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3.5.6

The FF is a function of V¢ (equation 3.134), so

—kT InX
FFXsuns
Xsuns __ 1 q
n suns __ n sun ( FFlsun ) 1+ V]sun i (3165)

Both factors multiplying the 1 sun efficiency increase as the illumination concentration
increases. Therefore, the efficiency of concentrator cells increases as the illumination
concentration increases, as shown in Figure 3.25.

Of course, there are many obstacles to achieving this. Concentrator cells must be
cooled, since an increase in operating temperature reduces Voc, and hence the cell effi-
ciency. The FFX*"™ eventually decreases with increasing X and current due to the parasitic
series resistance. Concentrator solar cells are discussed in more detail in Chapter 11.

High-level Injection

In high-level injection, the excess carrier concentrations greatly exceed the doping in
the base region, so Ap ~ An ~ n = p if the carriers are moving generally in the same
direction. This occurs with back-contact solar cells, such as the silicon point-contact solar

1.30
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n(X suns)/n(1 sun)
O
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Figure 3.25 Relative efficiency as a function of illumination concentration
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i A

/— Antireflective layer

n-type base

[ )
¥ Metal contacts —/

Figure 3.26 Schematic of a back-contact solar cell

cell [22], as illustrated in Figure 3.26. Since both electrical contacts are on the back,
there is no grid shadowing. These cells are typically used in concentrator application and

high-level injection conditions pervade. Assuming high-level injection, a simple analysis
is possible.

Returning to equations (3.76) and (3.77), it can be seen that in high-level injection,
the electric field can be eliminated (it is not necessarily zero), resulting in the ambipolar
diffusion equation

&p p

ke A
dx?2 1,471,

where the ambipolar diffusion coefficient is given by

BB
" D,+D,

a

(3.167)

The ambipolar diffusion coefficient is always less than the larger diffusion coefficient and
greater than the smaller one.

In silicon, where D, /D, ~ 3 over a wide range of doping, the ambipolar diffu-

sion coefficient is D, ~ 3/2D, ~ 1/2D,, and, if we also assume T, A T,, the ambipolar
diffusion length is

Lo~ 3L, ~L,. (3.168)
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3.5.7

3.5.8

Thus, the increased high-injection lifetime (see equation 3.40) offsets the reduced ambipo-
lar diffusion coefficient.

It is crucial that the front surface of a back-contacted cell be well passivated,
so we will assume that S = 0. We will further assume that optical generation is uni-
form throughout the base region. At open circuit, with these assumptions, d* p/dx* =0
and therefore

Voc = ] In [M] . (3.169)
q nj
The short-circuit current (with p >~ 0 at the back of the cell) is
Isc = qAL,G sinh(Wg/L,) (3.170)
which, when L, > Wpg, becomes
Isc = qAWRG. (3.171)

p-i-n Solar Cells

The p-i-n solar cell takes advantage of the fact that in many semiconductor materials,
especially direct band gap semiconductors (i.e. large absorption coefficient), most of the
electron—hole pairs are created very near the surface. If an intrinsic (undoped) layer is
placed between the (very thin) n and p regions, the depletion region thickness is the most
significant fraction of the total solar cell thickness, as illustrated in Figure 3.27. Carrier
collection is now aided by the electric field in the depletion region, which helps offset
the low lifetimes in some materials, such as amorphous silicon (see Chapter 12). The
I-V characteristic of a p-i-n solar cell can be described with minor modifications to the
previously derived expressions. The most significant modification is to equation (3.129)
where the depletion width is now written as

Wp=xv+ Wi+ xp (3.172)

where W is the thickness of the intrinsic layer. Since xy and xp are very thin, short-
base approximations are in order for equations (3.127) and (3.128). Also, there is no BSF
(Ssp —> 00).

Detailed Numerical Modeling

While analytic solutions such as those discussed thus far in this chapter provide an intuitive
understanding of solar cell performance and are therefore very important, they are limited
in their accuracy due to the many simplifying assumptions that must be made in order
to obtain them. It is rather straightforward to solve the semiconductor equations numer-
ically without the need to make so many simplifications. Several computer codes have
been written that solve the semiconductor equations for the explicit purpose of modeling
solar cells — PC-1D [23], AMPS [24], ADEPT [25], and its predecessors [16, 26, 27], for
example. The basic design of these computer programs is very similar. The semiconductor
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7.1 INTRODUCTION

Crystalline silicon solar cells and modules have dominated photovoltaic (PV) technology
from the beginning. They constitute more than 85% of the PV market today, and although
their decline in favor of other technologies has been announced a number of times, they
presumably will retain their leading role for a time, at least for the next decade.

One of the reasons for crystalline silicon to be dominant in photovoltaics is the
fact that microelectronics has developed silicon technology greatly. On the one hand, not
only has the PV community benefited from the accumulated knowledge but also silicon
feedstock and second-hand equipment have been acquired at reasonable prices. On the
other hand, Microelectronics has taken advantage of some innovations and developments
proposed in Photovoltaics.

For several decades, the terrestrial PV market has been dominated by p-type
Czochralski silicon substrates. Continuous improvements in performance, yields and reli-
ability have allowed an important cost reduction and the subsequent expansion of the
PV market. Because of the lower cost of mc-Si wafers, multicrystalline (MC) silicon
cells emerged in the 1980s as an alternative to single-crystal ones. However, their lower
quality precluded the achievement of similar efficiencies to those of Cz, so that the
figure of merit $ W~! has been quite similar for both technologies over a long time (see
Table 7.1).

Deeper understanding of the physics and optics of the mc-Si material led to
improved device design, which allowed a wider spread of the technology. A combination

Handbook of Photovoltaic Science and Engineering. Edited by A. Luque and S. Hegedus
© 2003 John Wiley & Sons, Ltd ISBN: 0-471-49196-9
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Table 7.1 Breakdown of costs of fabrication of sin-
gle-crystalline (SX) and multicrystalline (MC) solar
cells (corresponding to year 1990) [1]

Item SX MC
Pure Si 38 38
Ingot formation 115 35
Sawing Tl 17
Wafer cost 230 150
Cell fabrication 80 80
Total components 310 230
Yield 0.95 0.9
Cell cost 326 256
Module assembling 75 75
Lamination 75 75
Module cost (Euro m~?%) 476 406
Efficiency 0.14 0.12
Module cost (Euro Wp~1) 3.40 3.38

Table 7.2 Market share of monocrystalline and multicrystalline solar

cells [2]

Year Cz-Si solar cells MC-Si solar cells
Output Market share Output Market share
MW] [%] MW] [%]

1996 48.7 55 28.4 32

2000 92.0 32 146.7 51

of improved material quality and material processing has allowed higher efficiencies at a
still lower cost, increasing the share of MC in the PV market, well ahead of monocrys-
talline. Recent evolution of the market can be seen in Table 7.2 [2].

This chapter offers an overview of silicon solar cell and module technology. First,
Si properties justifying its use as photovoltaic material are presented. Then, design of
Si solar cells is reviewed, highlighting the benefits and limits of different approaches.
Manufacturing processes are described, paying special attention to technologies that are
currently implemented at the industrial level, mostly based on screen-printing metallization
technology. Considerations of ways of improving solar cell technology are also speci-
fied. Peculiarities of multicrystalline material are explained in Section 7.6, while other
approaches that are already in industrial production are also described briefly. Next, crys-
talline Si modules are reviewed, pertaining to electrical performance, fabrication sequence
and reliability concerns.
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7.2 CRYSTALLINE SILICON AS A PHOTOVOLTAIC
MATERIAL

7.2.1 Bulk Properties

Crystalline silicon has a fundamental indirect band gap Eg = 1.17 eV and a direct gap
above 3 eV [3] at ambient temperature. These characteristics determine the variation of
optical properties of Si with wavelength, including the low absorption coefficient for
carrier generation for near band gap photons [4]. At short ultraviolet (UV) wavelengths
in the solar spectrum, the generation of two electron—hole pairs by one photon seems
possible, though quantitatively this is a small effect [5]; at the other extreme of the
spectrum parasitic free-carrier absorption competes with band-to-band generation [6]. The
intrinsic concentration is another important parameter related to the band structure; it links
carrier disequilibrium with voltage [7].

At high carrier densities, doping- or excitation-induced, the band structure is altered
leading to an increase in the effective intrinsic concentration: this is one of the so-called
heavy doping effects that degrade the PV quality of highly doped regions [8].

Recombination in Si is usually dominated by recombination at defects, described
with Shockley—Read—Hall (SRH) lifetimes. The associated lifetime ¢ (which can also
be described in terms of diffusion length L) increases for good quality materials. Auger
recombination, on the contrary, is a fundamental process that becomes important at high-
carrier concentration [9]. The Auger coefficients are reported to be higher at moderate
carrier densities due to excitonic effects [10]. Band-to-band direct recombination is also
a fundamental process but quantitatively negligible (it is instructive, however, to notice
that record-efficiency solar cells have such extraordinarily low SRH recombination levels
that they perform as 1%-efficient light-emitting diodes, that is, radiative recombination is
significant [11]).

At low and moderate doping, electrons present mobilities about three times higher
than holes, both limited by phonon scattering. Impurity scattering dominates for higher
doping densities [12, 13]. Carrier—carrier scattering affects transport properties in highly
injected material [14].

7.2.2 Surfaces
7.2.2.1 Contacts

Contacts are structures built on a semiconductor surface that allow charge carriers to flow
between the semiconductor and the external circuit. In solar cells, contacts are required
to extract the photogenerated carriers from the absorbing semiconductor substrate. They
should be selective, that is, should allow one type of carrier to flow from Si to metal
without energy loss while blocking the transport of carriers of the opposite type.

Direct Si-metal contacts, in general, do not behave this way. As an exception,
good hole contacts to highly doped p-Si substrates with aluminum are possible. But the
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most used approach is to create heavily doped regions under the metal, p-type for hole
extraction and n-type for electron extraction. Majority carriers in this region can flow
through the contact with low voltage loss. The transport of minority carriers is described
by a surface recombination velocity (SRV), S. Although the SRV is high, limited only by
thermal diffusion so that § = 10 cm-s~! [15], the concentration of minority carriers, for
a given pn product, is suppressed by the high doping and the flow is reduced.

As will be seen later on, the contact for the minority carriers is usually placed at
the front (illuminated) face of the substrate, and the corresponding heavily doped layer is
usually called emitter. The doped region under the majority carrier contact at the back is
called a Back Surface Field (BSF).

Recombination at these heavily doped regions is described by the saturation cur-
rent density Jp that includes volume and true contact recombination. Their thickness w
should be much higher than the minority-carrier diffusion length L so that few excess
carriers reach the contact, and the doping level must be very high to decrease contact
resistance and the minority-carrier concentration, although heavy doping effects may limit
the doping level advisable for such regions. The recombination activity of BSF layers is
often described in terms of an effective SRV instead of the saturation current density.

Typical 107" to 10712 A.cm™2J, values are achieved [16, 17]. Diffused phos-
phorus is used for n-contacts. Aluminum alloying has the advantages over boron for
p-contacts that very thick p* layers can be formed in a short time at moderate temperatures
and that gettering action is achieved [18]. As a shortcoming, the p™ layer is nonhomoge-
neous and can even be locally absent; the obtained Jj is larger than expected for a uniform
layer. In comparison to aluminum, boron offers higher doping levels because of a larger
solubility [19] and transparency to light so that it can also be used at illuminated surfaces.

Other structures have been tested to obtain selective contacts: metal-insulator-
semiconductor (MIS) contacts [20], polysilicon contacts [21] and heterojunction to a-Si
or other wide band gap material [22].

7.2.2.2 Noncontacted surfaces

Because of the severe alteration of the bonding of Si atoms, a large number of band gap
states exist at a bare Si surface which, acting as SRH recombination centers, make the
SRV very large, around 10° cm-s~! [23, 24]. In order to reduce surface recombination,
two main approaches are followed [25].

In the first one, the density of electron surface states in the gap is decreased. This
is accomplished by depositing or growing a layer of an appropriate material that partially
restores the bonding environment of surface Si atoms. This material must be an insulator.

Thermal SiO, is grown in an oxygen-rich atmosphere at the expense of substrate
Si atoms at high temperatures around 1000°C. SiN, is deposited by plasma-enhanced
chemical vapor deposition (PECVD) [26] at low temperatures between 300 and 400°C
range. The quality of both techniques is very sensitive to subsequent treatments, with
hydrogen playing a major role in obtaining low SRV values below 100 cm-s~!.

As a general rule, S increases with the doping of the substrate [23, 24]. It also
depends on the injection level and doping type, because the interfaces contain positive
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charges that affect the number of carriers at the surface, and because the capture probability
for electrons and holes is different [27]. N-type or intrinsic surfaces are usually better
than p-type ones. Stability under UV exposure is another fundamental concern.

In the second approach, the excess carrier density at the interface is decreased
relative to the bulk. This effect has already been commented upon with respect to contacts
and results in a reduced effective SRV at the bulk edge of the corresponding space charge
region. It can be produced by charges in the surface layer, by the electrostatics associated
to a MOS structure [28] or by doping.

The surface layer can be accumulated or inverted, or, correspondingly, doped with
the same or the opposite type of the substrate. Its recombination activity is better described
by a constant saturation current density, Jo, whose minimization follows the same rules
as mentioned for the contacts if S at the surface is high. On the contrary, if S is low when
compared to D/L for minority carriers (with D the diffusion constant and L the diffusion
length in the substrate) in the surface layer, it is better for it to be thin or “transparent”
to minority-carrier flow (w < L). The optimum doping level is a compromise between
reduction of the excess carriers, and heavy doping effects and the increase of the SRV
with doping. Moderate doping levels are favored in this case. Under passivated surfaces,
Jo values around 10~'* A.cm™2 are achievable, with phosphorus-doped substrates giving
better results than boron-doped ones [16, 17].

In conclusion, recombination at a noncontacted surface can be made much smaller
than at a metallized one, and this has a deep influence in the evolution of Si solar
cell design.

7.3 CRYSTALLINE SILICON SOLAR CELLS
7.3.1 Cell Structure

Several studies have been carried out to find the limiting efficiency and the optimum
structure of a-Si solar cell [29-31]. All avoidable losses are assumed to be suppressed:

1. no reflection losses and maximum absorption as achieved by ideal light-trapping
techniques,

2. minimum recombination: SRH and surface recombination are assumed avoidable and
only Auger recombination remains,
3. the contacts are ideal: neither shading nor series resistance losses,

4. no transport losses in the substrate: the carrier profiles in the substrate are flat so that
recombination is the minimum possible for a given voltage.

The optimum cell should use intrinsic material, to minimize Auger recombination and
free-carrier absorption, and should be around 80-pm thick, the result of the trade-off
between absorption and recombination. It could attain nearly 29% efficiency at one sun
AM1.5 Global, 25°C [30].

This ideal case does not tell us where to put the contacts. To realize Condition
4 mentioned above, the contacts should be located at the illuminated or the front face,
closest to photogeneration (Figure 7.1a). Because of metal shading losses this threatens
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Figure 7.1 Contacting structures: (a) both contacts at the front; and (b) at the back; (c) both faces
contacted; and (d) one carrier extracted at both faces. The structures with interchanged n- and
p-types are also possible

Condition 3 mentioned above. This solution is being considered for concentration [32].
Putting both contacts at the back works the other way round (Figure 7.1b). Back-contacted
cells exhibit record efficiencies under concentration and demonstrate very high values near
23% at one sun [33].

In most cells, each contact is placed on a different face, which is technologically
simpler (Figure 7.1c). Minority carriers in the substrate are usually collected at the front
since their extraction is more problematic because of their low density. The diffusion
length describes the maximum distance from where they can be collected. Majority carriers
can drift to the back contact with low loss. Several designs extract minority carriers both
at the front and at the back (Figure 7.1d) [34], thus increasing the volume of profitable
photogeneration.

Bifacial cells are designed to collect light incident at both faces, which allows a
boost in output power if there is a significant albedo component. They can be imple-
mented with any structure in Figure 7.1 on the condition that both surfaces allow light
through [35].

Both 24.7% record-efficiency laboratory solar cells [36] (Figure 7.2a) and mass-
produced industrial devices (Figure 7.2b), typically 15% efficient, display the contacting
structure in Figure 7.1(c). They will be described in the paragraphs that follow with the
aim of illustrating the amplitude and the reasons for the performance gaps between the
ideal and the best Si cell, and between this cell and industrial cells.-

7.3.2 Substrate
7.3.2.1 Materials and processing

Highest efficiencies are achieved with monocrystalline float zone (FZ-Si) material, which
in addition to extreme crystalline perfection shows the lowest contamination levels of both
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Figure 7.2 (a) Passivated emitter and rear locally diffused (PERL) cell; and (b) industrial cell
with screen-printed contacts. (Not to scale)

metallic and light (O, C, N) impurities. This translates into the longest post-processing
SRH lifetimes in the millisecond range, but still shorter than the Auger limit. Magnetic
Czochralski (MCz) material contains much less oxygen than conventional Czochralski
and also allows very high efficiencies to be obtained [36].

Industrial cells use Czochralski (Cz-Si) wafers because of their availability. Cz
wafers are also perfect crystals but they contain a high concentration of oxygen that affects
lifetime in several ways [37]. Some commercial devices are made on multicrystalline
(mc-Si) substrates grown in blocks or ribbons with procedures specially developed for
photovoltaics. In addition to crystal defects, such as grain boundaries and dislocations, the
potential content of metallics is higher because of lower segregation to the melt during
the faster solidification process. As a result, the lifetime of mc-Si is lower.
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But lifetime is important at the end of solar cell fabrication during which it can
undergo strong variations. This issue is handled in different ways in a laboratory and a
factory environment. In the laboratory, measures are taken to maintain long initial lifetimes
by avoiding contamination during high-temperature steps: furnace cleaning, ultra pure
chemicals and so on. In a rough, industrial environment and with defect-containing (Cz-
and mc-Si) materials, the problem is more complex: in addition to contamination from
the surroundings, impurities and defects in the substrate move, interact and transform
at high temperature. The solution is to integrate gettering steps [38] in the fabrication
flow that reduce the impact of contamination, and to tailor the thermal treatments to
the peculiarities of the material. Final substrate lifetimes of industrial cells range from 1
to 10 ws.

Gettering techniques eliminate or reduce contaminant impurities in a wafer, and
so neutralize the effect of lifetime reduction. Although gettering processes are not always
well understood, it is admitted, in general, that in a gettering process a sink region is
formed, which is able to accommodate the lifetime-killing impurities in such a way that
they are not harmful to the device being manufactured, or at least they are where they
can be easily removed.

In solar cell fabrication, we take advantage of the fact that phosphorus and alu-
minum diffusions, appropriate candidates for emitter and BSF layers, respectively, produce
gettering in certain conditions [39]. Other techniques have been explored [40, 41], but
their integration in a solar cell process is not so straightforward.

P gettering effect has been proved for a wide variety of P diffusion techniques
(spin-on, POCl3, PHj etc), provided diffusion is done in supersaturation conditions (i.e.
over its solid solubility in silicon). Unfortunately, this leaves a “dead layer” of electrically
inactive phosphorus near the surface, which reduces UV response of the cells in case it
is not etched away [42]. Another phenomenon related to this supersaturated P is the
injection of silicon self-interstitials to the bulk of the material, which is responsible for
an enhancement of the gettering effect [43].

When Al is deposited on Silicon (by different techniques such as sputtering, vacuum
evaporation or screen printing) and annealed over the eutectic temperature (577°C), a
liquid Al-Si layer is formed, where impurities tend to segregate because of their enhanced
solubility [44]. They will remain in this gettering layer while cooling, so that bulk lifetime
will improve after the process.

Another approach to improve material quality is “bulk passivation”, a treatment
with hydrogen, for example, during SiN, deposition, to which some defected materials
respond very well [45].

7.3.2.2 Doping level and type

Both laboratory record-efficiency and industrial cells use boron-doped substrates. Rather
than fundamental advantages [46], there are practical (properties of P diffusion, easiness
of Al alloying) and historical reasons for this preference [47]. However, the situation may
change once the role of boron in the degradation of Cz-Si cells under illumination has
been established [48].
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The optimum substrate doping depends on the cell structure and dominant recom-
bination mechanism. Though intrinsic substrates present the advantage of highest Auger-
limiting lifetimes, higher doping is favored when SRH recombination is present, since
recombination is proportional to the excess density that decreases, for a given voltage, as
doping increases [29]. This is balanced with a reduction of the lifetime itself.

A high doping also helps in minimizing the series resistance losses associated to
the transport of carriers to the back face in thick cells with the majority carrier contact at
the back.

Doping levels in the 10'® cm™3 range are found in the substrate of industrial cells.
Very high efficiencies have been obtained with both low (1 Q-cm for PERL cells) and
high substrate resistivities, as in the point-contact cells [33].

7.3.2.3 Thickness

From the point of view of electrical performance, the choice of the optimum substrate
thickness also depends on the structure and the quality of the materials and involves
several considerations. In cells with diffusion lengths longer than the thickness, the most
important issue is surface recombination: if S at the back is higher than D/L for the
minority carriers in the substrate (around 250 cm-s~! for the best cells), thinning the cell
increases recombination at a given voltage, and vice versa. Thinner cells always absorb
less light as well, which is attenuated by light-trapping techniques. Passivated emitter and
rear locally diffused (PERL) cells were reported to improve when going from 280- to
400-pm thickness because of a (relatively) high rear surface recombination and nonideal
light-trapping [49].

The losses associated with the transport of carriers extracted at the nonilluminated
face decrease with thinning: in conventional structure cells; this leads to decreased series
resistance. In back-contacted cells, both types of carriers benefit from thinning and the
trade-off in absorption leads to lower w values, around 150 to 200 pm.

The diffusion length of industrial cells (around 100 wm) is generally lower than
thickness. These cells are rather insensitive to thinning because they collect only the
generation near the contact and are not affected by rear surface recombination. The
driving criteria are cost and fabricability. A thickness in the 200- to 300-wm range is
usually employed but there is a clear trend toward thinner wafers for saving expensive
silicon material [47], and advanced wafering techniques and procedures to process very
thin, large-area substrates without breaking are being developed: light-trapping and back
recombination will become increasingly important.

7.3.3 The Front Surface
7.3.3.1 Metallization techniques
Metal grids are used at the front face to collect the distributedly photogenerated carriers.

The compromise between transparency and series resistance requires metallization tech-
nologies able to produce very narrow but thick and highly conductive metal lines with
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a low contact resistance to Si. Laboratory cells use photolithography and evaporation to
form 10- to 15-wm metal fingers. Ti/Pd/Ag structures combine low contact resistance to
n-Si and high bulk conductivity. These processes are not well suited to mass produc-
tion that relies on thick-film technologies. Ag pastes are screen printed, resulting in over
100-pm wide lines with higher bulk and contact resistance. Laser-grooved buried-grid
(LGBG) industrial cells implement a finer metallization technology [50], which will be
presented in Section 7.7.3.

Coarser metallization techniques imply higher shading and resistance losses, and
restrict the efficiency enhancement that could be achieved by internal cell design.

7.3.3.2 Homogeneous emitters

Under the metal lines, the substrate must be heavily doped to make the contact selective.
Usually the doped region, the emitter, extends all across the front surface, acting as a
“transparent electrode” by offering minority carriers in the substrate a low resistance path
to the metal lines.

When the exposed surface is not passivated (Figure 7.3a), the emitter should be
as thin as possible, because the high SRV makes the light absorbed in this region poorly
collected, and also highly doped to decrease recombination. On the other hand, a sufficient
low-sheet resistance is to be achieved. The solution is to make very thin and highly doped
emutters.

If the surface is passivated (Figure 7.3b), the collection efficiency of the emitter can
be raised by lowering the doping level thus avoiding heavy doping and other detrimental

Passivating Metal
layer

ot emitter

p substrate

(b)

Passivating Metal Passivating Metal
layer

p substrate p substrate

© (@

Figure 7.3 Different emitter structures: (a) homogenous emitter without surface passivation;
(b) homogenous emitter with surface passivation; (c) selective emitter; and (d) localized emitter
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effects. This must be balanced with contact resistance. Etching off of the passivating
layer before metallization is usually needed (not in screen-printed cells). To maintain
low sheet resistance and diminish recombination at the metallized fraction, the emitter
is deep (around 1 pm). Note that the collection of carriers near the surface implies that
the emitter is thin in terms of the minority-carrier diffusion length (w < L) and so it is
very sensitive to surface recombination. Recombination is further reduced, by making the
contact window narrower than the finger width, as illustrated in Figure 7.3 [51].

Control of both the surface concentration and the depth of the emitter, is achieved
by depositing, in a thermal step, the desired amount of phosphorus or boron (predeposition)
and then diffusing it into the substrate (drive-in) during subsequent furnace steps. The MIS
solar cell, on the contrary, uses no diffusion for the n region, which is electrostatically
induced by charges on top of the surface [20].

The Jy of the emitter is the average, weighted by the contacted area, of the Jy of
contacted and noncontacted portions.

7.3.3.3 Selective and point emitters

A further improvement involves making separate diffusions for the different regions since
the requirements are so different (Figure 7.3c) [52]: a heavily doped and thick region
under the contacts, a thin and lowly doped region under the passivating layer. These
structures, known as “selective emitters”, come at the expense of more complicated pro-
cessing usually involving photolithographic delineation and alignment of the diffusions
(not in LGBG cells to be seen later).

If a very low SRV is possible, it would be best to have no emitter at all since
doping always degrades bulk lifetime (Figure 7.3d). Examples are the back point-contact
solar cell and the point-emitter design with bifacial contact [53], originally designed for
concentration but capable of very high one-sun efficiency as well.

With localized contacts, surface recombination decreases with the penalty of an
increase in transport losses in the substrate: deeper gradients for minority carriers, or
increased series resistance for majority carriers, because of current crowding near the
contacts. The trading is more favorably solved as the contact size shrinks [54]. Light
and/or localized diffusions also have the drawback of decreased gettering action.

7.3.3.4 Industrial cells

Screen printing drastically affects the design of the emitter: it must be very highly doped
to decrease the high-contact resistance and not very shallow so that it is not perforated
during paste firing, which would short-circuit the junction [55]. Besides, the wide metal
lines must be placed well apart; and in order to keep shading losses moderate, the emitter
lateral conductance must be high, which also advises deep and highly doped regions.
These characteristics are good to decrease recombination at the contacts, but are far from
optimum at the exposed surface.

Industrial phosphorus emitters, typically, feature surface concentrations over
10% cm~ and 0.4-pwm depth, and result in a sheet resistance around 40 Q. As already
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7.34

7.3.5

mentioned, the very highly doped region exhibits almost no photovoltaic activity due to
the presence of precipitates (“dead layer”). As a result, the collection of short-wavelength
light is very poor and the Jy large, irrespective of a hypothetical surface passivation is
therefore not implemented. The advantage is that heavy phosphorus diffusions produce
very effective gettering. Some ways of incorporating selective emitters to screen-printed
cells are being considered, SiN, appearing very well suited for surface passivation [55].
This, however, must be accompanied by a decrease in the finger width so that lower sheet
resistances are tolerated.

The Back Surface

The majority carrier, back p-contact of industrial solar cells is usually made by printing,
and subsequently, firing an aluminum-containing Ag-conducting paste.

The p* layer would be useful in decreasing contact recombination, as explained,
but this is immaterial to the electrically thick (w > L) present industrial cells and it is
not optimized for this purpose.

For high-efficiency cells, contact passivation is essential. A BSF is a first step
(Figure 7.4a). Localized contacts, as shown in Figure 7.4(b), further reduce recombination.
This structure is presented by some of the bifacial cells [56].

If the surface passivation is good, the BSF is restricted to point contacts, some
microns in size, as in PERL and similar cells (Figure 7.4c) [57]. The back face of bifacial
cells passivated with SiN, is shown in Figure 7.4(d).

A shallow and light diffusion helps in decreasing surface recombination
(Figure 7.4e). The diffusion can be the same type of the substrate, or the opposite one: so-
called PERT (Passivated emitter rear totally diffused) [36] and PERF (Passivated emitted
rear floating junction) [58] cells demonstrate these concepts. The latter structure benefits
from the lower Jy values of n layers, and it is essential that no electron flow is injected
from the n region to the p contact: the junction must be in open-circuit (a “floating”
junction). Note that this structure has nothing to do with structures sometimes found at
the back of industrial cells (Figure 7.4f) where a coarse metal mesh is fired through the
parasitic n* layer formed during front diffusion. A mesh is preferred to a continuous layer
for mechanical reasons. The junction is shorted and presents to the substrate a high SRV.

Size Effects

Substrate edges are highly recombining surfaces that adversely affect cell performance,
especially for small size, large diffusion length devices. For laboratory cells, efficiency
is defined on the basis of a design area. The emitter is limited to it by planar masking
or mesa etching. The true edge is thus placed far away from the cell limit, and then
recombination is reduced. For real applications, on the contrary, only the substrate area
counts, and edge optimization is more complex. Advanced passivation schemes such as
edge diffusions are being considered [59, 60]. In large industrial cells, this recombination
is much less important.
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Figure 7.4 Rear contact structures: (a) continuous BSF; (b) bifacial cell; (c) local BSF; (d) local
BSF, bifacial cell; (e) selective emitter or floating junction passivation; and (f) shorted junction at
the back face of industrial cells
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Large cell sizes are preferred by the industry, 10 x 10 cm? or 12.5 x 12.5 cm?
being standard. Apart from fabricability concerns, a bigger cell means that more current
must be collected at the terminals, making Joule losses grow: the longitudinal resistance
of the metal lines increases quadratically with their length. This problem, more severe for
coarser metallization techniques, decreases efficiency with increasing size. To alleviate
series resistance at the price of increased shading, terminals are soldered to metal bus
bars inside the cell’s active area, thus decreasing the distance from where current must
be collected along the fingers.

7.3.6 Cell Optics

Flat plate solar cells in operation are illuminated from a large portion of the sky, not only
because of the isotropic components of radiation, but also because of the sun’s apparent
motion over the day and the year. So, with regard to angular distribution, these cells must
accept light from the whole hemisphere. The spectral distribution also varies with time,
weather conditions, and so on. For calibration purposes, a standard spectral distribution
AML.S5 Global is adopted as a representative condition, usually specified at 0.1 W-cm™2.

A solar cell should absorb all useful light. For nonencapsulated cells, the first optical
loss is the shading by the metal grid at the illuminated face, if any. This loss can amount
to more than 10% for industrial cells while for laboratory cells using fine metallization it
is much lower. Though several techniques have been proposed to decrease the effective
shading, such as shaped fingers, prismatic covers, or cavities [61], their efficacy depends
upon the direction of light and so they are not suited to isotropic illumination.

7.3.6.1 Antireflection coatings

Next, loss comes from the reflectance at the Si interface, more than 30% for bare Si in air
due to its high refraction index. A layer of nonabsorbing material with a lower refraction
index (narc) on top of the Si substrate decreases reflectance: this is a step toward the zero-
reflection case of a smoothly varying refraction index. If the layer is thick in terms of the
coherence length of the illumination, around 1 wm for sunlight, there are no interference
effects inside it. The encapsulation (glass plus lamination) belongs to this category.

Antireflection coating (ARC) means an optically thin dielectric layer designed to
suppress reflection by interference effects. Reflection is at a minimum when the layer
thickness is (an odd multiple of) narcAo/4, with A the free space wavelength, since
in this case reflected components interfere destructively. At other wavelengths reflection
increases, but is always below the value with no ARC or, at most, equal [62]. The ARC
is usually designed to present the minimum at around 600 nm, where the flux of photons
is a maximum in the solar spectrum. For reflection to become zero at the minimum, the
coating index should be the geometric average of those of air and silicon, that is, 2.4 at
600 nm for nonencapsulated cells.

The industry uses TiO, deposited by chemical vapor deposition (CVD). PECVD
SiN, is very interesting since it also serves as a passivating layer, as explained earlier.

By using double layer coatings with A/4 design, with growing indices from air to
silicon, the minimum in reflection is broader in wavelength. Evaporated SZn and MgF»
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are used in laboratory high-efficiency cells. The low index of passivating SiO, in contact
with Si degrades the performance of the ARC. The SiO, layer is then made as thin as is
compatible with efficient passivation [63].

7.3.6.2 Texturing

Alkaline (KOH or NaOH-based) solutions etch anisotropically a-Si crystal exposing
{111} planes on which the etching rate is lowest. On [1 O O]-oriented wafers, ran-
domly distributed, square-base pyramids are formed, whose size is adjusted to a few
microns by controlling etching time and temperature. In a textured face, a ray can be
reflected toward a neighboring pyramid (Figure 7.5a) and hence absorption is enhanced.
Though calculation of reflection requires ray tracing, a rough estimate of near-normal
incidence can be derived, by assuming that each ray strikes twice the Si surface so that
reflection is the square of the untextured case.

Texturing is incorporated into both industrial and laboratory Si solar cells, and, in
combination with antireflection (AR) coating, reduces reflection losses to a few percent.
In the latter case, in order to better control the pyramid geometry and to allow delineation
of fine features on the surface, photolithographic techniques are used to define inverted or
upright pyramids at the desired positions. It has to be noted that in this case the reflectivity
is similar to that of a random texture [64].

Light entering the substrate at a textured surface is tilted with respect to the cell nor-
mal. This means that photogeneration takes place closer to the collection junction, which
is very beneficial for low-diffusion length cells, by enhancing the collection efficiency of
medium- to long wavelengths (Figure 7.5a). The effect is equivalent to an increase of the
absorption coefficient. As a drawback, textured surfaces present higher SRVs.

7.3.6.3 Light-trapping

Long-wavelength photons are weakly absorbed in silicon, and, unless internal reflectances
are high, they will escape the substrate without contributing to photogeneration. The aim
of light-trapping or light confinement techniques is to achieve high internal reflectances.

() (b)

Figure 7.5 Effects of surface texturing: (a) decreased reflection; and (b) increased photogenera-
tion in the base
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Practical back mirrors that are fully compatible with the cell electrical design,
can be implemented, such as those schematized in Figure 7.4. A metal can make a good
reflector, but Al especially after heat treatment, gives low reflectance. The Si-oxide-metal
structure in Figure 7.4(c) can present a high reflectance by capitalizing on interference

effects [65]-

At the front, the metal mirror is not applicable because the ray paths must be kept
open for the entering light. Still, high front reflectance can be achieved because of total
internal reflection [61]. Rays striking the surface at angles larger than the critical air-Si
one are totally reflected. Texturing one or both surfaces with macroscopic or microscopic
features serves this purpose by tilting the rays. Even in the case of geometric texturing
with well-defined surface orientations, after a few internal reflections, the direction of
rays inside the wafer is randomly distributed: this is the lambertian case, useful analytic
approximation to light-trapping. Bifacial structures in Figure 7.4 can, for the same reason,
be very efficient at confining the light [66].

Light-trapping increases the effective thickness of the wafer for absorption. In the
geometrical optics regime, it has been shown that for one-side isotropic illumination the
maximum enhancement factor (though perhaps not realizable) is 4 (nsi/ nair)?, that is,
each ray traverses 50 times the cell thickness before escaping [67]. The corresponding
enhancement in photogeneration will be lower because of the competition of the absorption
by free cartiers at long wavelength.

Light-trapping is essential for thin cells. Even in the thick PERL design it can
suppose around 1 mA-cm~2 enhancement in short-circuit current with respect to the case
where the internal reflectances were zero.

7.3.7 Performance Comparison

For illustration purposes, Table 7.3 collects relevant parameters of the Auger-limited ideal
Si solar cell [30], the best one-sun PERL cell [36] and a typical screen-printed, industrial
cell on Cz-Si. The different concepts behind each set of data must be accounted for
when comparing the figures. For instance, the ideal cell is assumed as being isotropically
illuminated, while measurements are made for near-normal incidence.

Table 7.3 Cell performance (25°C, AM1.5 Global 0.1 W-cm™2)

Cell type Ideal PERL Industrial
(calculated) (measured) (typical)
Size (cm?) = 4 . 100
Thickness (jvm) 80 450 300
Substrate resistivity (£2-cm) Intrinsic 0.5 1
Short-circuit current density, 0.0425 0.0422 0.034
Jsc (A-cm™2)
Open-circuit voltage, Voc (V) 0.765 0.702 0.600
Fill factor, FF 0.890 0.828 0.740
Efficiency, n (%) 28.8 24.7 15.0
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The most striking difference between the best and the ideal solar cell is the
difference in design: thick and low injection versus thin and high injection. The PERL
cell is surely the best design for the currently achievable levels of surface recombination,
which limit open-circuit voltage and shift the optimum thickness to high values. The low
resistivity follows then from transport considerations for the chosen structure. The very
high fill factor of the ideal cell is characteristic of high injection, Auger-limited operation.

Reduction of surface recombination in the best laboratory cells relies on surface
passivation and the restriction of very heavily doped regions to a minimum. In the end,
this is possible because of the possibility of defining and aligning very small features on
the surfaces.

The very heavily doped emitter, along with lower substrate lifetimes, is responsible
for the reduced short-circuit current and open-circuit voltage in the industrial cell. The
fill factor is affected by the large device area in conjunction with the limitations of the
metallization technique, which further reduces the current because of shading.

Continuous improvement in material quality and cost-driven thinning of the sub-
strates will increase the need for industrial cells to implement surface passivation schemes.
This will require the refinement of the metallization technique; another issue is that
substrate lifetimes in an industrial environment depend on the gettering action of very
heavy diffusions, which are not compatible with optimum surface performance. The PERL
approach — high-temperature processes and delineation of fine features — is the most suc-
cessful path to high efficiency, but it is not the only one that can inspire the forthcoming
developments in industrial cells. It is worth noting, in this respect, that heterojunction
with intrinsic thin-layer (HIT) solar cells have entered the exclusive club of more than
20% efficiency with a different approach (see Section 7.7.2).

7.4 MANUFACTURING PROCESS
7.4.1 Process Flow

Figure 7.6 shows the main steps of a simple process for solar cell fabrication based on
screen printing. With more or less minor modifications, this process is currently used
by many manufacturers. The main virtues of this 30-year-old PV technology are easy
automation, reliability, good usage of materials and high yield. The drawback, as explained
in preceding sections, is the efficiency penalty derived from the coarse and aggressive
metallization technique. Some specific treatments worked out for mc-Si will be explained
in Section 7.6.

Each step is briefly described in the following text with illustrative purposes: values
of temperature, time and so on will only be indicative.

1. Starting material: The industry uses so-called solar grade Cz-Si wafers, round in
origin but very often trimmed to a pseudo-square shape, or multicrystalline square
wafers. Wafer dimensions are between 10- and 15-cm side and between 200- and
350-pwm thickness. Doping is p-type (boron) to a resistivity of around 1 -cm.

2. Saw damage removal: The sawing operation leaves the surfaces of “as cut” wafers
with a high degree of damage. This presents two problems: the surface region is of
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Figure 7.6 A typical processing sequence with schematic illustrations of the resulting structures

a very bad quality and the defects can lead to wafer fracture during processing [68].
For this reason, about ten microns are etched off from each face in alkaline or
acid solutions. The wafers, in Teflon cassettes, are immersed in tanks containing the
solution under temperature and composition control. Alkaline etches are preferred to
acid solutions due to considerations of waste disposal.
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