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PREFACE

“In the history of technological development, there are past examples
where an apparently mature technology blossoms into its full state of
development only when facing the challenge from a newer
technology. This appears to be happening in the case of bulk silicon
solar cells. Since the early 1980's when thin film solar cell products
first became available commercially, there have been quite
remarkable improvements in bulk silicon cell performance. The
exciting fact is that, despite the magnitude of recent improvements, it
has become increasingly clear that there is plenty of potential for
further increase”.

So began the preface for the author's earlier research monograph
"High Efficiency Silicon Solar Cells” which was stimulated by the
first demonstration of 20% cell efficlency and the recognition of the
potential for even further improvement. A decade further on, about
half this potential has been realized in practice and some of the

ideas , then at a laboratory stage, are now appearing in production
and in field installations.

With the demonstration of viable production technology for obtaining
20% bulk cell efficiency, and the imminent explosion of interest in
thin film and polycrystalline silicon cells, it seems appropriate to
once again take stock of what we have learned and where we are
heading. The present text includes some of the basic material
incorporated into the earlier monograph previously mentioned, but
reworked in a style which may make it also suitable as a graduate
level textbook. It assumes a basic grounding in solar cell device

~operation, at the level of the author's text, "Solar Cells: Operating

- Principals, Technology and Systems Application” (also available
__from the author) as well as some familiarity with semiconductor
. Physics at a slightly more advanced level.
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Chapter

1

INTRODUCTION

Over the last decade, there has been rapid improvement in silicon
laboratory solar cell efficiency as shown in Fig. 1.1. Maximum

demonstrated efficiencies have increased from about 17% in 1983 to
above 24% in 1995.

Effici 9
3 iciency (%)

10+

.. 198D 1950 1960 1570 1980 1990 2000

“Figure 1.1: Evolution of Silicon Laboratory Cell Efficiency.

R

by

ilmlao'r’tantly, some of these improvements are filtering through to

commercial practice. For the 1993 World Solar Challenge, the solar
mrace across Australia from Darwin to Adelaide, several suppliers
Fere. able to provide silicon cells in kilowatt quantities of above 19%
Jefliciency with two groups able to supply cells above 21% [1.1]. At




the same time, one company had produced close to a megawatt of
large area cells of efficiency comparable to the best laboratory cells of
only a decade earlier [1.2]. :

Without any major technical breakthroughs, the cost of silicon cells
has also reduced quite markedly. Crystalline silicon technology has
already reached all that was expected of it in the ambitious program
of the US Government in the 1970's [1.3], only it has taken twice as
long as originally planned [1.4]. The important point is that these
cost reductions have not been driven by new technology, but by the
economies of scale and the learming experience associated with an
expanding industry [1.5]. Most of the laboratory improvements over
the last decade have not yet made commercial impact.

An important aspect of the original thinking about photovoltaic
development [1.3] was that, once benefits from improving crystalline
silicon technology had been exhausted, there would be a second
period of rapid cost reduction arising from a change from crystalline
silicon to a thin film technology.

At the present time, it seems as if there are several ways in which this
second phase of accelerated cost reduction could be realized. One
might be just by the incorporation of the lessons learned in the
laboratory in silicon cell design over the last decade into commercial
practice, combined with increased investment in production
technology. In this scenarlo, a 20% efficient photovoltaic panel based
on a low-cost, high-efficiency sequence, such as the buried contact
sequence described in Chapter 11, might be the final produet,
particularly if combined with stationary refractive concentrators to
reduce the required cell area. Anocther possibility would be that this
decrease in cost might come about by successful commercialization of
a thin film technology. At the present point in time, thin film
polycrystalline silicon appears one of the stronger candidates for the
long term. Of other candidates, hydrogenated amorphous silicon cell
development has not progressed at the rate anticipated in the mid-
1980's. Casting a wider net, the photovoltaic community could be
doing itself a disservice by promoting, as its ultimate solution, a
technology such as cadmium telluride which generates legitimate
environmental concerns. Similarly, the community could be accused
of a certain lack of ambition in promoting copper indium gallium
selenide as this final solution. given the limited contribution to global
energy requirements able to be made by a technology dependent

upon limited resources of indium and gallium [1.6).

Of technologies already identified, bulk silicon and thin film
polycrystalline silicon cells remain key contenders for providing this
long-term solution. By consolidating recent developments and
outlining possibie areas for future activity, the present book seeks to
contribute to the development of these cells. The book is split
roughly into two sections. The first treats the material parameters
and basic mechanisms important in silicon photovoltaic energy
conversion. It includes a thorough discussion of absorption
processes in silicon, particularly sub-bandgap processes, and a
detailed treatment of light trapping effects which will make sub-
bandgap absorption more important in future generations of cells.
Efficiency limits upon cell performance are discussed, as are the
material properties required to reach these limits. The second half of
the book deals with device structures. It includes an historical
review of the evolution of cell design, as well as a detailed treatment
of the device structures appropriate to the different areas of present
and future interest: crystalline cells, concentrating cells, cells
fabricated on ribbon and multicrystalline substrates, and thin film
silicon cells, including the very promising multilayer devices [1.7].
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CRYSTAL STRUCTURE
AND ENERGY BANDS

2.1 INTRODUCTION

The optical and electronic properties of silicon important in solar cell
operation are well explained by the electronic band theory of solids.
odic crystal with immobile

This theory models a solid as an ideal peri
ffects of vibrations of these nuclet about their

atomic nuclei. The €
equilibrium positions are decoupled by treatment as perturbations.
The "many-electron” problem presented by an actual solid is reduced
to the much simpler *one-electron” problem by describing the effect
f all other electrons by an average periodic
by discussing the

upon a single electron o
field. This chapter reviews this band theory
silicon's crystalline nature.

energy band structure resulting from

22 CRYSTAL STRUCT URE

ach silicon atom is covalently bonded
to its four nearest neighbours. The angle between the bonds is 109’
28'. The lattice is equivalent to two interleaved face-centred cubic
lattices. One is defined by the cube corresponding to the extremities
of the unit cell (Fig. 2.1), while the second is displaced by one-

quarter of the distance along the cube diagonal.

In the silicon lattice (Fig. 2.1), ©

Figure 2.1: Lattice Structure of Silicon.

y The primiti
e (]:e - sv;o;:lu ;n;l\i basis vectors, a; of the face-centred cubic
erimitive eell contrib g- 2.2. The atoms on the corners of th
D aine & primait: ute a total of one atom to the cell. This ;
remains & pri v; cell of the silicon lattice, but has an extra tceu
e .Sh a:::ce. the silicon lattice is technically a ct:pm.a ren;
acice 20 Lo s many of the symmetries of the face-cexftred
cuble o m Ml ome symmetries of the latter destroyed
primitive cell. oyed by the

- Figure 2.2: The Primi
2: tive Cell and the
Centred Cubic Space Lattice pasls Vectars of the Face




working with the primitive cell
work with the large cubic unit

cell apparent in both Figs. 2.1 and 2.2. This contains a total of 8
rthogonal set of basis

silicon atoms. Use of this unit cell allows an 0
vectors to be chosen in the directions along the edges of the cube.

The lattice constant, a, is the length of the side of the cube shown in
Fig. 2.1.

In the case of silicon, rather than
shown in Fig. 2.2, it is more usual to

23 SCHRODINGER WAVE EQUATION

s in a lattice of atoms are described by wave

Electron propertie
tions to the time-independent

functions, w, which are solu
Schrodinger wave equation 2.2]:

2
_ P ey aviny=Ev @2.1)
2my,

where his the reduced Planck constant, mgp is the free electron mass,
r is position within the lattice, vir) is the periodic crystal potential
including the contributions from both lattice atoms and the other

electrons in the crystal, and E is the electron energy.

mwhere did we get that from? Nowhere. It is not possible to
derive it from anything you know. It came out of the mind of

Schrodinger " - Richard Feynman [2.3].

C.T. Sah [2.4], however, does a good job of explaining how the
Schrodinger equation is @ logical synthesis of two classical laws - the
conservation of energy and Newton's force law, plus two gquantum
postulates, the Planck and de Broglie hypotheses. (Sah also gives an
elementary treatment of band theory at a good level relative to that of

Ref. [2.5]).

Technigues for solving Eq. (2.1) are now well developed. Due to the
periodicity of V(r), the solutions can be expressed in terms of Bloch

functions:

y, (k1) = u,(k, rexplik.r) (2.2)

is introduced as a quantum mechanical

where the wave vector k
indexing parameter, an extra variable of use in ordering the solutions

6

of Eq. (2.1). Equation (2.2) represent
o = . s a plane wave, exp(ik.
e :Zfﬁls)er th;of:mction, ug(k,r), which has the periodici)t;pi);ct,l'-l)(;
A Vah:lc ro a crystal incorporating a large number of lattice
B o osen for k will give allowed solutions of this form
functions of the ‘;:ilr:’ o:t:f1 Cl;qis [azn 2i;lﬁ$ltle s e T Wavé
. (2.2), ere each w i
zgg::p(:;(;f to an ial]owed energy level, E, (k). The 1:;rgnl(;3;n
consﬁtlzl o ﬂ:’lg t(})1L different values of k and the same value of :
const peﬁosicr:lit chrgr ?and. Since Ep(k) varies periodically in k
with & per ty ete@ed by the lattice structure, all distin t
n(k) can be obtained by restricting k to values in the rang(::'

-n<ka,<n (2.3)
where the a; are the basis vectors of the primitive lattice

24 RECIPROCAL LATTICE

Equation (2.3) suggests the u
. se of .
equivalent values of k. of a reciprocal lattice to describe

In a general crystal lattice, an i ;
vectors: , any lattice site can be defined by the set of

R= '

where the n; are integers
, and th
primitive unit cell. e a;are the basis vectors of the

A set of reciprocal lattice vectors, G, can be defined such that
at:

G.R=2mr 2.5)

where mis an integer and where:

G=gb ,

;"',Ihe g; are integers and
E b, are i
_given by: ¢ the basis vectors of the reciprocal lattice

b= 2n (a,x a)/Q, 2.7)




s the volume in real space of the primitive unit

where i #j# kand Qg1
cell of the crystal lattice, given by:

Q,=a;.a;xa) (2.8)

in reciprocal space formed by the basis

e formula as Eq. {2.8) with a,, replaced
by by, This "volume’ has the units of (length)3 and equals 2n)3/ Qo
Applying Eq. (2.7) shows that the reciprocal lattice of a face-centred
cubic lattice with lattice constant, a, is & body-centred cubic lattice

with lattice constant, an/a [2.6].

be obtained by restricting k to the first

Brillouin zone of the reciprocal lattice. This zone is defined as that
space surrounding a lattice site in the reciprocal lattice which
contains all points lying closer to this lattice site than to any other
such lattice site. It can be simply constructed from planes which
perpcndicularly bisect the lines joining the selected lattice site to all
other lattice sites. This construction is shown in Fig. 2.3 for the case
of a body centred cubic reciprocal lattice. The smallest volume

formed by these intersecting planes is the first Brillouin zone;

commonly referred to simply as the Brillouin zone.

The "volume” of the unit cell
vectors b, is given by the sam

Distinct values of Eqlk] can

Construction of the truncated octahedron
to the first Brillouin zone of the body centred cubic
showing its relationship to the cubic unit cell of

Figure 2.3
corresponding
reciprocal lattice,
this lattice.

The Brillouin zone for th
e silicon lattice is identi
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Varicus techniques exist for calculating the E,(k) relationships for
real crystals such as silicon [2.10]. Due to the difficulties in

quantitatively describing the periodic potentials affecting electrons in un dThe
the crystal, these calculations generally involve parameters whose tis tahry
values can be adjusted to give a good fit between theory and a €
experiment at selected points. By combining theory and experiment ma_z:;-

in this way, a good qualitative picture of the energy band structure of
silicon has emerged, although quantitative uncertainties remain.

25 ENERGY BANDS _ minimum is frequently

The band structure of silicon, as calculated using the empirical
pseudopotential method [2.11], is presented in the normal manner in
Fig. 2.5(b). Bands of allowed energy levels, E;(k]}, for values of k
lying along lines of symmetry of Fig. 2.4 are shown. The zero of
energy is arbitrarily chosen to correspond to the highest valence
band energy. Hence, negative energies correspond to valence band
states; positive energies to conduction band states. Both the
conduction and the valence band are made up of several bands
{branches of the E.(k] relationship} which are coincident for some
symmetry lines and which cross {overlap) along others. The labelling
of these bands and energy levels at the points of high symmetry
corresponds to that of Fig. 2.4.

k)

The point I" at the centre of the Brillouin zone (k = 0) is the point of
highest symmetry, and the band structure displays several

interesting features at this point. The valence band has its lowest e r

energy level labelled I';. The next highest energy for this value of k is g : . L o watll | ] \-Jr
the "triply degenerate” state (neglecting spin orbit splitting, Section : 9(E) oA 4 X UK T r l
2.6) labelled I'y5. This state corresponds to the maximum valence ¢ ia} Wave vector coordinate

band energy. Moving away from I towards points of lower symmetry, P (b)

this degeneracy disappears, as demonstrated for k values along the X - . }  PFgure 25

symmetry line. The four separate bands which make up the valence o f 0 as Cak‘ul-ated § € energy band structure for silicon is shown in (b}
band are apparent in this direction. However, in the A and 4 Y Gk the asso:uzganempmca] Don-local pseudopotential schem
directions, the uppermost band in each case (A3 and As, respectively) (after Chelik, 1ated density of electron states g(E} shown e
remains doubly degenerate. . owsky and Cohen [2.11] and Bser [2. 12)). "

Returning to the I point, the next highest energy state is I'yg, also

triply degenerate. The energy difference, I'j5 - IMy5, gives the direct non-degenerate, r’, Stateuc-g?n band at thig point corresponds to th
bandgap of silicon, with an experimentally determined value of 3.4 ~and is ynjjg ey to afne . € next-lowest state ig several eV hj .
eV. Moving away from I in both the <100> (4) and <111> (A} : nice photovoltaic Properties, gher

10
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286" DENSITY OF STATES & OCCUPATION PROBABILITY
Siﬁée electrons are fermions (ql:la.sipartic‘les with half integral "spin”

: _ tio lowed “states, f(E), is
determinied by Fermi-Dirac statistics [2.1): .

. B = R
bt P S EE T @9




where Ef is the Fermi level and kT is the thermal energy (which has
a value of 25.85 meV at 300K). Since E .f generally lies in the
bandgap away from the band edges by more than the thermal energy,
this function {or its difference from unity) often can be replaced by a
rapidly decaying exponential for energies lying within the bands.

To be able to make use of this function to calculate the number of
electrons within each band, the densities of allowed states for
electrons as a function of electron energy must be known.

These densities of states can be calculated from very general
principles. For a large number of lattice atoms {(approaching infinity],
it was noted earlier that the wave-vector k could have any chosen
value. For a finite number of lattice atoms, however, boundary
conditions at the crystal extremities determine what values of k are
allowed. It would seem reasonable that, as the crystal size increases,
the precise form of the boundary conditions should have a decreasing
influence on the internal properties of the crystal.

For mathematical convenience, cyclic boundary conditions are
chosen whereby wave functions repeat themselves at the opposite
edges of the volume being considered. From Eq. (2.2}, this means
that:

exp lik . Ng,) =1 (2.10)
or,

k.a =2zm/N.{m=0, 1,12, ...} 2.11)

where a; is a basis vector of the primitive cell and N; is the number of
atoms traversed along the direction of this vector.

It can be seen that only discrete values of k are allowed, distributed
in a uniform pattern through k space, although the allowed values
approach a continuum as the number of atoms in the volume becomes
large. By comparing with Eq. 2.3, it can be seen that the total
number of allowed k values within the Brillouin zone egquals the
product N;Ny,Ng. There is therefore one distinet value of k within the
Brillouin zone for each primitive unit cell within the crystal volume.
The "volume" of the Brillouin zone equals (27)3/K, where Q, is the
volume of the primitive unit cell. This gives the number of allowed

14

states per unit “volyme
15 the crystal volume,

found, Mathemati(:auy; to each
9B = -—2.3 f dSE
@n)° |V, E] 2.12)

The Bk 1. elationship in
approximated by the iso

4 &~ mmesccxch CLUL)L]

(2.16)
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For more complicated surfaces, such as away from the band edges,
numerical approaches are required. Figure 2.5(a) shows the
calculated densities of states for the band structure calculations of
Figs. 2.5(0) and 2.6(b). The integrand of Eq. (2.12) will be large
where ViEn(k} approaches zero, i.e. where the E-k relationship is flat.
Such points are called critical points and densities of states generally
have a maximum near such points. However g(E) drops to 2e70 at the
band edge since Sg drops to zero here. Experimental measurements
are in reasonable agreement with the calculations of Fig. 2.5(@)

12.141].
27 MOMENTUM AND EFFECTIVE MASS

The velocity, Vnk: of an electron in pand n with wave vector Kk, as
evaluated as the group velocity of 2 wave packet centred at k or as the
expectation value of a quantum mechanical velocity operator 2.6l is

given by:
Vo= 5 Vi Ea (217

The velocity 18 normal to the constant energy surface at the
appropriate k and is therefore parallel to k only in special cases.
Note that the denominator of EQ. (2.12) can be simplified using the
above expression to give the following expression for the density of
electron states {per unit energy and volume) contributed by band v

dSg

.2 $ZE 2.18
9.8 h{2n}3§\"nk| (2.18)

An external force F acting on the electron, prior to any collisions and
assuming F is not sO large as to cause excitations between bands, will
cause Eq(k) to increase. The conservation of energy implies:

dE. (k)
3: =uv.F 2.19)
However, mathematically:

dE (k) _ dk
—g = VkEn[k) ot A (2.20)

16

Equati
) ons (2.17), {2.19) and (2.20) give the fesu]t

F=40k

——l

dt (2.21)

The quantity hk play
in a crystal |
g ooy, rystal therefore plays th
[ree space ar d u-i,s i:a:lled the erystal momeyntu:t I-C‘Il:i:ls'.of mmnmtumtum «
within e cryal exgctions of electrons with .othe: quasip: s
. One obvious difference is apparegrzstipaillmdes
silicon’s

conduction band mi

minimum

al . Fro

though the crystal momentum is ﬁr:?teEq. (2.17). wpy is here zero

The electron's acceleration is given by:

a= d vn-k
dt : {2.22)

Dropping the vel
ocity sub
components gives: ty subscript and discussing in terms of
: vector

my (2.23)

The acceleratio '
v n can therefore
;m‘ 'a s tensor with elements: be described in general by an effective

1 _1 9%E

my  h? ok, 2.24)

&
u a!ﬁmum, a

Bl =Etk)+1 Pe\ .
Itz 3: (3k;9_kj)k Ak, (2.25)
[¢]

Ths

Férrﬁae
FOr: conduction b
on ‘band of silicon, constant energy surf;
suriaces are




ellipsoids with rotational symmetry (spheroids), as shown in Fig. 2.7,
resulting in a diagonal effective mass tensor with only two different
terms, the longitudinal and transverse effective masses. Off-diagonal
terms in Eq. (2.24) and (2.25) are zero. At low temperatures, these
effective masses have the values 0.92m, and 0.18m, respectively,
and do not vary significantly with temperature [2.15].

The valence band case looks even simpler in Fig, 2.7 but is more
complicated in practice. Shown in Fig. 2.7 is the spherical constant
energy surface corresponding to the "uppermost” valence band in Fig.

2.6(b).

The actual silicon band structures differ from that shown in Figs. 2.5
and 2.6 due to effects known as spin-orbit splitting. The
Schrodinger Equation, Eq. (2.1], needs to be modified at high electron
velocities where relativistic effects become important. These
modifications are more important for the tightly bound core electrons
than for the almost free conduction band electrons. In particular, the
valence band structure of Fig. 2.6(b) is modified, particularly for the
three valence bands which come together at ¥k = 0. As shown in Fig.
2.8, the uppermost valence band of Fig. 2.6{b), which is degenerate
over most of the zone [i.e., consists of two superimposed bands), is
split by spin-orbit effects into a heavy hole and a light hole band,
each with different effective mass (0.52 m, and 0.16 m,) respectively.
The second valence from the bottom in Fig. 2.6(b} becomes "split-off"
at k = O by these effects, lying 44 meV lower in energy at k = 0 than
the "light" and “heavy" bands. The corresponding effective mass near
this point is 0.25 m,. The two uppermost bands are important at low
temperature {where the thermal energy, kT, is much less than 44
meV), while the "split-off" band becomes more important near room
temperature when it is reasonably well populated by holes.

‘The departure of the constant energy surfaces from sphericity already
mentioned becomes even more exaggerated when spin-orbit effects

are taken into account.

The approach generally taken to overcome these complications is to
undertake calculations assuming simple spherical constant energy
surfaces. In more complex calculations involving the actual energy
surfaces, an expression is then derived for what might be termed an
"effective” effective mass which, when substituted into the simpler
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Chapter

LIGHT TRAPPING

6.1 INTRODUCTION

it voltage of a solar cell, recombination

must be minimized throughout the cell, including recombination in
the bulk of the cell. An effective way of reducing bulk recombination
is to reduce the volume of the cell. 1t follows that, to obtain the best
possible photovoltaic performance {rom silicon, every possible
advantage must be taken of the light absorbing capabilities of a given
cell volume. This means taking advantage of schemes which trap the
light into the cell so that, if not absorbed during its first passage
through the cell volume, light will have additional opportunities for

absorption.

To maximize the open-circu

Such pathlength enhancement in the bulk regions of the cell is
referred to as "light trapping’. The same term is sometimes used to
refer to the maultiple reflections of externally incident light from the
surface of a cell with surface texture,
loss. Reflection control in both unencapsulated and encapsulaled
cells is discussed in Appendix F. In the present chapter, such
surface reflection will be assumed negligible and "light trapping"

refers solely to bulk processes.

which reduce overall reflection

s 6.1{a) and (b} show two different types of light trapping
The first is based upon the randomization of the
led into the semiconductor.

Figure
schemes [6.1].
direction of light once it has been coup

®

To be coupled out of the silicon, a light ray has to strike the surface
of silicon within an angle to the normal equal to arcsin{l/n) where n
is the refractive index of silicon. This angle is only about 16 - 17° for
silicon. The rest of the light is reflected by total internal reflection
This . means that only a fraction of the light will escape from fht;
silicon on each passage across it. In the second scheme, a reguiar
geometrical structure is built into the bulk region to stee‘r the light
away from the normal to the front cell surface. This chapter
describes the light-trapping properties of both the randomizing and
geometrical schemes of Fig. 6.1.

6.2 RANDOMIZING SCHEMES

The light trapping properties of the randomizing or Lambertian
scheme of Fig. 6.1(a) can be relatively simply analyzed {6.2]. The
randomizing or Lambertian rear reflector is defined as rcﬂectin'g Hght
with uniform brightness (radiance) in all directions, regardless of the
original angle of incidence. (Uniform "brightness” corresponds to a
r]a;diant intensity which varies as cos® where @ is the angle belween
:h: 3;::?;;];).f observation and the normal to the surface reflecting

(a) (b)
Figure 6.1: Two schemes for trapping light into a solar celi;(a)
scheme based upon internal randomization of the light direction;
(b} geometrically based scheme. .

The key result of this analysis is that, in the case of weak absorption
a fraction of the light, equal to 1/n? will be coupled out of thri t I
surface after each reflection from the rear surface, assuming that tl(')lp
top surface has unity transmittivity for the light involved. The li hi
coupled out will be that travelling in the cell in a dirccti;:n closegto
the normal to the top surface. Its pathlength across the cell to this
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imately equal the cell thickness. The light which

surface will approx
d to the rear of the cell where its

is not coupled out will be reflecte
direction will be re-randomized. On each passage across the cell,

this light travels an average distance which is equal to twice the cell
thickness, due to its being oblique to the normal {a total of four cell
thicknesses between rear surface reflections}.

One possible figure of merit for a light trapping scheme is the
pathlength enhancement which is possible in the limit of weakly
absorbed light. This is the ratio of the average pathlength of such a
light beam to the minimum possible pathlength, which equals the
average cell thickness, W. By calculating the pathlength of the light
which is coupled out after each successive rear reflection, the
following power series can be constructed for the average pathlength

of the scheme of Fig. 6.1(a).

B =2W/n2+6W[n2-1)/nt+ 10Wn2—1?/né+... (6. 1

The power series expansion:

l/(l—x)=1+x+x2+x3+x4+... 6.2)

can be used to simplify Eq. (6.1) to give the following expression for
the pathlength enhancement factor B:

B=4n2-2 (6.3)

This approximately equals the value of 4nZwhich is also the
approximate result of a more comprehensive analysis of this structire
by Sheng [6.3], and that of a more general analysis by Yablonovitch
and Cody [6.4] and Yablonovitch {6.5]. The value of the pathlength
enhancement factor is close to 50 for silicon, indicating the

substantial benefits which light trapping can provide.

ral structures of Figs. 6.2(a) and {b) can be analyzed
using a similar approach. The work of Yablonovitch and Cody 6.4]
indicates that a fraction, 1/n?, of the randomized light striking the
top surface will be coupled out even when it is randomly textured as
in Fig. 6.2{a). This allows the same type of analysis as that above to

be applied to this structure.

The more gene

Such an analysis gives a pathlength enhancement equal to the
previously mentioned value of 4n?, The structure of Fig. 6.2(b) also
has the same value when an ideal reflector is used at the rear
surface, either in intimate contact or detached, as shown. If no rear
reflector is used, the pathlength enhancement factor has half of the
previous value {assuming unity transmittivity for rays capable of
escaping from the rear surface). This reduction by two would be

expected from symmetry [6.4].
b4
WMM
D T I s e P e T T e

{a) (b)

DLl L et e e Ll

Figure 6.2: Other randomizing light trapping schemes; {a) planar
rear surface; (b} both surfaces randomizing. The broken lines at
the rear surface indicate two different locations of the rear
reflector

The previous expressions assume perfect rear reflectors. With a
variable rear surface reflectance, R, the expression for pathlength
enhancement for the schemes of Figs. 6.2(a) and (b) becomes:

B=2(1+R))[1—R[1~1/n2]] 6.4)

From this, the value of reflectance required to maintain more than a
lf;'.encti':m. . of the light trapping ability of the idealized case is found to
e:

R>{2Mm2-1)/12fin2-1)+ 1 (6.5)

For silicon, the reflectance must be greater than 91% to do at least
half as well as the idealized case. If a metal reflectance better than
this cannot be obtained, it would be more effective to rely upen total
internal reflection from the rear surface. Although previously stated

%




that this approach would give performance limited to hall’h thatt ;:{ tkix:;
idealized reflector case, the approach coulf:! do better t .an ; s :
practice by designing for a lower than unity transmitti\lnt)‘rj (;a r}z:zd
within the escape cone at the rear, or by using a simp e; e cd "
rear reflector (Fig. 6.2(b)). The white polymer layer normally useh ¢
the rear of present solar cell modules could be used as suc

detached reflector.

it s possible to obtain rear reflectance highmi tl:ain
the figure of 91% previously mentioned by interposing a }clile v.:ctxk-1 2
layer between the metal and the silicon. Figure 6.3 s oxl e
calculated reflectance, at a wavelength of 1.2 pm, from a rca:;l ﬂ?gon
separated by a variable thickness of Si0; from a polished s con
substrate, for various internal angles of incidence, 8, upon

combination.

Experimentally.

40° .
30
1.0003
-: o‘
0.950 -
3 20°
0.900
g
C ]
E 4
&)
g 0.850
o
B +60
24.7°
0.800 (24.7°)
0.750 riﬁ_rrlrl'||v||l||v|l|ll'll|lrl||||lll|lli|lllli|lué

1] 1 2 3
oxide thickness(1000A)

Figure 6.3: Calculated reflectance from a rear Al reflector at
the rear of a silicon wafer as a function of the thickness for an
intervening layer of 5i0g, for various internal angles of incidence.
The reflectance for the 6.+ 86 case reaches a minimum for
about 1 mm oxide thickness (not shown), then increases towards

unity (after Campbell [6.6]}.

The combination of Fig. 6.2 is of interest for the high efficiency
laboratory cells of Chapter 10. For angles of incidence below the
critical angle for total internal reflection from the Si/Si0O; interface
(24.7°), cyclic interference effects predominate as the thickness of
the oxide layer increases. Above the critical angle, reflectance
approaches 100% as the oxide thickness increases and the detached
reflector situation, described above, is approached. Reflectance is
lowest near the critical angle. Just below the critical angle, the ray
refracted at the S$1/Si09 interface travels almost parallel to this
interface, providing plenty of opportunity for energy transfer to the
rear metal. More surprisingly, reflection is also low for angles of
incidence fust above the critical angle.

6.3 GEOMETRICAL LIGHT TRAPPING
6.3.1 fntroduction

The levels of light trapping provided by the previous randomizing
(Lambertian) schemes have sometimes been considered as limits on
obtainable performance [6.7]. It appears that there may well be limits
for cells with an isotropic response. (That is, for a cell which gives
the same response, regardless of the angle of incidence of the light).
However, the direction of most incident sunlight is predictable and,
consequently, an isotropic response is not likely to be optimal. A cell
design would be superior where the response at the less important
oblique angles of incidence is traded off against the response for light
incident at directions closer to the perpendicular.

Some ways of achieving such a trade-off for randomizing schemes are
outlined in Seclion 6.6. Another possibility is that a geometrical light
trapping scheme such as in Figure 6.1(b), designed for
perpendicularly incident light, would also exhibit a superior
performance to that of randomizing schemes for a range of angles of
incidence close to the perpendicular.

The theory of geometrical light trapping is more difficult than that for
randomizing approaches. However, such schemes can be analyzed
on an individual basis by ray tracing.







and 6.4. One is that escaping rays can be recaptured. The second
is that a smaller misorientation between front and rear sides of the
1 reflection. This is due both to

cell is required to ensure total interna
the fact that most light will be Incident obliquely as indicated,
combined with the smaller range of angles each face of the cell would

be required to accept.

70.5°

67°

uble-sided slat approach. Effective

Figure 6.6: Near-parallel do
rea

device thickness could best be defined as cells aperture a

divided by volume [6.11].

Although a difficult structure to implement in crystalline silicon, for
which the scheme was proposed [6.11], it may be well suited for thin
film cells. These could be deposited nearly conformally onto an
appropriately structured substrate or superstrate, with the difference
between deposition rates near peaks or valleys used to prevent

parallelism of cell surfaces.

two dimenstonal approach is based on holographic
also been proposed for the rear of the cell to

lique modes for effective light trapping [6.12].
quite modest.

Finally, another
gratings which have

diffract light intc ob
However, the calculated pathlength advantages are

6.3.3 Three Dimensional Geometrles

The additional surface planes introduced by replacing grooves by
three dimensional pyramids on the top surface reduce opportunities
for escape [6.13]. These pyramids are readily formed by

anisotropically etching (100) orientated starting wafers to expose four

fntersecting (111) equivalent planes (Chapter 10, Fig. 10.4). With a
be defined which describes

planar rear surface, an image region can
the areas where the rays reflected from the rear surface re-emerge

100

internally on the surface pyramids (Fig. 6.7). The portion of the
pyramid on which this image region lies depends on the particular
geometry, specifically the ratto of ithe pyramid size to the width of the
wafer for the regular geometry of Fig. 6.7. Light re-emerging on the
side planes will be very effectively trapped into the cell, while that
Fc-cmerglng on planes of opposite orientation to th'e plane of
incidence will be coupled straight out as shown in Fig. 6.5(a).

@)

(b)

incident pyramid image pyramid

Figure 6.7: Major ray paths in regular pyramid layout: “(a) side
view; (b) "image region" where rays resurface.

Figure 6.8 shows the percentage of light remaining trapped as a
{unction of the number of passes across the cell [6.13]). The
performance of a regular pyramid layout depends on the -recise
geometry as indicated by the cross hatched region. F

Random layouts of pyramids perform better than all but the most
ideal of the regular pyramid layouts and would be preferable i

practice, due to the difficulties in controlling the geometries imro]v'ea:ln
Inverted pyramids (Chapter 10) give slightly better performance thar;
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the regular upright pyramid arrangements due to the higher
possibility of re-entry of escaping rays. Smith and Roghatt [6.14]
compare the light trapping properties of regular layouts of upright
and inverted pyramids, but without discussing the geometrical
dependencies indicated above. Results for one particular geometry
cannot be used to draw conclusions about more general geometries.
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0 1 l | 1 s e
1 2 5 10 20 50 100 200

passes through cell

Filgure 6.8: Fraction of rays remalning trapped in cell as a
function of the number of passes across the cell for cells with top
surface structure. The Lambertian case is shown for
comparison. The "periodic brickwor! " entry corresponds to the

“Tilers pattern” of Fig. 6.9.

Three different approaches have been suggested to improve upon the
light trapping ability of such pyramidal structures. One is to add
surface structure to the rear of the wafer. The second is to design
pyramid layouts so that the image pyramid falls into desired locations
and the third is to tilt the pyramid structure.

d [6.13] to allow the

The tiler's pattern of Fig. 6.9 has been suggeste
! locations on the

re-emergence of the image region on optima
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pyramids. As seen In Fig. 6.8, the optimum tiler's pattern
approaches the performance of the Lambertian scheme and is
significantly better than either random or regular pyramids
However, in its worst possible configuration, performance equal t(;
'tI?!z::; 'of thtna-t wor;st regular pyramid geometry might be expected. Such
s pattern layouts are i
phler s patter datg (Chapterl;j;fl in the highest efficiency silicon cells

Figure 6.8: "Tiler's pattern” designed for favourable location of
image region.

Elven better performance, in principle, can be obtained with structure

al bso on the rear of the cell. One of the early geometries suggested for

g ;aining such benefits was the perpendicularly grooved cell of Fig

n;n{) &6. 15:. t Tl;lc perpendicular grooves on the rear encourage
ections into the third dim

e, ension, greatly limiting the potential for

An analysis of this structure {6.13] shows that it can exceed the light
trapping capabilities of the Lambertian scheme for perpendicul gl
incident light. Tt is of interest to see whether this improved ]?rh{
trapilning performance comes at the expense of decreased an :ng

sensitivity. The scheme was found not to be particularly an, fl ?111'
sensitive. Geometries optimized for perpendicular light renguaiilz-ag
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superior to the Lambertian approach for angles of incidence up to

45" [6.13].

Figure 6.10: Perpendicular groove light-trapping scheme.

Other double sided cell structures also perform markedly superior to
their single sided counterparts [Fig. 6.11). However, the "double
bounces”, of benefit for coupling light into the cell with such surface
structures (Chapter 10) can be detrimental to effective light trapping.
With rear surface structures, light reflected from the rear surface will,
in general, incur muitiple reflections before being transmitted back
across the cell. This reduces the effective reflectance of the rear
surface. The increased surface area also makes surface passivation
more challenging in practice. Given these limitations, schemes with
top surface structure but with a planar rear surface are preferred in
the highest performance experimental devices to date.

Good light trapping in this preferred configuration can be obtained

by tilting the geometric structure on the top surface. In the same way
as simple two dimensional tilting of slats improves light trapping (Fig.
6.5), ilting of both pyramids and slats into the third dimension can
give even further benefits. Figure 6.12 shows the rays remained
trapped after a given number of passes for both tilted grooves and
pyramids showing that excellent light trapping can be obtained. The
same conditions giving good light trapping in the cell also lead to
greatly reduced surface reflection when the cells are encapsulated

under glass.
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ares some of the light trapping sc!'lemes discuss;;d
heir most important property; their effect upon the
silicon solar cell [6.13]. The perpendicular
form better than Lambertain schemes.
h surfaces also perform well in
inciple although there are practical constraints as prevmlusl);
p:ltrllingd Upright pyramids on one side only perform Zt da Z\lrz
;)ntermediate between that of a polished waler and a; gooami ;Sumot
sided structure. The “tilers pattern” layout or tiltifng o cgyr
shown) would perform closer to the Lambertian relerence.

Figure 6.13 comp
above in terms of t
short-circuit current of a
slats approach can Per
Schemes with pyramids on bot
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Figure 6.13: Calculated short-circuit current density as a

function of silicon cell thickness for various light-trapping schemes

{after Campbell & Green [6.13)). All schemes assume zero front
surface reflection and a perfect rear reflector. (The illumination

used was the global AM1.5 spectrum of Appendix H with a power

density of 97 mW/cm?).
6.4 Experimental Results

The increased absorption in a silicon
other roughened was shown
on light trapping [6.4].
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wafer with one side flat and the
in one of the earlier theoretical papers
Good results were also reported for

amorphous silicon cells, beginning in 1982, with pathlength
enhancement close to the theoretical limit reported [6.16]. Light
trapping was shown (o contribute to the long wavelength response of
the improved crystalline silicon cells of the early 1980's [6.17].
Pathlenglh enhancement up to a faclor of about 10 was demonstrated
at long wavelengths [6.17]. Subsequently, greatly increased current
output was demonstrated for cells with pyramidally textured top
surface and a planar rear surface when compared to cells with a
double layer antireflection coating on a planar top surface, due to
light trapping differences [6.18]. Keavney et alia {6.19] describe early
optical measurements. More recently, Basore [{6.20} has described a
technique for extracting light trapping parameters by analysis of a
cell's wavelength response. This technique is able to distinguish
between different light trapping schemes incorporated into
experimental cells.

The internal quantum efficiency (IQE) of a cell is calculated at each
wavelength from the measured spectral response, SR(A} (amps/watt),
and the hemispherical reflectance, RfA), using:

IQE=SR . (hc/qA)/(1-R), (6.6)
where Ais the free-space wavelength.

Previously, IQE at infrared wavelengths had frequently been used to
extract information about minority carrier diffusion lengths in the
cell. Less frequently, it had been used to extract information about
rear surface recombination velocity and light trapping properties
[6.17). The approach of Basore [6.20], however, allows these
properties to be extracted routinely to an accuracy estimated
elsewhere [6.20].

By plotting inverse IQE as a function of inverse absorption
coefficient, @, characteristics such as shown in Fig. 6.14 are
experimentally generated, with similar features also predicted by
numerical device simulation programs. Two linear regions are
observed characterized by the inverse slopes, Lige and Wy, and by
the y-axis intercept, Intcpt. As shown by the analysis of Appendix G,
Lige is related to the effective diffusion length, Legn in the cell
(independent of light trapping properties), while the product
Wige.Intcpt depends only on the optical properties of the cell and is
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independent of the cell's electrical properties!

4
35 ¢

: Intcpt /jtﬂ___
N . .
2.5 /{/'/m\;eme Skl)Pe:Wiqe
, 1
15 } /

g Inverse Slope=l.,-qe

inverse IQE

1 oy 4
0 1000 2000 3000 4000 5000
Absorption Length {im)

Fig. 6.14: Typical inverse internal quantum efficiency {IQE) data

for an experimental cell {after Basore [6.20}).

Various information can be extracted by l;:oml:nn{isnlg4 glifhtolz;:
parameters extracted from plots corresponding to Fig. .h e
measured or estimated parameters (see Fig. G.l];uc s e
thickness (W), the total front surface rel}ec fon o ot gt
wavelengths (R ant B eoberltcl eauent passes (0, 03 and 0
1t on first, second a
?:;;i?:t:::l;'cwﬁh passes after the second assutmed ;da;mtic;;l). E;;:l
the corresponding back and front internal reflec ant(l:-e ted,, 1t0 vj;l,-w o
d Ry, respectively). Information which can be extrac ying
22cur£ncy [6.20]1 includes bulk diffusion length, rear surtz;on
recombination velocity, the bulkt comgaoxfxlac;fydt;:;kr :;-h;:-[acc
current and light trapping parameters, R e m
. Ry, and the pathlength enhancement factor, Z,
rAe[?;:rt:iniieG. b(rll\Iott:: that Z always larger than B of Sect:;)r:l ﬁ.ffollr; tltm;a;
parasitic absorption at the rear surface is exclude

definition of Z}.

this information is outlined elsewhere

tractin
The procedure for ex g the experimental value of the product

{6.20]. The starting point is
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Wige.Intcpt which, as noted, depends only on the optical parameters.
Sensittvity analysis [6.20] shows that the product is overwhelmingly
sensitive to Rp,. By assuming reasonable values for the other optical
parameters (Ry;, Ry, Rpy, 8y, 82, 8,), values of Ry, can be deduced to
about 5% accuracy, in general. Knowing this parameter, the long
wavelength collection efficiency, 7., can be deduced to a similar
accuracy. Since both this parameter and Leyr depend on bulk
diffusion length and surface recombination velocity, but in a different
way, the two latter parameters can then, in principle, be deduced.
Greatest accuracy is obtained when the effective diffusion length
approximately equals the cell thickness [6.20].

6.5 CONCENTRATED LIGHT

As discussed in more detail in Chapter 12, photovoltaic systems
based upon concentrated sunlight have been widely explored.
Typically, sunlight is concentrated onto a cell using a Fresnel lend as
in the widely deployed concentrating system of Fig. 6.15. Such

' systems can use only the direct component of the sunlight, and the

range of angles which the cell must accept is very well defined. For
example, for the system shown in Fig. 6.15, all of the rays from the
lens which strike the cell must do so within an angle of 34° to the
normal to the cell surface. This gives rise to potentially more
effective light trapping schemes than possible in the case of non-

concentrating cells.

Figures 6.16(a) and (b) show two ways in which this is possible
nsing randomizing light trapping schemes {6.21]. Figure 6.16(a)
shows a scheme in which the top contact is In the form of compound
parabolic concentrators which focus light onto a fraction, 1/sin?6, of
the top surface of the cell, where 8 is the acceptance half-angle of the
scheme. This limits the area of the surface of the cell available for
t}fx,e escape of light. Assuming that all of the metallic surfaces act as
ideal reflectors, this boosts the path length enhancement available
from the randomizing approach from 4n? to 4n2/sin26. Schemes such
as the prismalic cover approach, described in Chapter 12, which
steer light from metallized regions of the cell to non-metallized, are
g!so closely related to this approach.
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Figure 6.15: Typical arrangement of lens and cell In a

photovoltaic concentration systefl.

The scheme shown in Fig. 6.16(b) relies upon an angularly selective
anti-reflection coating. Rays which are incident at an angle which is
within @ of the cell normal are coupled into the cell, whereas rays
outside of this angle are reflected. Reciprocally, this acts to restrict
the escape cone of light from within the cell to that of a material with
a refractive index of n/sing; again giving an {dealized path length
enhancement of 4n2/sin?8. Such coatings have proved difficult to
design [6.6].

g. 6.16 boost the idealized path length
2 million for extreme Cases under direct
sunlight. However, the practical constraints of less than unity metal
reflectance and the likely deviations of anti-reflection coating
properties from the idealized one for the scheme of Fig. 6.16(b) will
undoubtedly restrict experimental factors to'much more modest

values.

The schemes of Fi
enhancement factor to over

Although discussed in the context of concentrating cells, either of the
emes could be modified for use in non-concentrating

previous sch
diffuse light, at least partially, is

systems where the ability to accept
required.
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6.6 Light Trapping in Encapsulation

Som

egca:\:l}:;aatu::at;c.l to light trapping in cells is light trapping in cell
encapsua i d. hlgure 6.17 demonstrates how this might occur even
2 s rcli“:Sronpuottlovoltaic module. The "zero depth concentrator"
wineh refles % t incident between cells being scattered from th(;
white rea bo}:::; ctah :k:;l (r)r;i)dule. was well known in the late 1970's to
be abe -circuit current of encapsulated cells by up

glass B

EVAINE

Figure 6.17: Reflections within a typical module

Yablonovitch [6.5] in

. cluded an analysis of

o y of such an effect

- };‘e r:: sligh}: trapping. He showed that, using a rough cell sd:fazzﬂy
uch as shown in Fig. 6.18 could reduce cell reflection fr(;ni

1M




31% prior to encapsulation to 11% after encapsulation, with a large
portion  of this reduction due to light trapping within the
encapsulation layer 6.1l

Figure 6.18: Reflection reduction from a scattering surface after
encapsulation.

Subsequently, Wenham et alia [6.91 pointed out the benefits which
could be obtained by geometrical schemes by considering cells with
tilted pyramids on the cell surface. Such tilting can be readily
achieved by cutting wafers slightly "off-axis” from the (100)
orlentation. A 20 kW photovoltaic system in California appears to
use such an approach [6.1]. Figure 6.19 shows how benefits arise.

More recently, Blakers [6.22] has reported the results of an analysis
for trapping of light reflected from metal fingers assuming cylindrical
geometries and specular reflection from the metal. Extension to the
calculation of the light trapping of light diffusely reflected would be
straightforward.

Perhaps the ultimate development of this general approach is the
static concentrator of Fig. 6.20 which uses light trapping in the glass
and cells with a bifacial response to achieve effective concentration

ratios of up to 4 16.231.

Since light trapping within encapsulation schemes rely on total
internal reflection from the encapsulant surface, the effect of dust
accumulation on such surfaces is an important issue 16.23]. This
effect appears to be only about half as severe as the normal effect of
dust in reducing light transmission into the module [6.24]}.
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Figure 9.5: Interface state densily at the Si-Si0; interface

measured on p-type {lower half of the gap) and n-type (upper half)
MOS samples. (Dry oxidation at 1050°C, 2% TCA, 1 h post-.
oxidation anneal in argon, Al-metallization, post-oxidation anneal

in forming gas) {after [9.26]}.

Combining the distribution of Fig. 9.5(a) with capture cross-sections
such as in Fig. 9.6(a) allows calculation of the surface recombination
velocity as a function of different surface conditions, in principle, as
described elsewhere [9.26, 9.27]. One problem with this approach is
that it assumes that, for each energy level within the gap, there is only
one type of state with its distinctive capture cross-section values.
From Fig. 9.1, it is apparent that, at any given energy, there may be
states arising from different physical sources which may have different
capture cross-sections. The techniques for measuring capture cross-
"sections used to deduce figures such as Figs. 9.6(a) and (b} do not
distinguish between these possibly different states. Figure 9.7 shows
the measured value of surface recombination velocity as a function of
injection level for high quality oxides compared to values calculated in

the way described.
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Flgure 9.6: (a) Electron and hole capture cross-sections at the Si-
5I0, interface measured by small pulse DLTS for different
oxidation schedules and doping densities: (b) Survey of published
data for the electron and hole capture cross-sections at the Si-
510, ipterface. The solid lines are guides to the eye (Eades [9.27)
Deulin [9.28], Johnson [9.29], Katsube {9.30], Vuillaume [9 .31}.
Yamasaki [9.32], Tredwell [9.33), Klausmann [9.34]) (after [9.2.6])..

Anv interesting set of results has been generated in an experi t
_whgrc the injection level was held constant and the elec!;r Tcr'l
conditions at the surface were varied. These results are shown?; :’?C
9.}8.; This shows the effective surface recombination velocit s
fqn:ctlon of the surface electron concentration (ng divided g afha
Foqesponding surface hole concentration (py), a measu }’ ‘
electrostatic conditions at the surface [9.36]). ' re of the
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10.11.2.2 Surface Recombination

Recombination in non-contacted areas of the surface can be minimized
by the growth of a high-quality thermal oxide. Conditions for
producing low interface state densities have been well documented for
microelectronics [10.58]. (Interface states are referred to, in that area,
as "interface traps™). However, other properties simultaneously
required for microelectronies, such as high oxide breakdown strength,
would not appear as important for photoveltaics, giving scope for
"customizing” growth conditions. Particularly interesting is the effect of
surface doping type and doping level upon the recombination rate at
the oxide interface.

The present consensus is that, for the highest-quality oxides, the
capture cross-section of interface states for electrons is very much
higher than the capture cross-section for holes [10.591. This may bea
fundamental physical property of these states. The large asymmetry
implies that the states active in recombination may be electrostatically
attractive to electrons but unattractive to holes, e.g., have donor-like
properties with a positive charge state when unoccupied.

Regardless of the physical origin of the asymmetry, it produces
different recombination properties for n-type and p-type surfaces. For
n-type surfaces, there will usually be a small hole concentration at the
surface. The capture of holes will therefore be the rate-limiting process
determining surface recombination. The recombination rate will be
very small due to the combination of small hole concentration and
small hole capture cross-sections, as shown in Fig. 10.12(a).

The situation for p-type surfaces is more complex. Here, hole
concentrations will tend to be large, although electron concentrations
can be small. The latter will increase as the voltage output of the cell
increases. At low voltages, the capture of electrons will be the rate-
limiting process as suggested by Fig. 10.12(b). Recombination
processes will be much more effective than in n-type material at these
voltages due to the larger electron capture cross section. However, as
the voltage across the cell builds up, a transition will eventually occur
when hole capture becomes the rate-limiting process. Since the hole
concentration at the surface will not increase as rapidly, in relative
terms, as that of electrons in the bulk of the cell, the result is a rapid
reduction in the effective surface recombination velocity with
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Increasing cell voltage. Eventually, recombination rates will become
similar to those of n-type material at any given large voltage.

) / /
i th
! |
(@) () ©

Figure 10.12: Surface recombination resulting from asymmetrical
capture cross sections for electrons and holes. The probability of
capture depends on both the capture cross section of the interface
states and the interface concentrations of the respective carriers.
The widths of the arrows represent the probability contribution
from the former, while the number of arrows indicates that from
the latter. The overall surface recombination rate is determined
by the weakest link In terms of the weight of arrows: (a) n-type
silicon at low cell voltages, where hole capture is the rate-limiting
process; (b) p-type silicon a low cell voltages, where electron
capture can be rate limiting; (c} n-type and p-type silicon at high
cell voltages, where hole capture is rate limiting.

This effect was first analysed by Eades and Swanson [10.60], assumin
“flat-band" (zero-field) conditions at the cell surfaces. The te'ndency fof
p-type surfaces to be depleted either by the nett positive charge in the
oxide or by work function differences between p-type silicon and metals
su:l? i}sﬂalu&muium and titanium which may overlie oxides, will help
make this effect apparent at lo

o s eflect a ::) wer cell voltage than predicted by such a

For the present PERL cells, this effect is particularly important for the
non-contacted regions of the rear surface. The effective recombination
velocity in these regions decreases from very large values of the order of
10* cm/s to low values below 30 cm/s as the voltage across the cell
Increases from the short-circuit to the open-circuit voltage point. A
major consequence can be a lower cell fill factor than would otherv;dse
be the case [10.61]. Examination of the dark current-voltage
characteristics of PERL cells has allowed the change in this
recombination velocity to be determined as a function of voltage across
the cell [10.61]. Similar measurements confirming a steadily reducing
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