emitter is much better than for the boron-doped
emitters. The phosphorus-doped emitter can be improved by adding positive charges resulting in an accumulation of majority
carriers. The same field effect passivation can be achieved by adding negative charges on the SiO,-passivated boron-doped emitter.
In fact, the quality of both emitters is identical for a charge resulting in strong accimulation. Therefore, the ideal surface passivation
for boron-doped emitters should have a strong negative charge.

A dielectric layer that fulfills this requirement and which can be deposited at rather low temperatures is Al;O3. Hoex et al. [221]
have shown that an Al,O5 layer deposited by ALD can reduce the emitter dark saturation curmrent Jo. very effectively. Emitter
saturation currents down to 10 fA cm™2 were measured on Al,Os-passivated boron emitters allowing for open-circuit voltages far
above 700 mV and perfect blue response.

In order to evaluate the potential of such emitters at cell level, the cell structure shown in Figure 30 was fabricated by Benick et al.
[220]. The rear side of the cell shown is passivated with a thermally grown oxide and locally diffused phosphorus BSFs.

Front contact (Ag/Al) i
ARC: SiC,, SiOy/SiN,...

(p*) Boron emitter

Rear contact (Ag) SiN,

Figure 28  Structure of p*nn* solar cell. BSF, back surface field. Reproduced with permission from Weeber A, Naber R, Guillevin N, et al. (2009) Status of
n-type solar cells for low-cost industrial production. In: Proceedings of the 24th Photovoltaic Solar Energy Conference, pp. 891-895. Hamburg, Germany
{209]. Copyright 2009, WIP, Munich.
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Figure 29 Implied voltages measured on lifetime samples with boron- and phosphorus-doped emitter passivated by a Si0, layer as a function of corona
charge density. Reproduced from Benick J, Hoex B, van de Sanden MCM, et a/. (2008) High efficiency n-type Si solar cells on Al,05-passivated boron
emitters. Applied Physics Letters 92(253504): 253504/253501-253503 [220].
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Figure 30 Cell structure with boron-diffused front emitter.

Although this cell still has no selective emitter, which gives room for further improvement, recently an efficiency of 23.9% [222]
for a calibrated aperture area (illuminated area includes busbar) measurement has been achieved (see Table 5).

In order to transfer this technology from the laboratory to an industrial environment, several processes have to be simplified. The
locally diffused P-BSFs of the lab process using masking oxides and photolithography are too complex for industrial application.
Therefore, a new process consisting of two steps was developed: (1) PECVD deposition of phosphorus-containing passivation layer
system called PassDop and (2) simultaneous opening of the layer with a laser and generation of local P-BSFs (see Figure 31). Using
this new and easy-to-fabricate rear surface process [223], it was possible to achieve a maximum efficiency of 22.4% (see Table 5).

1.16.6.3 Back-Contact Solar Cells with Boron-Diffused Back Junction

"The A-300 of SunPower [224] (compare Figure 32) is a strongly simplified version of the point-contact cell originally developed for
concentrator applications at Stanford University [13].

Table 5 Results of cells with boron-diffused front junction (4=4 cm?)

Voe Jso FF n
Rear structure (mV) (mA cm™?) (%) (%)
Thermal oxide + locally diffused P-BSF 705 411 82.5 23.9¢
New PassDop layer + laser-fired P-BSF 701 39.8 80.1 22.47
Full-area P-BSF + printed front contacts 654 38.7 80.8 20.5

I Measurements confirmed by Fraunholer ISE Callab
P-SF, phosphorus back surface field
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Figure 31 Laser process to create contact openings and local P-BSF (phosphorus back surface field) using the PassDop layer. After this process step, an
Al layer is evaporated on the rear surface [201].
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Figure 32 Point-contact cell of SunPower. Reproduced with permission from Mulligan WP, Rose DH, Cudzinovic MJ, et al. (2004) Manufacture of solar
cells with 21% efficiency. In: Proceedings of the 19th European Photovoltaic Solar Energy Conference, pp. 387-390. Paris, France [1]. Copyright 2004,
WIP, Munich.

The main feature of this 22% efficient cell in mass production [225] is the absence of any metal contacts on the front side since
both electrodes are placed on the rear surface as an interdigitated grid. Thus, nearly all carriers have to diffuse from the front surface
where they are photogenerated to the collecting pn-junction at the rear surface. Therefore, the bulk diffusion length has to be high
(see previous section) and especially the surface recombination velocity at the front has to be very low. This task is managed by an
excellently passivating SiO, layer on a lowly doped n* front surface field. Although back-contact cells are obviously extremely
attractive in terms of efficiency and aesthetics, they also pose very high demands on material quality and process technology.
Especially the fabrication of the rear surface structure, that is, the separation of p- and n-diffused regions or p- and n-electrodes, is an
issue. One interesting opportunity for this task is the use of laser technologies [226].

Another important design aspect of interdigitated rear contact solar cells is the so-called ‘electrical shading’ effect [225, 227-229].
Although rear contact solar cells have no metal contacts on the front side and thus optical shading is avoided, regions with lower
collection efficiency can occur. Since the width of the BSF regions in industrial back-junction cells is in the region of several times the
cell thickness, minority carriers that are generated in this region have to travel considerably longer than carriers that are generated
directly above the collecting emitter (see Figure 33). Even in high-lifetime material, the collection efficiency for these carriers is
reduced, leading to a lower short-circuit current as can be seen on the right side of Figure 33. Therefore, the BSF region should be
reduced to a minimum. SunPower has successfully reduced or even eliminated the electrical shading and increased efficiency by
more than 1% in production [225].

However, when reducing the BSF region, one has to consider that the metallization for the p-contact should have approxi-
mately the same width as the emitter contacts. Thus the n-contact will overlap the emitter region in the finished cell and measures
have to be taken to avoid a shunt. This can be achieved by the so-called ‘buried emitter’ concept, where the emitter profile is
overcompensated by BSF at the surface [230-233] leading to improved cell performance [234]. The other possibility is to cover
the rear surface with a passivating and insulating layer which avoids shunts (see Figure 34) and allows for a decoupling of the
emitter/BSF and grid geometry. Such layers are available and resulted in cells with excellent performance and without electrical
shading [227].

The most recent generation of A300 cells have additionally used passivated contacts to reduce the impact of metal-
semiconductor interface recombination. The record efficiency of these cells is 24.2% with a remarkable open-circuit voltage of
721 mV [235].
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EQE

p**-emitter n**-back
surface field

Figure 33 Back-junction solar cell and electrical shading effect. Minority carriers that are generated in the gray regions above the n-BSFs (back surface
fields) have to travel laterally to the collecting p-emitter. Since the distances are much larger compared to the cell thickness, carrier collection in this region
is strongly reduced (see light beam-induced current map on the right side) [229]. EQE, External quantum efficiency.
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Figure 34 Interdigitated back-junction solar cell with decoupled emitter/BSF and grid geometry using a passivating and insulating film [227].

1.16.6.4 Heterojunction Solar Cells

The p*-emitter on the n-substrate for the HIT cell of Sanyo [236, 237] is not based on boron diffusion but is formed by the
deposition of a p-doped a-Si layer resulting in a heterojunction (see Figure 35). Also, the rear surface is passivated by an a-Si layer in
order to obtain the full potential of the monocrystalline n-type silicon. The HIT cells by Sanyo prove the excellent surface
passivation quality of solar cells with heterojunctions resulting in voltages of 743 mV on 98 pm thick n-type wafers [239].
Efficiencies well above 22% can be achieved using this cell structure.

p-type a-Si: ~0.01 um
Grid electrode

n-type a-Si: ~0.001 um

Figure 35 Front structure of the HIT (heterojunction with intrinsic thin-layer) cell. Reproduced from Taira S, Yoshimine Y, Baba T, et al. (2007) Our
approaches for achieving hit solar cells with more than 23% efficiency. In: Praceedings of the 22nd European Photovoltaic Solar Energy Conference,
pp. 932-935. Milan, Italy [238]. Copyright 2007, WIP, Munich. TCO, Transparent conducting oxide.
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Figure 36 Results on interdigitated heterojunction back-contact cells. BSF, back surface field; ARC, antireflection coating. Reprinted with permission
from Mingirulli N et al. (2011) Physica Status Solidi RRL 5(49): 159-161 [253]. Copyright 2011, Wiley VCH, Weinheim, Germany.

Up to now, the HIT cell has only been produced by Sanyo, but this situation will change since important patents are running out.
Therefore, several institutes and also the equipment manufacturers have intensified their research activities to develop an HIT-like
cell structure [240-248|.

The major advantage of the HIT cell structure is its perfect surface passivation, which allows for very high open-circuit voltages. In
contrast, the achieved currents are only moderate. This is due to the parasitic absorption of photons in the amorphous emitter on
the front side. The diffusion length is quite small so that IQE for short-wavelength photons is relatively low. Therefore, a cell
structure with front heteroemitter is always a compromise between high-voltage, good transport properties and blue response. A
possibility to avoid this parasitic effect is to use heterojunctions in an interdigitated back-junction cell design. Several groups have
been working in this field [249-252]. The best efficiency reported so far is 20.2% [253], but of course the potential of this structure is
much higher since it combines in an ideal way the advantages of a back-contact solar cell (high current) with those of a standard
heterojunction cell (high voltage) (Figure 36).

1.16.6.5 Alternative Emitters

1.16.6.5.1 Polysilicon emitters

Instead of using a-Si, one can also deposit doped polysilicon [254-256]. This has the advantage that the absorption in polysilicon is
lower and the temperature stability is higher. To obtain best results, it is advantageous to use a thin intermediate dielectric layer to
passivate the interface and to block diffusion out of the polysilicon emitter resulting in a very abrupt junction (Figure 37). This
concept was revisited using modern microelectronic equipment and a thin rapid thermal oxide (RTO) as an interfacial layer [257).
Open-circuit voltages of up to 678 mV have been reached with this promising approach.

p-Si(poly)

Figure 37 Cross section through a polysilicon emitter. RTO, rapid thermal oxide. Reprinted with permission from Borden P, et al. (2008) Proceedings of
the 23rd Photovoltaic Solar Energy Conference, pp. 1152. [257]. Copyright 2008, WIP, Munich.
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1.16.6.5.2 Implanted emitters

Another technology from microelectronic industry to generate doped layers is ion implantation. Ion implantation allows to
generate exactly defined doping profiles and to achieve very uniform doping. After the ion implantation, the wafers have to be
annealed to remove the damage introduced by the implantation process. This is extremely critical for solar cells in order to obtain
low emitter saturation currents, Jo.. Recently, it was shown that with an appropriate high-temperature anneal process very low
saturation currents of 20 and 24 fA cm™? for boron and phosphorus emitters, respectively, can be achieved {222]. This would allow
in both cases open-circuit voltages above 700 mV.

An interesting feature of ion implantation is the in sity masking of implantation allowing locally defined doping profiles. This
feature was utilized to generate monocrystalline cells with ion-implanted selective emitters. Efficiencies of greater than 19% have
been achieved [258]. Local doping is even more interesting for interdigitated back-junction solar cells with their complex doping
pattern on the rear. Using this technique, efficiencies of up to 20% have been reported [259].

1.16.7 Gonclusion

This chapter on the current status and new activities of crystalline silicon PV could only give a small insight into the enormous
spectrum of research and technology activities in this field and is thus condemned to incompleteness. On the other hand, this is also
a very good sign for the sustainability of crystalline silicon PV. The strong research activities show that crystalline silicon PV, which is
often regarded as the ‘old technology’ of PV, is alive and kicking and will remain so in the coming decades. To ensure such a bright
future, a strong cooperation between research and industry is crucial.
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