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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
hailf 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

INTRODUCTION

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

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

Effici 9
% ency (%)

10+

0" T T T T T
1940 1950 1960 1570 1980 1990 2000

=

. - Figune 1.1: Ewolution of Silicon Laboratory Cell Efficiency.

Importantly, some of these improvements are filtering through to

-k
commercial practice. For the 1993 World Solar Challenge, the solar

w‘me across Australia from Darwin to Adelaide, several suppliers
'ﬁ'\‘-ﬂ ' .ablg-to provide silicon cells in kilowatt quantities of above 19%
Jeflict netency 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 learning 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 product,
particularly if combined with stationary refractive concentrators to
reduce the required cell area. Another possibility would be that this
decrease in cost might come about by successful commercialization of
a thin film technology. At the present peint 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

AR e T e

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 possible 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].

REFERENCES
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'fProgress in Photovoltaics, Vol. 2, pp. 87-94, 1994,
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Koschier, C.B. Honsberg, A.B. Sproul, D. Thorpe, Z. Shi and
G. Heiser, "Limits to the Efficiency of Silicon Multilayer Thin
y Film Solar Cells", Conf. Record, First World Conference on
. Photovoltaic Energy Conversion, Hawaii, December, 1994.




CRYSTAL STRUCTURE
AND ENERGY BANDS

21 INTRODUCTION

ectronic properties of silicon important in solar cell
gperation are well explained by the electronic band theory of solids.
This theory models a solid as an ideal periodic crystal with jmmobile
atomic nuclei. The effects of vibrations of these nuclei about their
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
upon a single electron of all other electrons by an average periodic
field. This chapter T by discussing the

eviews this band theory
energy band structure resulting from

The optical and el

silicon's crystalline nature.

22 CRYSTAL STRUCTURE

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

The primitive cell and basis v
| The primitis ectors, a; of the face-centr i
B— ceuhz\::miz Fig. 2.2. The atoms on the comer:do(tiu!:c
S ute a total of one atom to the cell. This Ii
remains 2 primt v;l cell of the silicon lattice, but has an extra atce
A, .Sh a::ce. the silicon lattice is technically a comploen;
lattice 12. 1. 1t shau s many of the symmetries of the face-centred
cubl latt m. o ome symmetries of the latter destroyed
primitive cell. yed by the

) . Flgure 2.2: The Primi
- tive Cell and the
Centred Cubic Space Lattice Basis Vectors of the Face-




In the case of silicon, rather than working with the primitive cell
shown in Fig. 2.2, it is more usual to work with the large cubic unit
cell apparent in both Figs. 2.1 and 2.2. This contains a total of 8
silicon atoms. Use of this unit cell allows an orthogonal set of basis
vectors to be chosen in the directions along the edges of the cube.
The lattice constant, a, 15 the length of the side of the cube shown in

Fig. 2.1.
23 SCHRODINGER WAVE EQUATION

Electron properties in a lattice of atoms are described by wave
functions, y, which are solutions to the time-independent

Schradinger wave equation 2.2}

2
_ P pyaviny=Ey (2.1)
2my,

where his the reduced Planck constant, mg 1s the free electron mass,
r is position within the lattice, V(r) is the periodic crystal potential
{ncluding the contributions from both lattice atoms and the other
electrons in the crystal, and E is the electron encrgy.

mwhere did we get that from? Nowhere. It is not possible to
derive it from anything you inow. It came out of the mind of
Schridinger " - 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 guantum
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. [2.50).

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:

v, (k1) = u, (k. r)expli k.r) (2.2)

where the wave vector k is introduced as a quantum mechanical
fndexing parameter, an extra variable of use in ordering the solutions

6

of Eq. (2.1). Equation (2
. .2} represents a pl
o = plane wave, exp(ik.
cryst:ﬂ a:;ilﬁgz ﬂl;of:xzctioniazlin(k,r), which has the peﬁodici)t;piaf t.,l'-lje
. crystal incorporatin
ol g a large number i
Fo:s;n?n)crh\;zl:: ;:hos;lcn fotrh ke will give allowed solutions of ﬂ:f;?;?;e
value, there is an infinit ‘
For ar e number of possibl
conesox;idof t’che form of Eq. (2.2), where each wgse fuf]z?:e
corr P s to an allowed energy level, E (k). The energy 1 .
esponding to different values of k and the same vaf;)r 3‘;'315
ue of n

onsti

:,-1 rtxl‘l.su:utz r:hs .nth energy I.Jand. Since E,fk) varies periodically in k

with 2 O?E o )1city dctemu.ned by the lattice structure, all dist‘mc;:
(k) can be obtained by restricting k to values in the range:

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

24 RECIPROCAL LATTICE

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

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

R=na; +n,a, + n;a, (2.4)

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 m is an integer and where:

G=g,b
g,b; + goby + gabs 2.6}

;;I‘he g; are integers and
| b, ar i
o -l ; are the basis vectors of the reciprocal lattice

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




volume in real space of the primitive unit

where i#] # kand Q518 the
cell of the crystal lattice, given by:

Q=q. [aJxak] (2.8)

The "volume” of the unit cell in reciprocal space formed by the basis
vectors b; is given by the same formula as Eq. {2.8) with a,, replaced
by by, This olume” has the units of flength)® and equals (2n)3/ Q.
Applying Eq. {2.7) shows that the reciprocal lattice of a face-centred
cubic lattice with lattice constant, @, is & body-centred cubic lattice

with lattice constant, 4n/a [2.6].

Distinct values of Eqfk] can 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 construcied 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.

truncated octahedron
of the body centred cubic
the cubic unit cell of

Construction of the
the first Brillouin zone
owing its relationship 10

Figure 2.3
corresponding to
reciprocal lattice, sh
this lattice.

The Brillouin zone for th
e silicon lattice is identi
;ZIi;ut':dofcubic lattice. Shown in Fig. 2.4 22031ngoothattoi£1 ¢ face-
symme hi rtant lines an
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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
the crystal, these calculations generally involve parameters whose
values can be adjusted to give a good fit between theory and
experiment at selected points. By combining theory and experiment
in this way, a good qualitative picture of the energy band structure of
silicon has emerged, although quantitative uncertainties remain.

25 ENERGY BANDS

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.

The point I' at the centre of the Prillouin zone (k = 0) is the point of
highest symmetry, and the band structure displays several
interesting features at this point. The valenice band has its lowest
energy level labelled I';. The next highest energy for this value of k is
the "triply degenerate” state (neglecting spin orbit splitting, Section
2.6) labelled I'z5. This state corresponds to the maximum valence
band energy. Moving away from I' towards points of lower symmetry,
this degeneracy disappears, as demonstrated for k values along the X
symmetry line. The four separate bands which make up the valence
band are apparent in this direction. However, in the A and A
directions, the uppermost band in each case (A3 and Ag, respectively)
remains doubly degenerate.

Returning to the I point, the next highest energy state is I';5. also
triply degenerate. The energy difference, I'js - g5, gives the direct
bandgap of silicon, with an experimentally determined value of 3.4
eV. Moving away from I' in both the <100> (4) and <111> {A)
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Figure 2.6: (a) Plane of high symmetry within Brillouin zone; (b)
E-k relationships for k values lying on this plane.
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Figure 2.?:' Constant energy surfaces within the Brillouin for an
energy just above the conduction band minima {ellipsoids) and just
below the valance band maximum {sphere). '

For energies just below the uppermost valence band, the constant
energy intersections near I'will initially be circular but will become
distorted to more closely resemble s

departures. Constant energy surfaces in Fig. 2.6(a) correspondingly
change from a generally spherical shape near the zone centre as also
shown in Fig. 2.7, to a generally cubic shape as the energy below the

quares for larger energy

valence band edge increases.

The calcul‘ati_ons of Fig. 2.5 and Fig. 2.6 involve semi-empirically
fitting predictions to experimental data at points where there is a high

:;vel ':lf d:c;nﬁdence in the latter. At points remote from those fitted
¢ calculated results for the energy levels are a ! ithin
abPUt 05 o (2101 ccurate to within

26 DENSITY OF STATES & OCCUPATION PROBABILITY

Since electrons are SJermions (quasiparticles with half integral "spin”
_occupation of allowed "states, f(E). is
Dirac statistics [2.1); -

Sy

Yetermined by Fermi-

= T
exXp (E- E J/KTT + 1 (29




where Er is the Fermi level and kT is the thermal energy which has
a value of 25.85 meV at 300K}. Since Eygencrally lies in the
bandgap away from the band edges by more than the thermal energy,
this functon {or its difference from unity) ofien 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 ik . Na,) = 1 (2.10)
or,

k.a =2zm/N.(m=0, 11,12, ..) (2.11)

where a; is a basis vector of the primitive cell and N; ts 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 equals the
product N;NoNg. 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/Q, where 02, is the

volume of the primitive unit cell. This gives the number of allowed

4

States per unit “volume"

15 the erystal volume. ¢ Brilloutn zone as V/27)3 where v

wh E= X2 (2.1
cre E is energy below -14)
the valence bang
edge giving
[AE/ | = #4250/t
and =W/ (2.15)
(2.16)
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om the band edges,
Figure 2.5(a) shows the
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d of Eq. (2.12) wiil be large
where ViEqKk} approaches zero, 1.6, where the E'k relationship is flat.
Such points are called and densities of states generally
have a maximum near g(E) drops to zeT0 at the
band edge since Sg drops xperimental measurements
are in reasonable agrecm of Fig. 2.5(@)

12.14].

ed surfaces, such as away fr

For more complicat
numerical approaches are required.
f states for the b

calculated densities O
Figs. 2 5(b) and 2.6(b). The integran

critical points

{o zero here. E
ent with the calculations

2.7 MOMENTUM AND EFFECTIVE MASS

of an electron in pand n with wave vector Kk, as
t centred at k or as the

velocity of a wave packe
tum mechanical velocity operator {2.6], 1s

The velocity, Vnk:
evaluated as the group
expectation value of a quan

given by:
(2.17)

stant energy surface at the
k only in special cases.
be simplified using the
the density of
by band

The velocity is nor
is therefore parallel to

appropriate k and i
the denominator of Eq. (2.12) can

Note that
above expression to give the following expression for
electron states {per unit energy and volume) contributed

= ._.2'_-— _.df.E- 2_18
95 = 3o $ @18
any collisions and

An external force F acting on the
assuming F i8 not so large as to cause excitations between bands, will
The conservation of energy implies:

cause Eq(K)to increase.

electron, prior to

dEK _, F 2.19)

dt

However, mathematically:

dE (K _ dk
-——-E‘— = VkEn[k) . -'a—t' (2.20}
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Equati
q ons (2.17), (2.19) and (2.20) give the fesult

F= 4k
at 2.21)

The quantity hk :
in a crystal :

free space and rystal therefore plays th

is conserved ;Si;iﬂcd the crystal momeyntuni roll:kof momentum in

within the crystal t“g)’wtions. of electrons with oth e: momentum, it

conduction bancl'mi !:e obvious difference is appareqraSiparﬁdes

although the nimum.  From Eq. (2.17 nt at silicon's
Crystal mormentum is ﬁnlte 3 * )1 unk is here ZEro

The electron's acceleration is given by:

a= d vl'l.k
dt 2.22)

: Dropping the wvel

ocity sub

l components gives: script and discussing in terms of vect
’ vector

——F
1 (2.23)

The acceleratio
. n can therefore b
mass tensor with elements: e described in general by an effective

L % 9’E
my  h® okdk,

i

(2.29)

J
c Il
Nea[ ‘he (:(l[[(l Iil] I)alld ]llilll]nulll or ua.lclICC band maximurn
y 2

anSi 0

(2.25)

Ell) = Efk) + 4 2 |
kJ+3 4% (a%p%)k Ac Ak,

T

F 2 1 t_he




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 .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 (.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

en-circuit voltage of a solar cell, recombination
throughout the cell, including recombination in
An effective way of reducing bulk recombination
is to reduce the volume of the cell. It follows that, to obtain the hest
possible photovoltaic performance from 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 op
must be minimized
the bulk of the cell.

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 multiple reflections of externally incident light from the
surface of a cell with surface texture, which reduce overall reflection
Reflection control in both unencapsulated and encapsulated
In the present chapter, such
gible and "light trapping”

loss.
cells is discussed in Appendix F.
surface reflection will be assumed negli

refers solely to bulk processes.

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

Figures
schemes [6.1].
direction of light once it has been coupled

@

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{i/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 the:
silicon on each passage across it. In the second scheme, a regular
geometrical structure is bulilt into the bulk region to steelr theglight
away from the normal to the front cell surface. This chapler
describes the light-trapping properties of both the randomizing and
geometrical schemes of Fig. 6.1.

6.2 AANDOMIZING 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 reﬂecém;g Hght
with uniform brightness (radiance) in all directions, regardless of th

original angle of incidence. (Uniform "brightness” corresponds to .
::dif;nt intensity which varies as cos® where 8 is the angle belwee::
thz u;r;:t[lso.r;];).f observation and the normal to the surface reflecting

Figure 6.1: Two schemes for trapping light inte a solar cell;(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 tlc‘)lp
top surface has unity transmittivity for the light involved. The li hi
::](:upled out will be that travelling in the cell in a direction closegto

€ normal to the top surface. I[ts pathlength across the cell to this

93




equal the cell thickness. The light which

surface will approximately
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+6Win2— 1)/nt + 10Wln2- W?/né+... (6. 1

The power serles 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 (8.3)

alue of 4n? which is also the

This approximately equals the v
approximate result of a more comprehenstve analysis of this structure
eral analysis by Yablonovitch

by Sheng [6.3], and that of a more gen
and Cody [6.4] and Yablonovitch [6.5]. The value of the pathlength

enhancement factor is close to 5
substantial benefits which light trapping can provide.

The more general structures of Fig
using a similar approach. The work
indicates that a fraction, 1/n
top surface will be coupled o

be applied to this structure.

0 for silicon, Indicating the

s. 6.2(a) and {b) can be analyzed
of Yablonovitch and Cody [6.4]
2 of the randomized light striking the
ut even when it is randomly textured as

in Fig. 6.2(a). This allows the same type of analysis as that above to

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
refllector ts 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].

b A

{a) (b)

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-l/n2]] {6.4)

From this, the value of reflectance required to maintain more than a
lf)raction, [, of the light trapping abllity of the idealized case is found to
e:

R>(2M2-1)/[2fIn2-1)+ 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 upon total
internal reflection from the rear surface. Although previously stated

9%




that this approach would give performance limited to half thatuclm:' tl:re1
idealized reflector case, the approach coulfi do better th.an ; s ’
practice by designing for a lower than unity transmitti;flty‘; ota rﬁzd
within the escape cone at the rear, or by using a simple de 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 higher than
ly mentioned by interposing a dielectric
layer between the metal and the silicon. Figure 6.3 sho;s1 t};:-
caleulated reflectance, at a wavelength of 1.2 pm, from a reard u?yon
separated by a variable thickness of 5103 from a polished s tc:hlS
substrate, for various internal angles of incidence, 8, upon

combination.

Experimentally,
the figure of 91% previous
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Figure 8.3: Calculated reflectance from a rear Al reflector at
the rear of a silicon waler as a function of the thickness for an
intervening layer of 5i0g, for various internal angles of incidence.
The reflectance for the 6+ 89 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/Si0g 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 S51/Si09 interface travels almost parallel to this
inierface, 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 introduction

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 isotroplc 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.




6.3.2 Two Dimensional Geometries

The simple geometrical scheme of Fig. 6.1({b), proposed by Redfield
[6.8], relies on reflection from an oblique rear surface such that the
reflected light is totally internally reflected upon reaching the top
surface. Due to the narrow escape cone from silicon, the required
slope for the rear surface is quite small. However, one disadvantage
is that, to maintain finite cell thickness, oppositely sloping surfaces
are also required. While sequential incidence on surfaces of the
same slope can build up increasingly oblique angles of incidence on
the top surface, ensuring total internal reflection, incidence on
oppositely sloping faces will decrease this obliqueness. In the worst
case, perpendicularly incident light will have only four passes across
{he cell as for the ray shown dashed in Fig. 6.4. Much larger
numbers of passes are possible for rays incident at other points,
such as indicated by the solid line in Fig. 6.4.

V A

Figure 6.4: Good {solid line) and bad {dashed) ray paths for light
trapping with rear surface slats.

The extent of light trapping thus depends upon the point of incidence
along the surface. Some geometries give "sweet spots", namely
localized areas where incident light will be guaranteed very long light
trapping paths. However, the longer the pathlength, the smaller the
area of the sweet spot. Certain geomelries give pathlength
enhancements approaching infinity for light incident on an
infinitesimally small area. However, averaged over the total surface
area, all designs perform relatively modestly. The number of passes
when so averaged generally lles between 4 and 15, generally smaller
than the effective value of the Lambertian schemes of Section 6.2.

f\nother two dimensional geometry which has received some attention
is the case of slats {grooves) on the top surface, particularly when
these slats are formed by Intersecting (111) crystallographic plane

(see Chapter 10). For upright slats, symmetry dictates that mosﬁ Ii hi
will have only two passes across the cell as shown in Figure 6 S%a]

The only rays that do not escape after the first double pass acl:ro '
the cell are rays obstructed on their first passage across the cell SS
striking internally one of the faces of the slats. However, if thiltr
symmetry is destroyed by slightly tilting the slats, much bet'ter 1i hi
trapping can result as shown in Fig. 6.5(b) [6.9, 6.10]. ’

Figure 6.5: Light-trapping with top surface grooves formed by

intersecting (111) equivalent :
planes: (a) untilted str ;-
effect of a slight tilt. uenre:

Another two dimensional light trapping geometry depending on sl

which has been suggested [6.11] is shown in Fig. 6.6. If th tats
sides of the cell are parallel, four passes across the' ceil -arc eib“llm
However, if the two sides are not parallel, as Indicated in Fi, p(:isz .
Increased number of passes become possible. The schellgl;: wo a;:
seem to have two advantages over the simpler scheme of Figs. 6 lu(b)

9




t escaping rays can be recaptured. The second

and 6.4. One is tha
een front and rear sides of the

is that a smaller misorientation betw
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

Flgure 6.6: Near-parallel double-sided slat approach. Effective

device thickness could best be defined as cells aperture area

divided by volume [6.11}.

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.

Although a difficult structure

Finally, another two dimensional approach is based on holographic
gratings which have also been proposed for the rear of the cell to
diffract light into oblique modes for effective light trapping [6.12].
However, the calculated pathlength advantages are quite modest.

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
planar rear surface, an image region can be defined which describes
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
geomelry, specifically the ratio of the pyramid size lo 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-emerglng on planes of opposite orlentation to the 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 in
practice, due to the difficulties in controtling the geometries involved
[nverted 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.

T T I 7 T |
100 -
2 sot 4
E _
=1 -
E
Q 60 -1
[
@ | randomd ! i
o pyramidst-~.
m A......._,..‘:Tn.._.....,! La‘_
E 40 ///-.,, K . —~
O g B
Q H= ////////_‘/.}:'-- -
Y [ reguiar pyramids
“
0 20F
"
o 1 L 1 1 -

1 2 5 10 20 50 100 200

passes through cell

Figure 6.8: Fraction of rays remaining 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 brickwork™ entry corresponds to the
“Titers 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.
pyramid layouts so that the image pyramid fall
and the third is to tilt the pyramid structure.

The second is to design
s into desired locations

f Fig. 6.9 has been suggested [6.13] to allow the

The tiler's pattern ¢
! 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(;
that of the worst regular pyramid geometry might be expected. Such
Tiler's pattern layouts are used in the highest efficiency silicon cells
fabricated to date (Chapter 10).

Figure 6.9: "Tiler's pattern” designed for favourable location of
image reglon.

Even better performance, in principle, can be ohtained with structure
also on the rear of the cell. One of the early geometries suggested for
obtaining such benefits was the perpendicularly grooved cell of Fig
6.10 [6.15]. The perpendicular grooves on the rear encourage'
reflections into the third dimension, greatly limiting the potential for
escape.

An analysis of this structure [6.13] shows that it can exceed the light
trapping capabilities of the Lambertian scheme for perpendicular]
incident light. It is of interest to see whether this improved ]igh{
trapping performance comes at the expense of decreased angular
sensitivity. The scheme was found not to be particularly angularl
sensitive. Geometries optimized for perpendicular light remaine():;
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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. Glven these limitations, schemes with
top surface structure but with a planar rear surface are preferred in

the highest performance experimental devices to date.

s preferred configuration can be obtained
cture on the top surface. In the same way
ing of slats improves light trapping (Fig.
and slats into the third dimenslon can
Figure 6.12 shows the rays remained
er of passes for both tilted grooves and
ent light trapping can be obtained. The
trapping in the cell also lead to
n the cells are encapsulated

Good light trapping in thi
by tilting the geometric stru
as simple two dimensional tilt
6.5). tilting of both pyramids
give even further benefits.
trapped after a given numb
pyramids showing that excell
same conditions giving good light
greatly reduced surface reflection whe

under glass.
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t trapping schemes discussed
ty; their effect upon the

heir most important proper
X silicon solar cell 16.13]. The perpcn;licular
Lambertain schemes.

can perform better than
Slal:S aip:i;hpyram})ds on both surfaces also perform w_ell lln
SC_ CI:“’ie although there are practical constraints as prevmlu:\ar :1
pnlrll'cnzd Upright pyramids on one side only perform :t daouftzﬂe
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;)r:llermediate between that of a polished waler and z} goo | downe

ided structure. The "tilers pattern” layout or tilting of pyra
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Figure 6.13: Calculated short-circuit current density as a
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{after Camphell & Green 16.13]). All schemes a;?llmi;:l z;:io f:::::
fect rear refiector. e illumina

surface reflection and a per

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

density of 97 mW/cmZ).

function of silicon cell thickness

6.4 Experimental Results

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

amorphous silicon cells, beginning in 1982, with pathlength
enhancement close to the theoretical limit reported [6.186]. Light
{rapping was shown lo 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 demonstraled 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 dilferences [6.18]. Keavney et alia {6.19] describe early
optical measurements. More recently, Basore {6.20] has described a
lechnique 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, R(A), using;

IQE = SR - (hc/qi)/(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 te an accuracy estimated
elsewhere [6.20].

By plotting inverse IQE as a function of inverse absorption
coefficient, a, characteristics such as shown in Fig. 6.14 are
experimentally generated, with similar features also predicted by
numerical device simulation programs. Twe linear regions are
observed characterized by the inverse slopes, Lige antd Wiy,,, and by
the y-axis intercept, Intept. As shown by the analysis of Appendix G,
Lige is related to the effective diffusion length, Legn in the cell

" (independent of light (rapping 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 /
| A
25 ': ///' Inverse S!APG"'WJ'QS
, 1
"V

: Inverse Slope=L,.,

Inverse IQE

"I S e
0 1000 2000 3000 4000 5000
Absorption Length {m)

Fig. 6.14: Typical inverse internal quantum efliciency (IQE) data

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

Various information can be extracted by combining the three

parameters extracted from plots corresponding to Fig. B.tlltlav;rittl;1 :t?:;;
measured or estimated parameters {see Fig. G.1) suc s e
thickness (W), the total front surface reﬂcct;on St
wavelengths (Rg, and R respectively}, the angle o pa(o ge ! e
across the celt on first, second and subsequent pasi;aslde :] ,ucza o g 3
respectively, with passes after the second assutme e R, o
the corresponding back and front internal reflec an;e tedblt;, Vj;.yi o
d Ry, respectively). Information which can be extrac ying
2:curj:cy [6.201 includes bulk diffusion length, rear surtz;aon
recombination velocity, the bulkt cc;m:)a:ﬁ:e;:la?lfyd;:;krcs;u::;facc
current and light trapping parameters, w surace
he pathlength enhancement factor, Z, de
T;;E::Eniieéé b(rll\ioat:dtt:at E always larger than B of Sectior:i 6.f2 ilx; tlt'l:;t
parasitic absorption at the rear surface Is excluded [ro

definition of 2.

this information is outlined elsewhere

tractin
T o arting b : the experimental value of the product

16.20]. The starting point is

108

Wige Intcpt which, as noted, depends only on the optical parameters.
Sensitivity analysis [6.20} shows that the product is overwhelmingly
sensitive to Ry,. By assuming reasonable values for the other optical
parameters (Ry;, Ry, Rpy,, 8y, 02, 8,), values of Ry, can be deduced to
about 5% accuracy, in general. Knowing this parameter, the long
wavelength collection efficiency, 5., can be deduced to a similar
accuracy. Since both this parameter and Legr depend on bulk
diffusion length and surface recombination velocity, but in a different
way, the two latter parameters can then, in principle, be deduced.
Grealest accuracy is obtained when the effective diffusion length
approximately equals the cell thickness [6.20].

6.5 CONCENTRATED LIGHY

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. 8.15. 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
1islng 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?8, 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
the 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/sin28. Schemes such
as the prismalic cover approach, described in Chapter 12, which
steer light from metallized regions of the cell to non-metallized, are
_a_!so closely related to this approach.
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Figure 6.15: Typical arrangement of lens and cell in a

photovoltaic concentration system.

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
{he escape cone of light from within the cell to that of a material with
a refractive index of n/sin@; again giving an idealized path length
enhancement of 4n2/sin?6. Such coatings have proved difficult to

design [6.6].

g. 6.16 boost the idealized path length
2 million for extreme cases under direct
al constraints of less than unity metal
reflectance and the likely deviations of anti-reflection coaling
properties {rom 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
sunlight. However, the practic

concentrating cells, either of the
d for use in non-concentrating
st partially, 18

Although discussed in the context of
emes could be modifie

previous sch
e the ability to accept diffuse light, at lea

systems wher
required.
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work on light trapping. He showed that, using a rough cell surface
. a
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e R e e e e
(a) metal (b) tal
meta

Fi :
rOfuru.; 6.1:13. Two different schemes for enhancing light trapping
cells where a limited acceptance an
gle is adequate: (a) use of
secondary surface concentrator; (b) use of an anti-reflecti ;
coating with a high degree of angular selectivity -

6.6 Light Trapping In Encapsulation

S
eﬁ(};;\:ﬂ:i:t;iat;g to light trapping in cells is light trapping in cell
. Figure 6.17 demonstrates how th
is might oc

i:h? }ftar:dard photovoltaic module. The "zero depth gconceflltljl"aivcrl
Whlfc rl:: ie]s on light incident between cells being scattered from (t)lrl.
white ¢ fr baye:; O}f, the module, was well known in the late 1970's Le

o boost the short-ci o
b ab e reuit current of encapsulated cells by up

/
==

Figure 6.17: Reflections within a typical module

encapsulant

Yabl
onovitch [6.5] included an analysis of such an effect in earl
l'y

scheme
such as shown in Fig. 6.18 could reduce cell reflection from
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31% prior to encapsulation to 11% after encapsulation, with a large
portion of this reduction due to light trapping within the
encapsulation layer [6. 11.

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
caleulation of the light trapping of light diffusely reflected would be
stralghtforward.

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 {6.23]. 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}.

12

()

Fi :
gure 6.19: Ray paths for pyramidal surface features when

encapsulated under glass: (a)
: normal pyramids;
symmetrically tilted towards one corner 7 = () pyramids




Bifacial cells

Sunlight
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20: Simple static concentrator based on light trapping in

Figure 6.
"encapsulant”.
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Chapter

SURFACE, CONTACT
AND BULK PROPERTIES

9.1 INTRODUCTION

" In Chapter 7. where bounds on the energy conversion efficlency of

silicon solar cells were described, ithe importance of minimizing surface
and bulk recombination became apparent. Experimental approaches
to minimizing such recombination are discussed in the present
Chapter, for the three types of region found in cells. The first type of
region is the non-contacted surface, where thermal oxide passivation
has proved to be particularly effective. The second type is the
contacted surface reglon, where the contacts to the cell are made.
The third region is the bulk of the cell, where recombination rates
depend upon both the initial quality of the silicon and subsequent

processing.
9.2 SURFACE RECOMBINATION

9.2.1 Interface States and Oxide Traps

Surfaces and interfaces represent rather severe discontinuities in the
crystalline structure of silicon. Consequently, high densities of allowed
energy levels occur at the surface at energies corresponding to the
forbidden gap. One reason for the success of silicon in
microelectronics has been the ability to reduce such interface state
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densities o very low levels by growling a passivating oxide layer.

As the oxide grows, it consumes the underlying silicon. ‘The interface
between the oxide and the underlying silicon moves deeper into the
bulk. This displacement of the interface to clean regions within the
bulk is an important factor contributing to the high levels of
passivation provided by this approach. The level of passivation
provided, as determined by the density of interface states, can vary
over several orders of magnitude depending upon the quality of the
associated processing.

Many suggestions have been made as to the origin of the states at the
oxide-silicon interface [9.1-3.6]. Since the atoms at this interface are
generally well co-ordinated, the remaining structural or stoichicmetric
deviations lead to defect densities much smaller than the density of

_interface atoms. The latter ranges from 6.8 x 1011 atoms/cm? for a

i

{100} surface to 7.9 x 1014 atoms/cm? for a {111) surface [9.7].

Due to statislical disorder, these remaining defects give rise to a quasi-
continuous distribution of interface states. Figure 9.1 shows such a
distribution broken down into possible components arising from
specific defects [9.6].

Centributions to interface states at energies near the conduction and
valence band edges are attributed to slrained Si-Si bonds (Ut in Fig.
9.1). The other three contributions (U, P|, and Py) are attributed to
dangling (unsatisfied) bonds of different types, depending on the
number of oxygen atoms involved in the remaining bonds. Different
processing and operating conditions can change the relative
contributions of the different groups and hence change the shape of
the overall distribution, as subsequently discussed. Chemical
impurities can also contribute to the Interface state distribution. Some
impurities, particularly H, Cl and F, are regarded as beneficial while
others, such as dopant and metallic impurities, increase interface state
densities.

Other defects give rise to allowed states (traps) within the forbidden
gap of the oxide. This oxide is amorphous in structure, but fs generally
characterized in terms of a clearly defined forbidden gap of 9 eV, with
the conduction band lying 3.2 eV above that of silicon at the interface
and the valence band lying 4.7 eV below that of silicon (Fig. 9.2).
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Dy /om eV

Ec

Figure 9.1: Groups of states at the S1/5109 interface and thetr
contribution to the interface state density, Dy (E).

Uy - dangling bonds Siy =Sl |E-E] < 0.45 eV
Py, - dangling bonds Si,0 = Si- E,~E -0.15eV
Py - dangling bonds 50, = Si- Ey~E +0.15eV
Uy - strained bonds Sy =5i-5 =5 |E-Eycl «0.15 eV

The oxide has a fixed positive charge assoclated with it. According to
Ref. 9.6, this charge is related to allowed states in the oxide
permanently charged by tunnelling. The sources of these states are
localized close to the interface, although their atomic nature is still
disputed {9.6]. The corresponding states lie in the upper half of the
oxide bandgap. Oxygen vacancies cause hole traps about 6.3 eV above

the oxide valence band {9.8].

For solar cell operation, as low an interface densily as possible is
desirable. The oxides in the best present laboratory silicon cells have
densities comparable to gate-quality microelectronic oxides. Careful
attention to processing conditions is essential to achieve such quality.
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Figure 9.2: The oxide-silicon interface (not to scale; band-bending
effects not shown},

Figure 9.3 demonstrates the impertance of final processing steps. A
good qualily oxide was grown and annealed by capping with a layer of
aluminium and heating at low temperature. This post-metal anneal
(PMA) or "alneal” is a very effective step in reducing interface state
densities. Atomic hydrogen is believed to be generated by the reaction
of aluminium with hydroxyl ions in the oxide [9.9]. This hydrogen is
then very effective in neutralizing residual defects at the interface
[9.10].

In the case shown, the Al layer was either fully or partly removed after
this PMA step [9.6], and the device subjected to a low temperature
anneal (500°C) either in nitrogen or "forming gas" (FG}, which consists
of a Hp /Ny mixture. '

Interface state density increased in all cases, attributed to the loss of
hydrogen. In the case where the Al was partly removed, this was
attributed to loss of hydrogen at the Al edge. The forming gas anneal
gives better results than nitrogen annealing. Changes could be
reversed by replacing the rear Al and then annealing once more.
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Figure 9.3: Degradation of the interface staie density of
Al/Si0,/Si and S10,/S1 structures by anneallng treatments in
forming gas (450°C. 30 min.) and dry Ny {300°C, § min). The
specimens [thermally oxidized n-SH111), 10 {lem) were well
stabilized by a PMA process before initial measurement (curve 1).
Al/S10, /51 - annealed in FG {curve 2); annealed in Ny (curve 3);
Si0; /51 - annealed In FG (curve 4}; annealed in Ny (curve 5).

Earlier steps in the processing sequence are also important in
determining final oxide quality. For example, Eades and Swanson
[9.11] report stmilar midgap interface densities as in the Initlal curve of
Fig. 9.3 after a PMA anneal for oxides that are grown in oxygen and
pulled from the furmace in the same ambient. Oxides annealed and
pulled in argon after growth gave densities about ten times lower,
Introduction of a small amount of chlorine {in the form of HC1 in this
case) into the oxygen stream also gave good results when pulled in
argon.

Other papers compare the effectiveness of different chlorine-based
compounds [9.12], while others explore processing optimizations for

very thin oxides {9.13].

One issue which has arisen over recent years with these finely tuned
oxides concerns their stability under exposure to sunlight, particularly
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the ultraviolet component [9.14]. Experiments with UV light, soft x-
rays and high energy eleciron beam frradiation are reported to produce
similar results [9.6]:

(1 No degradation is observed at photon or particle energies lower
than that required to produce [ree carriers in the bands of the
oxlde, either by eleciron-hole pair generation in the oxide or by
excitation (injection) of carriers from the corresponding band in
the semiconductor. Holes are much more effective in
producing degradation.

(1) Radiation causes an increase in Interface state density as well
as in positive oxide charge.

(i) The Increase in both is dependent on the photon or particle
dose. The interface density eventually saturates.

(iv) The induced oxide charge decreases logarithmically with time
after {rradiation.

Y] Annealing in hydrogen can completely restore the interface
density to its original value.

From these chservations, it is concluded [9.6) that breaking of Si-H
bonds is responsible for the interface state generation, in cases where
the Si to which the hydrogen was originally attached is connected to
three other S atoms (U in Fig. 9.1) or to two S and one oxygen atoms
(P ). The saturation density of the generated interface states therefore
would be a measure of the lotal densily of Si-H bonds at the
unirradiated interface (estimated as 8.9 x 1012 states cm 2 eV-! [9.6]).

Inierestingly for solar cells, which frequently use textured surfaces,
recent work suggests a direct correlation between interface density and
the stress {or strain) in the grown oxide layer {3.15). ‘This stress arises
from differentfal thermal contraction during ccoling, and would be
expected 1o have areas of concentration for a textured surface. Any
additional elastic stress due to low temperature (<500°C) deposition
and processing of metal or dielectrie films after the high temperature
(>800°C) oxidation and annealing was not found to influence the
interface density [9.15]. It was concluded that the density of defects is
associated with processes inherently non-elastic in nature, e.g.,
localized plastic deformation near the interface which can relax oxide
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stress. Another recent development has been the correlation of
interface density with the microroughness of the interface. One paper
{9.16] suggests that micro-protrusions are reduced with appropriate
oxide annealing conditions, while another [9.17] shows a strong
correlation between final quality and initial microroughness.

Surface damage [9.18] or foreign lmpurities {9.19] can coniribute
additional interface states, often referred to as extrinsic interface
states. For example, Fig. 9.4 shows measured interface state densities
as a function of surface dopant concentration, both before and after an
“alnealing treatment" [9.20). Interface state densities are low and
virtually independent of the doping levels until these levels reach the
10161017 /em? range. They then increase with further increase in
doping level as extrinsic states begin to dominate. More recent work
{9.21] confirms this general trend.

Interestingly, from Fig. 9.4, “alnealing” produces beneficial results even
for doped surfaces, although these benefits seem to be smaller for the
highest phosphorus doping levels shown. Solar cells with phosphorus
doped surfaces have been shown lo be stable under UV radiation
which would severely damage cells with only lightly doped surfaces.
Since this UV damage is explained in terms of Si-H bonds, a lower
sensitivity of the phosphorus doped surfaces to hydrogen would be
consistent with their demonstrated stability to UV light exposure.
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Figure 9.4: Surface state (interface trap) density versus doping
level at an oxide passivated surface for (a) phosphorus-doped {n-
type) and {b} boron-doped (p-type) surfaces. Results are shown
before and after alnealing at 450°C (after Snel [9.20]).
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9.3 RECOMBINATION AT INTERFACE STATES
9.3.1  Independent, Discrete interface States

In the usual modelling of interface states, each state is associated with
a single level in the forbidden gap, rather than with multiple levels
assoclated with different charged states of the seminal defect [9.22].
Moreover, these levels are assumed independent, l.e., carriers can
make transitions between these energy levels and the valence and
conduction bands but not to other interface state levels [9.23). This is
a good approximalion given the low density of Interface states
compared lo surface atoms, as previously noted. This suggests that
the seminal defects are physically well separated compared to the
density of surface atoms. The theory of defect recombination, as given

by Eq. (5.19), applied to this situation gives a recombination rate per
unit area, Upa:

U = Sno Spo (nsps - nlpl}
4° S, (ng+n}+ Spo {p,+p)

{9.1)

where S, ., are surface recombination velocity parameters given by:

Sho, po = Pn.p <Unyp” N, 9.2}

Nyls the interface state density (states/em?), o, and g, are capture
cross-sections for electrons and holes, ng and pg are chricr surface
congentrations and n; and p; depend on the energy level within the
gap (Section 5.3.4) with n;p; = n;2 in general. (Optical generation
through interface states can be treated as in this section, although this
is assumed to be a weak process [9.24]).

9.3.2  Independent, Continuous States
The Previous expression can be simply extended to a continuous
distribution of states across the forbidden gap, If these are assumed

independent. Ny, in this case is replaced by Dy the density of
states/unit area/unit energy (states/cm? - eV). Uy is
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recombination/unit area/unit energy and must be integrated from Ey
to Ec to find Uz, the recombination rate/unit area.

9.33 Equal Capture Cross-Sections

When o, = 0p and assuming Upn = Up, Eq. (9.1) for discrete states

reduces to:

- Sno,po ngps— nlpl} (9.3)
(ns +p+tn+ pl]

Ua

Assuming o, Ng (= op N;i) does not vary as rapidly with energy as n,
and p;, i.e., not more rapidly than (exp [AE/KT]), Uy will have its
maximum value when nj and p; are both small, i.e., for states near

mid-gap.

For continuous states under the same conditions with n; and p; smalk

r
_S (nps- "{2)
Usc= (ng + o 9.4

where

’
S = I o, <vg> Ny dE {9.5)

with the integral taken over all states where n; and p; are small [these
will all lie within # (kKT/qg) In {{ng + ps)/n;) of the Fermi-level in intrinsic
material, 1.e., close to mid-gap).

For the n,p. product fixed, (e.g., a given quasi-Fermi level separation or
applied voltage), both Egs. (9.3) and (9.4) predict a maximum
recombination rate when ng = ps. This Is the basis of a common

assumption that peak surface recombination occurs when surfaces are
depleted [9.25].

9.3.4 Constant Capture Cross-Section Ratio

When 0,/0), is a constant at each energy within the forbidden gap, with
otherwise the same assumptions as in the previous section, Uac

becomes:
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’
S (ngp,-n?)
Upp=——rsls " 1) (©.6]

Op
[ns + _oTn' P_g)

4
with S defined as in Eq. {9.5) but the integral taken from
-(kT/q) In (lawns/op + ps)/ny) to +HKT/q) In (fng + oups/o,)/n,) referred to
the Fermi-level in intrinsic material. When the ngp, product is fixed
this predicts a maximum in the recombination rate oceurring when n'
={0y/0oplps. )

The corresporlding offset can modify the argument that surface
depletion increases surface recombination and that accumulation and
inversion decrease recombination, although high levels of
accumulalion or depletion will remain the most desirable.

93.5 Experimental Interface Densities and Capture Cross-Sections

Experimental interface densities are very sensitive to processing
conditions as previously mentioned, as are capture cross-sections.

Figure 9.5 shows experimental interface densities as measured for
growth conditions preoducing laboratory cells of reasonable
performance [9.26] while Fig. 9.6(a) shows the corresponding electron
and hole capture cross-sections for energies where they can be
measured (other growth conditions from those of Fig. 9.5 are also
shown). Note that the electron capture cross-section 1s higher than the
hole near the small range of energles where both can be measured
This 1s a common, but not universal result. Additional measurementsl
for oxides grown In other laboratories shown are in Fig. 9.6(b).
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Figure 9.5: Interface state density 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 [8.26]).

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 dilferent 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-
510 Interface measured by small pulse DLTS for different
oxtdation schedules and doping densities: (b) Survey of published
data for the electron and hole capture cross-sections at the Si-
5i0, ipterface. The solid lines are gnides to the eye (Eades [9.27)
Deulin [9.28], Johnson [9.29], Katsube {9.30], Vulllaume 9 .31}.
Yamasaki [9.32), Tredwell [9.33], Klausmann [9.34]) {after [9.2.6])..

An. interesting set of results has been generated in an experi t
whgrc the injection level was held constant and the elecl: Tef'l
conditions at the surface were varied. These results are showr:(:rs; ;:'C
9.8.: This shows the effective surface recombination velocit :
funf:tlon of the surface electron concentration {ng divided g " the
i:or;esponding surface hole concentration (p), a measur )fr e
electrostatic conditions at the surface [9.36). ' ¢ of the
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Figure 9.7: (a) Measured surface recombination velocity for
oxidized p-type wafers of different resistivity as a function of
injection level; {b) corresponding calculated values.

The effective surface recombination velocity is very low when the
surface electron concentration is low, corresponding to accumulation
at the surface. At the other extreme of very high electron surface
concentration, corresponding to inversion, the effective surface
recombination velocity is also very low. A peak in effective surface
recombination velocity is reachied at surface conditions intermediate
between these extremes.
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Figure 9.8: Measured effective surface recombination velocity for
p-type silicon-oxide interface as a function of surface potential as
given by the surface electron/hole ratio {ng /pg). The bulk
injection level was such that ny, was equal to 3 x 10 18 rem3 and
pp was equat to 5.5 x 108 sem3. The surface recombination
velocily is Lhat referred to ny, rather than ng. The solid lines are
theoretical curves for states with two different capture cross-
section ratios (o, /ay) (after Yablonoviich et al. [9.36]}

An understanding of these resulis can be obtained by referring to the
analysis of Section 9.3.4. Here, it is shown that a constant ratio of
capture cross-section should produce a surface recombination rate
(and hence effective surface recombination velocity] which peaks at an
ng/ps ratio corresponding to the rallo of capture cross-sections. The
experimental curves of Fig. 9.8 can be roughly broken down into two
sub-curves as Indicated by the solid lines, each sub-curve
corresponding to a sel of surface states with a glven capture cross-
section ratlo. This suggests that recombination at the surface studied
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was dominated by two groups of states, one with the electron capture
cross-section about 100 times that of holes, with the other component
of the distribution due to states with hole capture cross-sections about
100 times that of electrons. Electrostatically charged states typically
have this large difference between electron and hole capture cross-
sections, suggesting that the first group of states might well be
positively charged and attractive to electrons (donors) while the second
group may be negatively charged and attractive to holes (acceptors).
Alternatively, but less likely, the states may lie within the bandgap at
energies close to the conduction band or valence band, respectively,
making it easter for the respective carriers to make the transition due
to the smaller amount of energy to be dissipated in the transition.

Rather interestingly, the results give no information about the energy
location of the states involved in producing the measured surface
recombination. States contributing to either of the two peaks might lie
over a range of different energies but have something in common such
as the electrostatic altraction or repulsion of the respective carriers.

The practical conclusion from Fig. 9.8 is that conditions near flat band
are nol particularly attractive in terms of minimizing surface
recombination (flat band occurs at an n4/p ratio of 0.565 in the present
example). Instlead, the more extrerne conditions of either strong
inversion or strong accumulalion are desirable. Just how far
recombination can be reduced by going to such extremes has also been
investigated in the work previously cited. Figure 9.9 shows the
measured contribution of surface recombination to the saturation
current density of a device as a function of electron or hole surface
concentration. This saturation current density contribution is more
readily accessible experimentally than the surface recombination
velocity, which depends on knowing minority carrier concentrations at
the surface which are often difficult to determine experimentally.

The interesting point about Fig. 9.9 is that there Is a limit to how low
the saturation current density contribution from the surface can be
reduced by this approach. Theoretically, this contribution should
continue lo decrease as the respective surface carrler concentration
increases., Experimentally, there is a definite saturation, in this case,
to current density values of aboutl 8 fA/em?, The reason for this
saturation has not been definitively identified. One possibility is that it
is due to tunnelling through the very thin electrostatically induced
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layers which correspond to the highest surface carrier concentrations.
The values of Fig. 6.9 are probably the lowest current saturation
density contribution that have been experimentally measured for
silicon surfaces. The only option for reducing further would seem to be
either to combine this electrostatic action with doping which may
prevent the saturation observed in Fig. 9.9 or to reduce surface state
densities by improved processing techniques.
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Figure 9.9: Measured values of the saturation current density
assoctated with recombination at the p-type silicon-oxide interface
as a function of the electrostatically induced (a) electron and (b)
hole concentrations at this Interface. The solid curves are

theoretical curves, based upon a particular band-gap narrowing
model (after Yablonovitch et al. [9.36)).

9.4 CONTACT RECOMBINATION

Metallic contacts to the cell are required lo transfer the generated
current to an external load. At the interface with silicon, it is known
from experiment that metals induce a barrier to majority carriers, as
shown in Fig. 9.10(a). Contrary to simple contact theories f;his
behaviour means that the contact potential between silicon and r;letals
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is not given by the difference in work function between the metal and
silicon. An overriding "pinning" effect is at work when the metal is in
close proximity to silicon. Although a number of theories have been
developed to explain this effect [9.37-9.39], there is still no universal

agreement as to its physical origin.

thin oxide .
accumulation

depletion 17///7/ r_'
Ll

metal n-Si n-Si

@) (b)

Figure 9.10: (a) Metal-silicon contact showing Schotiky barrier
formation; (b) metal-thin insulator-semiconductor (MIS) contact
with metal work functien chosen so as to cause accumulation of
the semiconductor in the contact reglon.

The barrier to majority carrier flow gives rise to an undesirable contact
resistance. To bring the contact resistance down to useable values,
high doping levels are required in the semiconductor immediately
under the contact. This decreases the width of the barrier region and
allows maljority carriers Lo flow across it in appreciable quantitiés via
quantum-mechanical tunnelling. Since there Is no barrier to minority
carrier flow, such contacts represent regions of very high surface
recombination velocity. In fact, at such contacts, minority carriers
could be expected to recombine at a rate which was determined solely
by their rate of arrival. This rate would be close to the scattering-
limited velocity in silicon of about 107cm/s. Assigning this value to the
recombination velocity of the contact would be consistent with this

arrival-rate limited model.
Such high recombination velocities are, according to Chapter 7, not

consistent with producing the maxtmum possible cell performance.
For example, if the contacts are made to thin doped layers, as indicated
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by Fig. 9.11(a), the corresponding contribulion to the saturation
current density of the cell can be calculated very generally as:

L.=qn2 A,/ f (N,/Dg) dx (9.7)

w'herc A is the contact area, N, is the effective doping tevel at a
distance, x, away [rom the contact, Dy is the corresponding minorit

carrier diffusion ceoefficient, and the integral is taken over the thiz
doped layer. This expression shows that, to minimize this saturation
current contribulion, doping levels should be high and the doped layer
should be thick. Neither of these conditions is consistent in(th
optimization of the passivation of non-contacted areas.

metal doped layer

(a) (b) ()

Figure 9.11: (a} Metal contact to a thin doped layer; (b}
incorporation of a second, more subslantially doped region into
the contact area; {c] passivation of centact recombination by a
heavily doped region where doped surface layers zre not used for
surface passivation.

It follows that the incorperation of a second, dedicated doped region
under the contact, as shown by Fig. 9.11(b), leads to better
performance. For cells in which undoped surface passivation is used

only the heavily doped region would i
O ) uld be required, as shown by Fig.

Tables 9,1 and 9.2 give an indication of desirable diffusion conditions
in contacted and non-contacted areas {9.40]. To determine the
saturation current densities shown, the diffused surface was initiall

passivated with a high quality oxide. Afier measurement in thii

condition, the oxide was removed, an alu
. minium contact 3
the measurement repeated. feposited and
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Table 9.1: Saturation current density of phespherus-doped
surface diffused regions [after Kane and Swanson [9.40]).

Sheet Junction Surface Saturation Current
Resistivity Depth Doping Density (pA/cm?
Q) /square) {(umj) (/em?) Passivated | Contacted
9.0 5.8 5.0 x 1019 0.45 0.50
57.2 3.6 1.2 % 10 0.10 1.10
75.3 1.8 2.0x 1019 0.13 1.70
370 1.2 2.5x 1018 0.08 1.70
890 1.3 1.0x 1018 0.01 7.00

Table 9.2: Saturation current density of boron-doped surface
diffused regions (after Kane & Swanson [9.40]).

Sheet Junction Surface Saturation Currcznt
Resistivity Depth Doping Density (pA/cm*)
{Q2/square) {1em) (/cm3) Passivated | Contacted

5.3 4.8 7.0x 1012 0.35 0.42
37 2.1 3.6x 1019 0.07 0.57
63 3.0 1.3 x 1019 0.09 1.10
240 1.1 5.4 x 1018 0.13 1.00
463 1.2 1.3 x 1018 0.06 1.10

These tables show that contact passivation as shown in Fig. 9.11(b)
contributes a minimum saturation current density of about
0.5 pA/cm? [9.40). This is about ten times higher than the Auger limit
upon the contribution from such a region which is calculated, using
Eq. (7.1) to be 0.06 pA/cm?, For such contacts to have a negligible
effect upon the Auger limiting performance, they must cover a fraction,
fo. of the surface of the cell which is given by:

J. < CgNgWg//CqDpe {9.8)

for a cell in low injection, and by:
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1/3
fo<[tsa1c, + CY* Wyl 1Dy 9.9)

for a cell in high injection. Here, the subseript, Bc, refers to values in
the contact reglon, and the other terms are defined in Chapter 7. The
other constraint on Jo 1s that it should be sufficiently high that contact
resistance is not a problem. This can bhe expressed mathematically as:

Jo>> Vo /U p) (9.10)

where p, is the specific contacl resistance of the contact. [t appears
that the conflicting constraints on the contact area can be satisfied
simultaneously in the Auger limit. However, if the bulk region
performance approaches the Auger limit, while that of the contact
region does not, some difficulty could arise in satisfying both criteria.

Another approach to reducing the effects of contacts is to use a
contacting method which, unlike the normal metal-to-semiconductor
contact, has a low recombination velocity at its interface with silicon.
Although metals deplete the underlying silicon due to the anomalous
"pinning" effects previously mentioned, the insertion of a thin layer
between the metal and semiconductor removes these anomalous
effects. The conditions in the semiconductor under the oxide then
become sensitive to the work function of the metal, in agreement with
simple contact theories. To make a low resistance contact, a metal can
be chosen that accumulates majority carriers in the contact region, as
shown by Fig. 9.10(b), rather than depleting them.

The normally insulating oxide layer can be made so thin that the
current can flow across it via quantum-mechanical tunnelling. 1t 1s not
necessary that this should be (he only mechanism for current
transport for this approach to work 19.41], although tunnelling is an
efficient and reliable process for current transport across such thin
oxides, and is likely to play an Important role. Referring to Fig. 9.10(h),
accumulating majority carriers under the contact means that minority
carrier concentrations under the contact will be depleted. This greatly
Suppresses minority carrier recombination whether it occurs at surface
states at the oxide-silicon interface In the same way as at the non-
contacted surfaces of the previous section, or by tunnelling through
the oxide to the metal. On the other hand, the accumulated Mmajority
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carrler concentration facilitates the transport of these carriers across
{he oxide. The effective contact resistance of this approach depends
both upon this concentration and upon the thickness of the thin oxide
layer. Although contact resistances as low as the inlimate metal-
semiconductor approach have not yel been demonstrated using this
approach, this is offset by the lower contact recombination velocity,
which makes larger contact areas feasible.

This approach was successfully used to produce the first solar cells
having an open-circuit voltage higher than 675 mV [9.42]. A more
recent development has been to replace the metallic layer by a layer of
degenerately doped polysilicon [9.43-9.45] or seml-insulating
polysilicon (SIPOS} [9.46]. The latler is polysilicon with an appreciable
quantity of incorporated oxygen. Although frequently no deliberate
oxide growih step is involved, the presence of a thin interfacial oxide is
an important means of obtaining the optimum performance from these
approaches [9.46, 9.47]. Hence, they can be regarded as variations
upon the metallic layer approach previously described. Advantages
include the ability to process at high temperatures after the "metallic”
region is deposited, the ability to dope the underlying silicon from the
"metallic” region, and the fact that the "metallic' layer is at least
partially transparent to sunlight. The disadvantages include a more
restricted range of work functions from which to choose and possibly
more sophisticated processing requirements.

A more recent approach for contact passivation relies on
heterojuncttons formed between the bulk silicon and deposited layers
of hydrogenated amorphous silicon or microcrystalline silicon [9.48].
The advantage of this approach is that quite reasonable levels of
passivation can be obtained using very low processing temperatures.
There are siluations, such as in the case of thin film cells deposiled
onto a foreign substrate, where such low processing temperatures
could be advantageous.

8.5 BULK RECOMBINATION

Intrinsic limits upon base recombination have been discussed in some
detail in Chapter 7. However, In almost all of the silicon solar cells
fabricated up to the present time, the bulk recombination rate is not
determined by intrinsic processes, but by defect-assisted
recomblnaiion. Defects are nol only present in the "as-grown” bulk
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material, but can be generated or introduced during subsequent
processing.

Such defects are generally categorized as point, line, area or volume
defects depending on their spatial characteristics. Some examples of
each type are shown in Fig. 9.12.
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Figure 9.12: A pictorial representation of the various types of
point, line, area and volume defects: (a) foreign interstitial; (b)
dislocaiion; (c) self-interstitial; (d) precipitate; (e) extrinsic
stacking fault and partial dislecation; (f} foreign substitutional: (g
vacancy; (h) intrinsic stacking fault surrounded by a partial
dislocation: {i] foreign substitutional (after {9.49]).
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Examples of point defects are self-interstitials, vacancies and foreign
substitutional or interstitial atoms [{¢), (g), @), (N and (a) above,
respectively). Dislocations are an example of line defects [(b) above].
As well as stacking faults [(€) and (h) above], gratn boundaries and twin
planes are examples of area defects (a twin plane is a plane about
which atomic distribulions appear as mirror reflections either side of
the plane). Precipitates [(d) above] and impurity clusters are examples
of volume defects.

In principle, most of these defects can be avolded with sufficient care.
However, some are unavoidable. An example of the latter is the group
of intrinsic thermal point defects (self-interstitials, vacancies) which are
present in silicon at increasing concentrations as the temperature
increases [9.50]. During the growth of high-quality dislocation-free
silicon from the melt, these thermal point defects supersaturate the
silicon as it cools, and then cendense to form microdefects. The latter
take the form of small dislocation loops and related point defect
clusters. They are generally referred to as swirl defects since they are
spirally distributed about the longitudinal axes of the cylindrical
crystals produced using the Czochralski or float-zone processes.

Swirl defect formation depends upon the impurity content of the
crystal [particularly carbon) and upon growih conditions such as the
growth and rotation rates, the crystal diameter, the cooling rate from
the solidification temperature, and the crystal growth ambient [9.50].

In high quality wafers, contaminants other than oxygen and carbon
can be kept to very low levels; levels below the detection capabilities of
even very sensitive techniques such as neutron activation analysis
[9.51]. In Czochralski-grown crystals, oxygen is generally present in
concentrations of the order of 1018 /cm®. This oxygen originates from
the quartz crucible which contains the mollen silicon from which the
crystal is grown. The oxygen concentration is highest in the regions
which form first (the seed end of the crysial) and lowest in the final
growth areas (tang end). The radial distribution of oxygen follows the
spiral paitern found for swirl defects, as do many crystal properties.
Carbon originating from the heating element, susceptor, and silicon
feedstock is generally present In concentrations of the order of
1018 /cm3, with the highest concentration being found in the tang end
of the crystal (i.e., the opposite distribution to that of oxygen). In float-
zone silicon, bolh impurities are generally present in the latter
concentration range.

188

Both oxygen and carhon are relatively inactive electrically, considering
their high concentrations. In Czochralski crystals, oxygen can make
its presence felt by forming donors in concentrations of up to 1016 /em3
after prolonged heating at temperatures of between 300 and 500°C.
Normally, oxygen occupies interstitial positions in the silicon lattice.
Donor formation is attributed to a change in the location of the oxygen
to a substitutional position, and several possible mechanisms have
been suggested for this transformation [9.50]. There {s some evidence
that this thermal donor formation results in an increase in the minority
carrier lifetimes in the crystal [9.51]. This is presumably due to the
complexing of lifetime-reducing acceptors, such as Ca and Fe, with the
thermal donors [9.50]. Heating to higher temperatures eliminates
these donors. At temperatures greater than 1000°C, there are
irreversible changes in the crystal, in that donors are not formed upon
subsequent heating at 450°C. This is attributed to the precipitation of
oxygen, in the form of 105, within the bulk crystal [9.50].

These effects of oxygen are reasonably well characterized. Given the
relatively large concentrations of axygen and carbon, and the changes
which occur depending upon the precise way in which they are
incorporated into the silicon lattice, there is a potentially enormous
range of subtle effects due o these elements, influenced by the thermal
history of the crystal. Additional dimensions are added to the range of
possibilities by their Interaction with each other, with thermal point
defects, with crystallographic defects, and with dopants, as well as by
their interaction with other impurities and by the correspending
inleraciions of those other impurities. Some interactions of interest
include evidence for the role of oxygen in the nucleation of swirl defects
[9.50], and the formation of haze or saucer-pit defects [9.53] due to the
interaction of stlicon self-interstitials and metallic impurities.

Processing induces additional changes in the bulk properties.
Oxidation of silicon surfaces s a very effective way of passivating those
surfaces, as discussed in the previous section. Dislocations and
stacking faults can be introduced inio silicon wafers during oxidation
[9.50]. Dislocations can arise from the thermal stresses generated
during wafer heating to, and cooling from, the oxidation temperature.
Slower heating and cooling can alleviate this problem.

Stacking faults arise from excess silicon self-interstitials generated
during oxidation. These excess atoms can condense on a suitable
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nucleation site 1o form extra planes of atoms in localized areas within
the crystal structure. Scratches on the surface are common nucleation
siles, as are swirl defects and impurity precipitates. Inert atmosphere
annealing after oxidation, found to be of benefit in reducing surface
state densities, is also effective in shrinking stacking faults. The
concentration of silicon vacancies at the oxide-silicon interface can be
increased by the addition of small amounts of halogens to the oxidizing
ambient [9.50]. This counteracts the tendency to form the excess self-
interstitials responsible for stacking faults.. Incorporating a small
percentage of HCI or other halogen sources into the oxygen stream not
only has beneficial effects in this respect but, as noted in the previous
section, can reduce surface state densities. An additional benefit is
that halogens in the oxygen stream react with transition metal
tmpurities within the oxidation furnace and form volatile halides,
These are carried out of the oxidation zone by the gas stream and are
deposited in cooler parts of the oxidation furnace. This reduces the
level of contamination of the wafer by such impurities during the high
temperature oxidation step.

Dopant diffusion can also produce similar defects, not only due to the
oxidation process which normally accompanies diffusion, but also due
to the creation of additional silicon self-interstitials by the dopant
diffusion process itself. Dislocations can also be formed at high doping
levels due to stresses which arise from the mismatch of the dopant
atom to the silicon lattice. Excess dopant atoms can also be
precipitated in dopant-rich compounds in the surface reglon at high
dopant concenlrations.

During processing, contamination by metallic impurities is also
possible. A detailed study of impurity incorporation into silicon during
normal processing indicates that most contamination occurs during
high temperature furnace treatments (9.51]. This contamination
comes from impurities which diffuse through the quartz tubes,
normally used in such furnaces, from other components of the
diffusion system [9.53]. During oxidation for one hour at 1000°C in a
conventional microelectronics furnace, it was found that Cr, Fu, Fe,
Na, Ni, Ta, Zn and Zr were introduced at average concentrations
ranging from 2 x 103 to 3 x 10 Jem?3 for each impurity (9.54]. One
approach to minimizing such contamination is to clean the tube
frequently by passing halogen-containing gas. This serves to deplete
the above impurities temporarily. In one study, copper contamination
increased tenfold over a 48 hour pertod following HC! cleaning [9.55].
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This indicates that very frequent cleaning is necessary for this
approach to be effective. The use of a double-walled tube with HCI
continuously circulaling in the outer zone has been shown to be very
effective in reducing contamination of this type [9.54]. Furnace

componenis of improved purity can also be expected to reduce
contamination levels in the future [9.56].

Once within the crystal, impurities can act in isolation as
recombination centres or can be precipitated at crystallographic
defects, with the combined defect acting as an efficlent recombination
site. Once precipitated, it is generally considered more difficult to

remove the impurity by using the gettering approaches described in the
following section.
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Figure 9.13: Effect of the dellberate inclusion of different
concentrations of impurities upon the performance of solar cells

fabricated on (a) n-type substrates (after Davis et al, [9.57]); and
[b) p-type substrates {(after Davis et al. [9.57])..
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Figure 9.13 shows the effect of various metallic impurities upon the
performance of cells fabricated, using conservative processing
sequences, on n-type and p-type substrates [9.57]. While some
impurities can be tolerated in quite large concentrations, others will
decrease cell efficiency by a significant amount even when present in
concentration levels of the order of parts per billion.

9.6 GETTERING

There are two conceptually different approaches to obtaining good bulk
properties in completed devices. The first is to start with high quality
material and to avoid defect formation and the introduction of
contaminants during processing. As is apparent from the last section,
this approach can present problems, particularly in the relatively
rugged environment consisient with the high-volume production of
inexpensive terrestrial cells. However, it may be consistent with the
production of high quality concentrating and space cells. The second
approach is to accept that cell substrates will be subjected to
contamination and defect formation during processing, and therefore
develop processing sequences which are capable of extracting or
neutralizing contaminants and defects, Even in a high quality
microelectronics processing environment, both of these approaches are
usually pursued in parallel.

One approach of the second type, which is widely used in
microelectronics, is intrinsic gettering [9.58]). Starting with an
oxygen-rich wafer, oxygen is depleted from the surface regions by out-
diffusion at high temperatures. The oxygen which remains in the
central regions of the walfer is then precipitated out in the form of Si0n,
These precipitates in the wafer centre then act as gettering sites during
subsequent device processing. This results in very high quality
material in the surface layers, but poor quality material towards the
centre of the wafer cross-section (Fig. 9.14). This approach is not
suitable for photovoltaics, where high quality material is required
throughout the entire volume,

The alternative is to use extrinsic gettering. This involves the
deliberate introduction of gettering sites on one surface of the wafer,
generally the rear surface. During high temperature treatments,
defects in the wafer which are affected by the gettering treatment will
diffuse to the gettering sites, where they are held or subsequently
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removed from the wafer. A third process is chemical gettering. An
example has already been given in the previous section where the use
of halogens in the gas stream was mentioned, Metals near the wafer
surface react during such treatments and form halides which are
volatile at the temperatures involved. This leaves the surface depleted
of the metallic fmpurities and causes it to act as a sink for the
impurities which lie deeper within the wafer. A thin oxide (10-20 nm)
should be present on the wafer surface during this treatment in order
to prevent the pitting action of the HCI if this is the halide used.

HCI, TCE
Contaminanis ~ ] / /
BERRERERNA ==
l_._.._’__...‘____’____!__3_.._!.__'_..!._._!_...__.?it1e:in
{ Epi. Si
Denuded [.
Zone « ‘:, - ‘ Intrinsic Gettering
e ,\ Internal
L defects
Silicon
Wafer
}ess. Detegts
s i fo \ s e
s R

& tii
I l t P diffuslon
on imptantafjon
Laser irradiation

poly-Si tilm Si3N, fitm

1
Sand-mlasting
Mechanical abrasion

e

Extrinsic Getlering

Figure 9.14: Schematlc illustration showing various gettering
techniques for a silicon wafer (after [9.59]).

The various processes shown in Fig. .14 have been reported to form
the basis of effective gettering sequences. In practice, the performance
of many of these techniques can be disappointing. There are several
reasons for this. One reason is that not all defects are amenable to
gettering. The defect has to be transportable through the wafer at the
temperatures involved [9.59] and, once at the gettering site, should be
held there rather than being released into the wafer during subsequent

‘high temperature treatments. Another reason is that additional defects
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may be introduced into the wafer during subsequent processing sleps.
The effectiveness of any given gettering step depends upon the
particular starting material and upon the entire processing schedule to
which the material {5 exposed.

Phosphorus diffusion is a well-established gettering step. Several
suggestions have been made as to how this geltering action occurs.
One is that the gettering involves dislocations which form in the
phosphorus-doped layer when heavily-diffused [9.50]. These
dislocations then act as sinks for gettered defects. Another suggestion
is that phosphorus gettering occurs due to the enhanced solubility of
the getlered species tn {he phosphorus-doped layer [9.60]. A third
suggestion, which has been demonstrated to be likely In the case of the
geliering of Ni, is that SIP precipitation is responsible for the gettering
[9.61]. Each of the above suggestions is supported by the experimental
observation that phosphorus gettering is most effective when the
phosphorus is very heavily diffused.

A solar cell processing sequence which allows phosphorus gettering to
be used very effectively is a ptnn* cell sequence developed by Sandia
[9.62]. The heavily phosphorus-diffused rear surface of these cells
would be expected to getter defects to the rear, where they would have
little influence upon cell performance. Another example is given in
Chapter 13, where a processing sequence is described which uses top-
surface phosphorus diffusion, followed by chemical removal of the
diffused layer. When this approach is applied to polycrystalline
substrates, an additional beneficial effect of phosphorus is its
preferential diffusion at crystallographic defects near the cell surface.
This would be expected to result in those defects being encased in
phosphorus-doped material, thus suppressing their electronic effects
by reducing the minority carrier concentrations and supply rates.

Deliberate surface damage, generally to the rear surface of the wafer, is
another widely used gettering technique (Fig. 8.14). Such damage in
the surface reglon creates dislocations which can act as sinks for bulk
defects during subsequent high temperature treatments. Examples of
the techniques which have been demonstrated to introduce suitable
surface damage include mechanical abrasion, exposure to high laser
power densities, ion implantation, impact sound stressing, and reactive
lon etching [9.58, 9.63]. In Chapter 11, a sequence is described which
advantageously uses laser grooving of the top surface of the cell not
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only to promote a gettering action but also to reduce the metallization
coverage of that surface.

A number of differing gettering techniques arise from deposited surface
layers. Aluminium is such a layer which is commonly used in cells
and is known to be an effective getterer of metallic impurities, even at
relatively low temperatures [9.64]. Deposited polysilicon layers are also
effective getterers, due to the presence of grain boundaries and a
general lattice disorder, which act as effective sinks [8.57). Other
layers, such as silicon nitride and aluminium oxide, have also been
reported to have an effective gettering effect, probably due to interfacial
stresses at high temperatures. The growth of multilayer Si-(0.1 to
1%6)Ge alloy on a Si substrate results in the controlled introduction of
misfit dislocations which have been demonstrated to be effective in
front-surface gettering [9.58]. Bending the substrate during high
temperature treatments has also been shown to be effective in gettering
crystallographic defects, due to the internal stresses involved [9.65].

9.7 DEFECT PASSIVATION

As opposed to the above gettering techniques, an alternative approach
which has the same result is Lo introduce into the wafer a mobhile
species which can neutralize the electronic action of bulk defects.
Atomic hydrogen is one species which is known to be effective in this
respect, particularly for poor quality polycrystalline material {9.66]).
Caopper is reported to play a similar role [9.67]. Lithium has been
investigated widely for passivation of radiation damage in space cells,
A somewhat relaled idea is the deliberate introduction of extra oxygen
into silicon ribbon, grown using the EFG technique {Chapter 13}. The
oxygen appears to neutralize the high carbon concentrations which
result from the use of carbon dies in the ribbon forming process [9.68].
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Chapter

10

EVOLUTION OF
SILICON SOLAR CELLS

101 INTHODUCTION

Although the history of silicon solar cells dates back over [illy years (o
the very beginning of the silicon bipelar device era, the last decade has
seen enormous improvements in both the performance of experimental
cells and cell theory. Over the last few years, cells have reached
performance levels once thought not to be physically attainable. As
shown in Fig. 1.1 (page 1), present laboratory cells convert over 24% of
incident energy in sunlight into electricity, well above the value of 20%
once thought to be a basic limit.

Silicon solar cells have different design and material requirements from
most other silicon electronic devices. Not only is nearly ideal
passivation of silicon surfaces required, but the bulk properties must
also be of uniformly high quality for high energy conversion efficiency
This is because some wavelengths of light have to pass several hundred'

microns through the silicon before absorption, producing carriers that
must still be collected by the cell.

This Chapter reviews the history of silicon solar cell development

discusses the features of modern cell design and outlines possible
performance improvements which might be expected in the future.
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10.2 EARLY SILICON CELLS

The first silicon cells resulted from interest in silicon for use in point
conlact reclifiers. The rectifying properties of sharp melal contacts to
various cryslals had been known since at least 1874 [10.1]. In the
early days of radio, such crystal reclifiers were almost universally used
as detectors in radio receivers [10.2]. However, with the development
of thermionic tubes, these crystal rectifiers were displaced except for
ulira-high frequency work. The mest sultable for this work proved to
be tungsten points to silicon surfaces. This provided the incentive for
improving the purily of silicon and further understanding its
properties.

In studies of recrystallized melts of pure silicon prepared for this
purpose, Russell Ohl of Bell Laboratories discovered well delined
barriers in polycrystalline ingots grown from some lots of commercial
high purity silicon {10.3]. These "grown-in" junctions resulted from
impurity segregation during the recrystallization process. Ohl found
that one side of the junclion reached a negative potential when
samples were illuminated or heated. The same side had to be biased
negatively to show low resistance to current flow across the barrier or
across a point conlact to this material. This led to the terminology of
"negative-" or "n-type" silicon for the material on this side of the
junction. The material of opposile type was named "positive-" or "p-
lype". It was apparently only after this initial experimental work that
the role of donor and acceptoer impurities in producing these propertles
was shown.

In 1941, the first photovoltaic devices based on these "grown-in"
junctions were described [10.3]. Figure 10.1(a} shows the geometry of
cells cut from the recrystallized material, in this case so that the
Junciion was parallel to the illuminated surface. Contact was made at
the periphery of the top of the device as shown, and over the entlire rear
surface. No energy conversion efficiency figures were reported for these
cells, although an analysis of the data suggests efficiency well below
1%. The cells were obviously quite difficult to fabricate due to the lack
of control over the junction location.
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Figure 10.1{a}: Silicon solar cell reported in 1941 relying on
"grown-in" junctions formed by impurity segregation in
recrystallized silicon melts: (b) hellum-ion bombarded junction
device of 1952; (¢} first modern silicon cell, reported in 1954,

fabricated on single-crystalline silicon wafers with the p-n
Jjunction formed by dopant diffusion.




A more controllable method of junction formation was reported by
Kingsbury and Ohl in 1952 [10.4]. These cells used recrystallized
silicon fabricated from pure source material to prevent "grown-in"
junctions being formed. Helium ion bombardment of the surface was
used to form the rectifying junction as shown in Fig. 10.1(b). A similar
contacting scheme was used as for the earlier devices. These devices
showed quite respectable spectral responsivity, although energy
conversion efficiencies were again not reported. They are estimated to
lie somewhere around 1%.

These early efforts were quickly overtaken by the rapid development of
silicon Lechnology, also at Bell Laboratorles. Improved lechniques for
erystal growth producing single crystal wafers of silicon were
developed, as were techniques for doping using high temperature
diffusion of impurities. This led to the first report of a modern silicon
cell in 1954 by Pearson, Fuller and Chapin of Bell Laboratories [10.5].
The first cells used lithium diffusion to form the junction and had an
efficlency of about 4.5% {10.6]. The lithium diffusion was soon
replaced by boron diffusion with the efficlency increasing to 6%

[10.5,10.8].

These cells had the dual rear contact structure of Figure 10.1(c) and
opened up the first real prospects for power generation using
photovoltales [10.7}. Improvement in the cell structure led to
demonstration of 10% efficiency within 18 months of the initial report

10.7].

The wrap-around structure of Fig. 10.1{c) has the advantages of a zero
obscuration of the top surface by contacts and the ease of
interconnection which arises from having both contacts on one suriace.
However, it sulffered from a high resistance due to the fact that these
early cells were [abricated on complete wafers, with correspondingly
large current paths required around the diffused skin. The idea re-
surfaced in a commercial product, manufactured by the Sharp
Corporation in the early 1970's, which used half of a small-diameter
wafer (2-3 cm) for each cell [10.8]. More recently, schemes have been
suggested which allow this approach to be extended to larger area
wafers, as in the "polka-dot” solar cell where a large array of holes
etched through the wafer provides shorter current paths to the rear
[10.9]. Apart [rom the advantages already described, such an
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approach could boost the performance of relatively low quality
material. If diffusion lengths can be increased to about half the wafer
thickness, in material such as ribbon and polycrystalline silicon, this
approach could be used to make almost the entire substrate voiume
Photovoltaically active {Chapter 12),

The next performance increase arose as a result of placing one contact
on the top surface and finally extending this concept to contact fingers
By 1960, terrestrial energy conversion efficiencies as high as 14% haci
been reported [10.10] due to this improvement. An efficiency reported
as 15% was measured for an n-type cell in terrestrial sunlight at 18°C
[10.11). At about the same tirme, there was a shift in emphasis from n-
type to p-type substrates due to the increasing interest in using the
cells in spacecraft, and to the better radialion resistance of the latter
substrates., By the early 1960's [10.12}, cell design had reached a
stage which was to remain relatively stable for a decade.

10.3 CONVENTIONAL SPACE CELLS

The cell design which evolved {10.11,10.12] for space use Is shown in
Fig. 10.2(a). Key features include (he use of 10 0 em p-type substrates
to maximize radiation resistance, and the use of a nominally 40
2/square, 0.5 pm deep phosphorus diffusion . Although it was known
that lighter diffusions gave better blue response, this value was chosen
because it was found to be more resistant to shunting by the lop
contact metallization during processing [10.12]. The benefit of an
intervening layer of Pd for improving the moisture resistance in the
pre-flight environment was demonstrated later in the decade [10 13]

For the 2 cm x 2 cm cells which became standard for space use' a 1
mm wide busbar was normally located along one edge of the ,cell

Perpendicular to this ran the top contact fingers, which were usuall .
six in number. These were defined by evaporation through a metaS;
shadow mask. A silicon monoxide (310 antireflection (AR) coating was
used to minimize reflection from the top surface of the cell. Such
coatings become quite absorbing at wavelengths helow 0.5 pm [10.14]

These cells remained the standard for space use for more than a
decade and are even now still specified for some space missions
Energy conversion efficiency was 10-11% under Space radiation and-
10-20% higher on a relative basis under terrestrial test conditions.
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Figure 10.2: (a) Space silicon cell design developed in the early
1960's which became a standard design for over a decade; {b)
shallow junction "violet” cell; {c) chemically textured nen-reflecting

"black" cell.

Towards the end of the decade, the benefits of a rear Al treatment were
becoming apparent, pariicularly for cells which were thinner than
normal [10.15,10,16]. The corresponding increase in space cell
efficiency to 12.4% was attributed to the gettering action of the Al
treatment {10.13].

10.4 BACK SURFACE FIEL.DS

in what appears to be the first application of Shockley's diffusion
theory to photovoltaic energy conversion, Cummerow [10.17] discussed
minority carrier reflecting boundary conditions and highlighted the
importance of thin cells. Wolf [10.18] subsequently discussed the
effect of bulk fields, such as produced by doping gradients, upon ihe
current collecting capabilities of the cell. As mentioned in the previous
section, the experimental benefits of rear surface Al treatments were
known by the early 1970's {10.15,10.16]. These benelits were
improved open-circuit voltage, short-circuit current density, and
efficiency, attributed to the gettering action of the Al [10.13].

More deiailed work showed that it was the presence of a heavily doped
region beneath the rear contact which gave rise to these beneficial
effects [10.19]). These benefiis were postulaled to arlse from spillage of
majorily carriers [rom the rear doped region into the bulk region of the
cell, thus increasing the effective bulk concentration and hence the
open-circuit voliage [10.19]. Although the correct explanation, in
terms of a reduction in the effective rear surface recombinaltion
velocity, was soon forthcoming [10.20], the effect is still rather
inappropriately, but almost universally, referred to as the back surface
field (BSF) effect [10.19].

This effect resulted in 5-10% improvement in the efficiency of cells
fabricated on 10 Q cm p-type subsirates [10.13], taking them to the
performance levels which had been demonstrated earlier for n-type
substrates {10.11].

10.5 VIOLET CELLS
As noted carlier, conventional space cells had a relatively poor

response to wavelengths which were shorter than 0.5 um, due to the
relatively heavy top junction diffusion and the use of an SiO AR coating
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which absorbs light below this wavelength. A marked improvement in
performance was demonstrated in the early 1970's by replacing such
junctions with much shallower {0.25 pm], higher sheet resistivity
junctions, and re-designing the entire cell to accommodate this change,
as shown in Fig. 10.2(b).

Figure 10.3 shows the profile of electrically active phosphorus in silicon
as a function of the diffusion conditions [10.21]. The flat part of the
curve near to the surface corresponds to regions where phosphorus is
present in concentrations higher than its solid solubility at the
diffusion temperature, As noted in Chapter 9, precipitates of SIP have
been observed at the surface under such conditions as have misfit
dislocations. The electrical quality of such regions is very poor, so
much so that the flat reglons of Fig. 10.3 can be regarded as "dead
layers” for the purposes of photovoltaic activity. In the violet cell, the
aim was to have shallow diffusion, even shallower than the shallowest
in Fig. 10.3, so that the "deal layer" was eliminated [10.22].

To accommodate the increased sheet resistivity of the diffused layer,
much finer metal finger patterns were also Incorporated using
photolithography to define their geometry. As a consequence, the cell
resistance was actually lower than in conventional cells. lmproved
antireflection coatings, based upon TiO, and later TayOs. were also
incorporated. These were less absorbing than Si0, as well as providing
a better optical match between the cells and the cover glass to which
space cells are normally bonded. The thickness of these coatings was
also selected so they would be effective at shorter wavelengths than
were traditional coatings, thus giving the cells their characteristic violet
appearance. (A subsequent development, made possible by the higher
refractive index of the new AR coating materials, was the use of double

layer AR coatings).

The final design change in the cells was the use of lower resistivity
2 1 cm substrates. Since the improved output of the cells at blue
wavelenglhs was quite tolerant to radiation exposure, the overall
radiation tolerance remained at least equal to that of the conventional
devices, while giving an improved voltage output. The combination of
improved open-circuit voltage (due to the change in substrate
resistivity), improved current output (due to the removal of "dead
layers”, better antirefleclion coatings, and lower top contact coverage),
and improved fill factor (due to the improved open-circuit voltage and
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decreased cell resistance) resulted in a massive increase of 30% in
performance as compared to an average space cell of conventionai
design. Efficiencies of 13.5% were obtained under space radiatio

The improvement over earlier cells fabricated on n-type substrates w:s.
not quite as dramatic, with terrestrial cfficiencles close to 16% belng

demonstrated [10.22] as com
: pared to the 14-15% _
substrates [10.11], values for n-type

=
®

Concentration, C{X} {arom/em?}

20 min - \
—_—
g% [ \\

104 1 ] ! ¢

X {pm}

Figure 10.3: Profiles of electrically active phosphorus in silicon as

a function of diffusion time at 1000°C (after Tsai {10.21], @ 1969
IEEE). '

10.6 BLACK CELLS

Not long after the superior performance of the violet cell bhad b

established, a further boost in performance was obtained by textur(:cn
the top surface of the cell [10.23]. The idea of mechanically formirl:g
pyramids on the top surface of the cell to reduce reflection had beeg
suggested some time earlier [10.24]. In the black cell a sim In
approach was used which relied upon the randem nu.c]eatiorf (e;
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Figure 10.4: (a) Schematic diagram showing thf.: square-ba:ed
pyramids formed by exposed (111) crystallographic plan-es when
(100)-oriented silicon walers are andsotropically etched; (b} ray
diagram showing paths of reflected and transmitted light.
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Hydrazine hydrate was used initially as the selective etch for texturing,
This was followed by the development of sequences which were based
upon more benign potassium hydroxide or sodium hydroxide solutions.
The selectivity of these etches s a sensitive function of selution
concentration and temperature [10.25]. A commonly used texturing
etch is a weak NaOH solution (2% weight/volume} mixed with
isopropancl and heated to 90°C.

Figures 10.5(a) and (b) quantify the performance advanlage of violet
and black cells over conventional space cells. The improved open-
circuit voltage arises from the use of lower resistivily substrates
(2 ©Q cm) than the 10 Q cm substrate resistivities previously used. A
similar improvement could also have been obtained by using higher
resislivily substrates and a back surface field. For both advanced cells
the major area of improvement lay in the short-circuit current density.
This arises from the remaoval of the "dead layer” in the conventional
cells, from the reduced reflection losses, and from the oblique coupling
of the light for the black cells. Figure 10.5{b) shows the effect of these
improvements upon the cell spectral response. At a wavelength of
0.6 um, the black and violet cells have similar responses. Their
superiority over a conventional cell arises from the absence of the
inactive surface layer. This superiorily becomes even more
pronounced at shorter wavelengths. The advantage of the black cell
over the violet cell at such wavelengths arises from reduced reflection
losses. At long wavelengths, this advantage is augmenied by the
obligue coupling provided by the textured surfaces.

The parameters of the black cell shown In Figure 10.5(a) correspond to
an energy conversion efficiency of 15.5% under AMO radiation.
Terrestrial efficiencies were appreciably higher [10.23,10.26]. Under
the current terrestrial standard (Global AM1.5, 100 mW/cm?, 25°Cl, an
energy conversion efficiency of 17.2% is estimated. Such were the
strengths of the texturing concept, when combined with the
technological improvements incorporated into the violet cell, that it was
almost a decade before any significant improvement in cell
performance was demonstrated. These improvements ultimately came
about as a result of an increased open-circuit voltage due to the
development of improved surface and contact passivation approaches.
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Figure 10.5: (a) Output current-voltage characteristics of a black
(Comsat Non-Reflecting/CNR), a violet and a conveniional solar
cell under AMO radiation: (b} spectral response of a black [CNR). a
violel and a conveniional cell, alt of 2 em x 2 cm dimensions (afier

Haymnos et al {10.23]).

OXIDE SURFACE PASSIVATION

The simplicity of the surface passivation afforded by 1t.s thermal oxide
is one of the key features of silicon {echnology which explains its
present dominance in microelectronics. Unfortunately for photo-
voltaics, the refractive index of silicon dioxide is too low for its use as
an effective antireflection coating in high performance cells. In fact, if
present in any reasonable thickness (greater than 20 nm) on the top
surface of the cell, it will limit the ability to reduce reflection by the
subsequent deposition of any number of compensating layers [10.,27].
Hence, if oxide passivation is to be used on exposed cell sur[aces: the
oxide layer has to be very thin. Around 1978, two results convincingly
demonstrated the benefits of the passivation of surfaces by thin oxides.
One set of results arose from work on the application of metal-
insulator-semiconductor {MiS) tunnel diodes to energy conversion
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{10.28]. In this approach, a thin oxide was grown over the top surface
of an undoped subsirate, the top metal contact was deposited in a grid
patiern on top of this oxide, and an antireflection coating with a high
fixed charge density was deposited over both [10.28]). The oxide in this
case had to be very thin (less than 2 nm) to allow tunnelling between
the contact and the subsirate. By using high-quality, low resistivity
substrates to reduce bulk recombination, it was shown that the open
circuit voltage of cells fabricated in this way was limited by
recombination at the interface of the thin oxide with the silicon [10.28].
The remarkable feature of these devices was their high open-circuit
voltages, with values above 650 mV heing demonstrated for the first
time in silicon. The cells also had a creditable blue response also due
to the surface passivation provided by the thin oxide. Similar cells
have since been commercialized [10.29],

The benelits were also convincingly demonstrated for more
conventional cells developed by Sandia Laboratories {10.30]. These
had a p*-nn* structure, and used 300 pm thick, 10 £ em n-type
substrates. The rear n* reglon was lormed by heavy phosphorus
diffusion. The gettering provided by this region helped to give post-
processing carrier lifetimes of the order of a millisecond {10.30]. A
shallow (about 0.25 pm} boron diffusion of approximately 200
{}/square sheet resistlivity was used for the top layer, with plasma-
deposited silicon nitride used as the antireflection coating. Without a
passivating oxide layer, such cells displayed creditable terrestrial
efficlencies of between 15-16%. With a passivating layer of 5 nm of
oxide grown at 800°C in dry oxygen, there was a marked increased in
both the short-eircuit current density and the open-circuit voltages of
the cells, with efficiencies of up to 16.8% demonstrated [10.30).
Although lower than demonstrated by black cells, this was an
exceplionally high performance level, considering that the cells had a
nen-optimized contact covering about 10% of the top surface of the cell
and that only a single layer AR coating was used for reflection control.

All subsequent high efficiency silicon cells have taken advaniage of the
passivation provided by thin thermal oxide layers to maximize their
open-circuit voltage and short-wavelength response.

10.8 CONTACT PASSIVATION

Contacts made (o the surface are generally regions of high
recombination velocily. Best cell performance will be obtained when
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the electrenic activity at such contacts is "passified”. Three techniques

have been demonstrated, as discussed in Chapter 9.

The earliest approach was to passivale by isolating the conlact [rom
minorily carriers by interposing a heavily doped region. “lt was shown
in Section 10.4 how rear-contact passivation via the "back surface
field" effecl resulted in significant gains in cell performance. Heavily
doped regions, localized to those areas where the top contact is made
io the cell, are used in most recent high efficiency cell designs.

A second approach to reducing contact effects is to minimize the
contact area [10.31,10.32]. The benefits were demonstrated by
cireuit voltages on low resistivity substrates [10.33).

i d open-
Mo rocent y this low contact area

Most recent high-efficiency cells emplo .
approach. A third approach is to employ a contacting scheme .1n which
the contact itself has an inherently low recombination velocity., The
MINP (melal-insulator-NP junction) cell of Fig. 10.6 was the first
successfully to exploit this approach {10.34]. The thin surface
passifying oxide is continued under the metal, thus reducing its
effective recombination velocity. Polysilicon [10.35] and semi-
insulating polysilicon (SIPOS) [10.36] contact passivation have also
been demonstrated. It appears that a thin interfacial oxide layer may
play an important role in both of these schemes [10.36,10.37].

Double layer AR coating

Top contact (Ti/Pd/Ag)

?7/,/////1/////////%\’/////////////7

Rear contact

Figure 10.6; Metal-Insulator-NP junction {MINF) solar cell.
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10.9 TOP SURFACE PASSIVATED CELLS

As seen in Fig. 1.1, the performance levels established by "violet" and
"black" cells in the mid-!970's remained unchallenged for close to a
decade. Cells successfully incorporating the oxide and contact
passivation approaches of the previous section, along the top surface,
were the first to exceed these levels.

The MINP cell, the first silicon cell to demonstrate 18% efficiency, arose
from earlier work with the MIS cell [10.28], briefly mentioned in Section
10.7, The MINP cell structure (Fig. 10.6) employs top contact
passivalion by the use of a thin oxide layer underlying this contact, as
well as top surface passivation by a slghtly thicker oxide layer. This
difference in thickness complicates processing but was found
necessary to achieve maximum device performance. The top contact
metallization is a Ti/Pd/Ag multilayer. The use of a low work function
metal such as Ti as the conlact layer is essential with this approach.
This is to produce an electrostatically induced accumulation layer in
the underlying silicon, an important factor in reducing contact
recombination. The cells used alloyed aluminium to give a heavily
doped region near the rear contact and were fabricated on polished
(100}-oriented 0.2 £} cm substrales. Surface passivation is easier to
achieve on polished rather than textured or "as-lapped" surfaces. To
minimize reflection losses, a double layer antirefleclion coating was
used which consisted of approximately a quarter-wavelength of ZnS on
Lop of the thin oxide, followed by a quarter-wavelength of MgFy.

The PESC (Passivated Emitter Solar Cell] structure, shown in Fig. 10.7,
further improved cell efficiency. It is similar to the MINP cell structure,
except that electrical contact is made directly through narrow slots in
the thin oxide. In this case, conltact passivation is obtained by
minimizing the contact area.

Processing in both cases involved the shallow diffusion of the top
phosphorus layer, the growth of the passivating oxide, and the etching
of the contact regions. For the MINP cells, the thin tunnel oxide is
subsequently grown in these contact regions, prior to the deposition of
the top contact. Aligned phetolithography is used in this case to align
the top contact with the contact areas. The PESC cells can lake
advantage of a simpler sequence, in which the photoresist used to
define the contact areas also defines the top contact metal. This metal
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is subsequently silver plated in both cases to increase its current
handling capability. The processing includes a rear Al alloying step
which gives a low rear contact resistance, gives rise to light trapping in
the cell by randomizing the direction of reflected light [10.38] and

getters impurities from the bulk.

Top contact (T¥Pd/Ag) Double layer AR coating

R s >
Nt  \surace Si02(60A)_

Rear contact

Figure 10.7: Schematic dlagram of the Passivated Emitter Solar
Cell (PESC cell).

For both MINP and PESC cells, a simple top contact design was
adopled which consisted of parallel fingers spaced 0.8 mm ap_art. The
cross-sectional areas of the fingers in both cases were about 150
square microns, with the PESC cell having a slightly narrower finger
width of 20 pm compared to 30 pm for the MINP cell. A more detailed
characterization of these devices is glven elsewhere [10.38].. Key
features include the demonstration of substantial light trapping in
these cells for the first time for silicon and ideniification of the role of
edge junction isolation In producing non-ideal dark current

components.

By combining the benefits of surface texture with the strengths of the
PESC approach, the first non-concentrating silicon cells with an
efficiency greater than 20% were fabricated in 1985 [10.40]. The
structure of the “microgrooved” PESC cells used to achieve this

performance milestone is shown in Fig. 10.8.

Rather than using pyramidal texturing, the cells used microgrooving to
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achieve the same effect. The microgrooves were defined by using
selective etches to expose crystal planes. FPhotolithographically
designed oxide patierns were used to protect the surface againsi
etching where this was not required, and so determine the final pattern
of microgrooves. This approach was found to be easier to combine with
fine line photolithography than was the normal pyramidal texturing. It
had the additional benefit of reduced series resistance losses
assoclated with the top layer, since the cross sectional area for a given
diffusion depth is increased by a factor of V3.

microgroove

back contact

Figure 10.8: ‘The microgrooved PESC cell, the first silicon cell to
exceed 209 efficlency in 1985.

The main advantage over the normal PESC cell lies in the current
output, with an approximately 5% improvement over similarly
processed cells with polished surface being demonstrated. Incremental
improvement in the surface passivation also allowed surface
recombination to be reduced, despite the larger surface area and the
less favourable orientation of the exposed {111) surfaces. The
improved voltage and reduced resistance losses also allowed the £l
factor to be increased, resulting in close to 10% relative improvement
in performance relative to the standard PESC cells.

The key characteristics of the PESC sequence are oxide surface
passivation, self-aligned contacts through thls oxide, high sheet
resistivity top junction diffusion, alloyed aluminium rear surface
passivation and antireflection control by texturing or double layer
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antireflection coating.

The PESC sequence has proved to be very rugged and repeatable.
Within one year of the initial 20% results, two groups had. reported
results approaching this figure (when referred to present calibrations)
using almest identical structures [10.41, 10.42]. The sequence has
since been reproduced in many laboratories, with commercial product
now available for space and concentrator cells 110.43} or for high value-
added applications such as solar car racing [10.44].

10.10 TOP AND REAR PASSIVATED CELLS

The next major advance in cell performance came as a result of
applying surface and contact passivation approaches to both top and

rear surfaces.

The rear point contract solar cell of Fig. 10.9 achieved this landmark in
cell design. Since both contacts are on the rear of the cell, the design
places enormotis pressure both upen the quality of surface passivation
along both top and rear surfaces and upon posi-processing carrier
lifetimes. To achieve design objectives in these areas, full advantage
had to be taken of developments in microelectronics.

n* busbar

suniight

Figure 10.9: Rear point contact solar cell which demonstrated
229% efficiency in 1988 [cell rear shown uppermosi).
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Although originally developed for concentrator cells [10.45], the device
design was modified for one-sun use by adding a phosphorus diffusion
along the illuminated surface [10.46]. This produced the first silicon
cells of efliciency above 22%. These cells will be discussed further In
Chapter 12 dealing with concentrator cells, since this is the application
where they have their greatest strengths.

Combining the earlier PESC sequence with similar double-sided
surface passivalion and chlorine based processing [10.47} produced an
improved device, the PERL cell (Passivated Emitter, Rear Locally-
diffused cell) shown in Fig. 10.10. This look silicon cell effictency to
23% by the end of the 1980's [10.48], an enormous improvement over
the figure of 17%, the highest value only 7 years earlier [10.49]. The
PERL cell shares many features in common with the rear point contact
cell, including almost complete enshroudment in a passivating oxide
layer and small area contacts passified by local heavy diffustons.
However, it is a more robust design, being more tolerant of poor
surface passivation and poor bulk lifetimes.

p-silicon
p+

rear contact oxide

Figure 10.10: The PERL cell which took efficiency above 24% in
the early 1990's.

Although both cells require several stages of photolithography making
them unsuited for low cost terrestrial use, there has been some
production experience with both designs for solar car racing. In 1993,
the SunPower Corporation fabricated 7,000 rear contact cells using a
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simplified stripe conlact design {10.50]. This produced a good ylelldsgz
18 em? cells of efficiency above 20% with a pea.k efficiency of 21. !
independently confirmed [10.50]. At the same time, the Universily o

New South Wales produced over 1,000 cells, each 2.6 Umes lful'cgerr
(46 cm2), with good yleld of cells above 21% and a confirmed peah o

21.6% [10.51]. (These cells had finger lengths much longer than
to make then compatibte with a lower cost, buried contact cell
tion, 16 cells were encapsulated
dule of a confirmed efficlency
altaic module to exceed

optimal
design). Early during the latler produc
to produce a nominally 30 cmx 30tcrn m; e
95 the first non-concentrating pho

ggl’ioff;?;ifmcy. The rear contact cells were used to produf lzi
nominally 20% efficient array for the Honda Dream, the solar car whic

won the 1993 World Solar Challenge, a demanding 3,000 km solar car
race across Australia from Darwin to Adelaide {10.52]. Subsequently,

an improved module efficlency of 21.6% was confirmed.

Since then, further improvements in PERL cells has taken thelx;‘
efficiency beyond 24%. Major improvements include: the growth o
much thinner oxide for top surface passivation which allows the direct
application of a double layer antireflection cloatmg lo increase s-hort-
clrcuit current [10.27]; the use of an alnealing Sequenc.e for this top
oxide and localized top conlact points to increase open-circuit v'oltagc;
and improved rear surface passivation and reduced metallization

resistance to improve fill factor.

smps

Figure 10.11: Oulput characteristics of a 24% efficient PERL cell.
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The output characteristics of a 24% PERL cell are shown In Fig. 10.11.
The cells display short-circuit current densities of 41 mA/cm?2, open-
circuit vollages of 710 mV and fill factors of 83%. Incremental
improvements in these parameters are expected to produce 25% cell
efficiency without major changes in cell design. One cobvicus area for
attention Is the metallization shadowing. Several approaches have
been suggested for steering light reflected from top surface
melallization onto active cell area {10.53-10.586}.

10.11  PERL CELL DESIGN
10.11.1 Optical features

To maximize cell performance, as much light as possible of useful
wavelengths should be coupled into and absorbed by the cell. Modern
cell designs such as the PERL cell of Fig. 10.10 incorporate several
features of a primarily optical nature to achieve this result.

The inverled pyramids along the top surface serve primarily in such an
optical role. Most light incident on this structure will hit one of the
side walls of the pyramids at the first point of incidence with the
majority of this light coupled into the cell. That reflected will be
reflected downwards, ensuring that it has at least a second chance of
entering into the cell. Some of the light incident near the bottom of the
pyramids has three such chances. The pyramids are covered by an
oxide layer of appropriate thickness to act as a gquarter-wavelength
antireflection coating. In more recent designs, this oxide is grown thin
and a double layer antireflection coating applied [10.27].

Light coupled into the cell moves obliquely across the cell towards the
rear surface with most absorbed on the way. Weakly absorbed light
reaching the rear is reflected by the very efficient reflector formed by
the combination of the rear oxide layer covered by an aluminium layer
(Chapter 6). The reflectance from this combination depends upon the
angle of incidence of the light and the thickness of the oxide layer, but
is typically above 95% for angles of incidence close to the normal,
decreasing to below 90% as the incidence angle approaches that for
total internal reflection at the silicon/oxide [nterface (24.77), and
increasing to close to 100% once this angle is exceeded.

221




Light reflected from the rear then moves towards the top surface.
Some reaching this surface strikes a face of a pyramid of opposite
orientation to that which coupled it into the cell. Most of this
immediately escapes from the cell. Light striking o.ther faces of the
pyramid is totally internally reflected. This results in ab.out half the
light striking the top surface internally at this stage being reflected
back across the cell towards the rear contact. The am91mt of light
escaping after the first double pass depends on the precise geometry
involved. It can be reduced by destroying some ol the symmetries
involved, for example by using tilted inverted pyramids or by using the
liler's pattern' approach of Fig. 6.8. The latter approach is currently
used in PERL cell designs.

The combination of the inverted pyramids and the rear reflector
therefore forms a very efficient light-trapping scheme, increasing the
pathlength of weakly absorbed light within the cell. Effective
pathlength enhancement factors {Appendix G) above 40 are measured.
The light trapping boosts the infrared response of the cell. The
external responsivity (amps per watt of incident light) of PERL cells
peaks at longer wavelengths at higher values than previous silicon cells
with values of 0.75 A/W measured at 1.02 pm wavelength. Energy
conversion efficiency under monochromatic light peaks at the same
wavelength with values above 45% measured [10.57]. Further
improvements could push this figure to above 50% at 1.06 um.

Other optical losses are due to reflection from, and absorption in, the
top metal fingers of the cell. This can be minimized by making these
lines as fine as possible with, ideally, as large an aspect ratio (height to
width ratio) as possible, Allernatively, optical approaches can be used
to steer incoming light away from these lines or to ensure that light
reflected from them eventually {inds its way to the cell surface
[10.53,10.56).

Present PERL cells lose about 5% of incoming light due to absorption
or reflection loss associated with these metal fingers, when combined
with reflection from (he unmetallized top surface of the cell. They also
lose 1-2% in performance from the use of a less than optimum light-
trapping scheme and from less than 100% reflection of light from the
rear surface of the cell. There is therefore some scope for small to
moderate gains in performance by further improving the optical
properties of these cells.
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10.11.2  Electronic Features
10.11.2.1 Bulk Recombination

To obtain high cell performance, recombination throughout the cell has
to be kept to a minimum. The advantages in producing increased
output current are obvious. It makes no sense to waste
phologeneraied carrlers by allowing them to recombine before being
collected. Decreased recombination also increases the cell's voltage
output. Any voltage across the cell produces increased internal carrier
concentrations increasing internal recombination rates. On apern
circuit, the nett gencration rate of carriers throughout the cell is
balanced by the recombination rate due lo this voltage bias elfect. The
cell open-circuit voltage is often a better indicator of recombination
rates in the cell than the short-circuit cwrrent.

As apparent in Fig. 10.10 most of the PERL cell volume consists of
uniformly doped bulk material, with surface regions divided into
contacted and non-contacled areas. Recombination in bulk reglons
can be minimized by choosing as high a quality starting material as
possible. Material quality is generally characterized by the minority
carrier lifetime. The lower the dopant concentration In the substrate,
generally the higher this lifetime will be. This is offset by a
compensaling effect of doping upon recombination rates. This
compensation is due to the fact that the higher the dopant density, the
lower the minority carrler concentration for any given voltage across
the cell. The recombination rate is defermined by the produet of this
concentration and the inverse of the carrier lifetime. For ideal silicon
material, low dopant density is undoubtedly the best choice (o
minimize this product (Chapter 7). For actual material, several other
issues are involved and the optimum dopant densily depends upon the
particulars of cell design. Obviously, the thinner the bulk region, the
lower the bulk recombination will be. The trade-off here is a reduction
in the mechanical strenglh and the light-absorbing capability of the
cell. The light-trapping schemes previously mentioned push the
optimum thickness to lower values than would otherwise prevail,
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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 microelectronics, such as high oxide breakdown strength,
would not appear as important for photovoltaics, 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 caplure cross-section for holes [10.59]. This may be a
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 lalter 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

224

increasing cell voltage. Eventually, recombination rates will become
similar to those of n-type material at any given large voltage.

Figure 10.12: Surface recombination resulting from asymmetrical
capture cross secilons 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 recomblnation rate is determined
by the weakest lnk in terms of the welght of arrows: (a) n-type
sillcon 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 s rate limiting.

This effect was first analysed by Eades and Swanson [10.60], assumin

"Mlat-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
oxlde or by work function differences between p-type silicon and metals
such as aluminium and titanium which may overlie oxides, will help

make this effect apparent at lower cell voltage than
redicted
flat-band treatment. & P ed 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* em/s o 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 (1l factor than would otherv;dsc
be the case [10.61]. Examination of the dark current-voltage
characteristics of PERL cells has ailowed 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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surface recombination velocity with injection level have also been
reported upon unmetallized p-type silicon surfaces {10.59].

The full implications of such asymmetrical capture cross-sectionsdl‘fr
cell design have not yet been determined. Further work is reg:(;re bo
gain confidence that the effects described will not be overri enF v
additional effects not identified in the work mentioned abov_e. u?r
example, earlier results by Yablonovitch et al. [10.62], invef‘,tigaUngaJ .c
effect of surface electrostatic conditions on surface recombination, also
confirmed the existence of a set of states with large electron to holef
capture cross-seclion ratios. However, in this case, a secc?nd sc; o
states was found with much larger hole capture cross-sections than
electron caplure cross-sections. This would be the property ex;()iecte:
from acceptor-type states (negatively chargec.l when occupled}. 1
mitigating factor may be that the substrate doping was higher than r:
the other work mentjoned. Also, fabrication details may be importan
in determining the situation prevailing at Elmy given interfgce (for
example, there was no "alnealing” step in the cited work [10.62]).

Assuming larger eleciron capture cross-sections than those for hltl)les,
the design rule for non-diffused surfaces is to keep hole concentralions
at the surface to a minimum. This can be effecied by using n-.af]pe
surfaces or by depleting hole concentirations at p-itype surf_aces. either
electrostatically, by positive oxide charge or low work function metallic
capping layers as at the rear of PERL cells, or by dopant depletion as
occurs during silicon oxidation [10.58].

10.11.2.3 Contact Area Recombination

The regions where metal contact to the cell is made are reglonsu;)f
potentially very high recombination. Two strategles are. used in the
PERL cell of Fig. 10.10 to minimize such recombination. One isl
simply to keep the contact area small. For example, the top meta
conlact to the PERL cell is made at narrow stripes through the top
surface oxide of only 3 um width, or through discrete contact hales,
while the rear metal contact is made through 10 um x 10 um contf?wt
holes normally spaced 250 pm apart. This means (hat metal contact ;s
made to only 0.4% or less of the top surface area of the cell and 0.2%
of the rear surface cell. The second strategy is to heavily diffuse these
contact areas. Such heavy diffusion suppresses the minority carrier
concentration in the contact areas, reducing contact rec?mbmatlon
rates. This is the same effect as the "back surface field effect” discussed
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in connection with Fig. 10.2{b).

As previously noted, (Chapter 9), other techniques have also proved
effective in reducing contact recombination, although not frequently
used in present cell design. One is based on the use of tunnelling
metal-insulator-semiconductor contacts [10.28]. The others are
somewhat related in that tunnelling processes may also be involved in
transport across the contact. These are based on the use of semij-
insulating polysilicon (SIPOS) contacts [10.39] or doped polyerystalline
or amorphous silicon contacts to the silicon substrate [10.35].

10.11.2.4 Present Recombination Relativities

The author's assessment of the recombination balance in present PERL
cells is along the following lines. Bulk recombination can be made
small in present designs with appropriate choice of substrate and
processing conditlons, but is a reasonably sized component at all cel]
vollages. Rear surface recombination In non-contacted areas is not
imporiant at open circuit but is important at the maximum power
point voltage, due 1o the dependencies on cell voltage previously
menlioned. This recombination can become apparent in the cell
characteristics as reduced fill factor, At the open-circuit voltage,
recombination al the surface of the top diffused layer including its
contaci region appears the most important.
On-going improvement in cell design and fabrication technologies
should see bhulk recombination eventually become the dominant
recombinatlion compeonent,

1012  SUMMARY

The progress outlined in this Chapter is summarized in Table 10.1.
On-going improvements are expected to see efficiency above 25%
reached without major structural changes. Further progress depends
upon the generation of new ideas, such as outlined in Chapter 8.

Device performance is entering the regime where Auger recombination
constraints are starting to make their presence felt. Improvements in
post-processing bulk materiai quality and In surface passivation
should allow the Auger limiting performance to be approached quite
closely, Coincidentally, an improvement of about 4% in each of the
three key parameters, the open-circuit voltage, .the short-circuit
current density and the fill factor, appears feasible. Once these

227




fundamental limits are more closely approached, it may be posf,gible to REFERENCES
. her efficiency
ly engineer material properties to extract furt ) _ L
1“'3;:;::::“3; Igor example, directional strain can remove the valence 10.1 E B‘;‘;‘;”isgn C;‘;g“?g’;’;‘:e In metal sulphides”, Ann. Phys.
m . . z, Vol. . P , .
viously noted, as P
d degeneracies near the Brillouin zone centre pre " : " .
1\::3]; asesghifttng ihe six equivalent conduction band minima of Fig. 2.6 10.2 :I‘-C%rz?; r[?irl I;inldgflzéA.p:histTir' Crystal Rectiflers”, (New York:
{ allowed ) ’ P B RS
- 't to one another. This would modify the density o " -
with respect to efficients and the absorption coefficient. 10.3  R.S. Ohl, "Light sensitive electric device”, US Patent 2402562,
states, hence ry, the Auger co filed 27 March 1941, "Light-sensitive electric device including
Tabie 10.1: Evolution of silicon solar cell efficiency (> 1 cm? area} silicon”, US Palent 2443542, filed 27 May 1941.
n?;minall.y.un der the IEC 904 global or ASTM E892-87 global 104  E.F. Kingsbury and R.S. Ohl, "Photoelectric properties of
2. fonically bombarded silicon", Bell Syst. Tech. J., Vol. 31, p.
! d 1000 W m™ illumination intensity. ! ' '
AM1.5 spectrum at 25'C an 8092, 1952.
105 D.M. Chapin, C.S. Fuller and G.L. Pearson, "A new silicon p-n
UCTURE ORGANIZATION | REF. ,
DATE* EF}FIC- CELL STR Junction photocell for converting solar radiation into electrical
0, "
Bell Labs. 10.3 power”, J. Appl. Phys., Vol. 8, p. 676, 1954,
3/41 <12/° Mel; gro:ni;:::iﬁﬂ Bell Labs. 10.4 106 G.L. Pearson, 1985, PV founders award luncheon, Conf.
3/52 ﬂ; /g% ;-Iicd-;ms:jrwraparound Bell Labs 10.6 Record, 18th IEEE Photovoltaic Specialists Conf,, Las Vegas,
~12/53 { -4, 4 diffu : : .
1/54 ~6% B diffused wraparound | Bell Labs. 10.5 1985 (New York: IEEE),
B diffused wraparound | Bell Labs 10.7 10.7 Bell Labs. Record, November, 1954, p. 436: Bell Labs, Record,
11/54 ~8% ’ May, 1955 166
Bell Labs. 10.7 Y. 1999, p. 166
o/55 Sl B ‘;T:?f?m‘i; ‘ H(c:ﬂ'man Elec. 10.61 ; 10.8  Sharp Solar Battery $-224, Sharp Corporation, Osaka, Japan.
~12/57 }12.5% |0.5x2 cul use 4 | Hoffman Elec 10.61 ' 109 R.N. Hall and T.J. Soltys, "Polka-dot Solar Cell", Conference
8/59 14% Gnd-contactQ dlff:;ed Commercial ) 10.11 Record, 14th IEEE Photovoltaic Specialists Conference, San
8/61 | 14.5% | B diff. AR coat, gridde USASRDL : Diego, 1980, p. 550.
. Comsat Labs 10.22 g 10.10 M. Woll, "Limitations and Possibilities for Improvement of
1/73 15.2% letet C‘;H Necting | Comsat l.abs- 10.23 _ Photovoltaic Solar Energy Converters”, Proceedings of the IRE,
17.2% | Textured non-refle . : ] -
9/74 0(; MINP cell UNSW 10.49 Vol. 48, pp. 1246-1263, 1960,
9/83 18.0% - UNSW 10.49 10.11  J. Mandelkorn, C. McAfee, J. Kesperis, L. Schwariz and W.
12/83 18.3% | PESC cell UNSW 10.49 Pharo, "Fabrication and Characteristics of Phosphorus-
5/85 19-0?’ ;Eilscgccll 4 PESC UNSW 10.49 Diffused Silicon Solar Cells”, Journal of the Electrochemical
10/85 20.0% crogroove ’ i -
7/86 |20.6% |Microgrooved PESC UNSW 10.49 Soclety, pp. 313-318, 1962.
' 4 PESC UNSW 10.49 1012 K.D. Smith, H.K. Gummel, J.D. Bode, D.B. Cuttriss, R.J.
4/88 20-82/0 Microgr;mtvf:omact el | Stanford nt. 10.49 - Nielson and W. Resenzwelg, "The Solar Cells and their
9/88 22.3% | Rear POITI‘ UNSW 10.49 Mounting", Bell Sys. Tech. J., Vol. 41, pPp. 1765-1816, 1963.
12/89 23.0% | PERL ce UNSW 10.49 10.13  R. Gereth, H. Fischer, E. Link, S. Mattes and W, Pschunder,
2/90 23.1% | PERL ccﬁ UNSW 10.63 7 _ “Contribution to the Solar Cell Technology”, Energy
2/94 23.52/? i (;JCERL cell UNSW 10.64 . Conversion, Vol. 12, pp. 103-107, 1972.
9/94 24.0% | DLAR 10.14  H.R. Phillip, Journal of the Physics and Chemistry of Solids,
Vol. 342, p. 1935, 1971.
. { it of ’
* Date of submission or presentation (;f papf]zr reporting resu N 10.15 P.A. lles, "Increased Output from Silicon Solar Cells",
independent efficiency confirmation {month/year). L . Conference Record, 8th IEEE Photovoltaic Specialists
Conference, Seattle, 1970, pp. 345-352.
228

229




10.16

10.17

10.18

10.19

10.20

10.21

10.22

10.23

10.24

10.26

10.26

10.27

10.28

10.29

10.30

230

R., Gereth, H. Fischer, E. Link, S. Mattes and W. Pschunder,
"Silicon Solar Technology of the Seventies”, Conf. Record, 8th
IEEE Photovoltaic Specialists Conf., Seattle, 1970, p. 353.
R.L. Cummerow, "Use of p-n Junclions for Converting Solar
Energy to Electrical Energy”, Phys. Rev,, Vol. 95, p. 561, 1954".
M. Wolf, “Drift Fields in Photovoltaic Solar Energy Conversion",
Proceedings of the IEEE, Vol. 51, pp. 674-593, 1963.
J. Mandelkorn, and J.H. Lamneck, "A New Eleciric Field Effect
in Silicon Solar Cells", J. Appl. Phys., Vol. 44, p. 4785, 19;73.
M.P. Godlewski, C.R. Baraona and H.W. Brandhorst, "Low-
High Junction Theory Applied to Solar Cells", 10th IEEE
Photovoltaic Specialists Conf., Palo Alto, 1973, pp. 4(.)-49... )
J.C.C. Tsal, "Shallow Phosphorus Diffusion Profiles in Silicon",
Proceedings of the IEEE, Vol. 57, pp. 1498-1506, 1969.

J. Lindmayer, and J. Allison, “The Violet Cell: An improved
Silicon Solar Cell", COMSAT Tech. Rev., Vol. 3, pp. 1-22, 1?73.
J. Haynos, J. Allison, R. Amdt and A. Meulenberg, The
Comsat Non-Reflective Silicon Solar Cell: A Second Generation
Improved Celfl", Int. Conference on Photovoltaic Power
Generation, Hamburg, September, 1974, p. 487. ]
H.G. Rudenberg and B. Dale, "Radiant Energy Transducer”, US
Patent 3,150,999 (filed 17 February, 1961).

D. King and M.E. Buck, "Experimental Optimization of an
Anisotropic Etching Process for Random Texturization of
Silicon Solar Celis”, Conf. Record, 22nd IEEE Photovoltaic
Specialists Conf., Las Vegas, 1991, pp. 303-308.

E.S. Rittner and R.A. Arndt, "Comparison of Silicon Solar Cell
Efficlency for Space and Terrestrial Use”, Journal of Applied
Physics, Vol, 47, pp. 2899-3002, 1976. ‘

J. Zhao and M.A. Green, "Oplimized Antireflection Coatings for
High Efficiency Silicon Solar Cells", IEEE Trans. Electron
Devices, Vol. 38, pp. 1925-1934, 1891, ‘

R.B. Godfrey and M.A. Green, "655 mV Open Circuit Voltage,

17.6% Efficient Silicon MIS Solar Cells", Applied Physics
Letters, Vol. 34, pp. 790-793, 1979

R. Hezel, W, Hoffmann and K. Jaeger, "Recent Advances in
Silicon Inversion Layer Solar Cells and Their Transfer to
industrial Pilot Production”, 10th European Photovoltaic Sclar
Energy Conf., Lisbon, April, 1991, pp. 511-514. .

J.G. Fossum and E.L. Burgess, "High Efficlency p* n n* Back-

Surface-Field Silicon Solar Cells”, Applied Physics Letters, Vol.

33, pp. 238-240, 1978.

10.31

10.32

10.33

10.34

10.35

10.36

10.37

10.38

10.39

10.40

10.41

10.42

10.43

10.44

M.A. Green, "Enhancement of Schottky Solar Cell Efficliency
above ils Semliempirical Limit", Applied Physics Letters, Vol.
28, pp. 287-268, 1975,
J. Lindmayer and J.F. Allison, "Dotted Contact Fine Geometry
Solar Cell”, U.S. Patent 3,982,964, Sept. 1976,
R.A. Arndl, A.. Meulenberg and J.F, Allison, "Advances in High
Output Voltage Silicon Solar Cells", Conf. Record, 15th IEEE
Pholovoltaic Specialists Conf., Orlando, 1981, Pp. 92-96.
M.A. Green, AW, Blakers, J. Shi, E.M. Keller and S.R.
Wenham, "High-Efficiency Silicon Solar Cells”, IEEE Trans. on
Electron Devices, Vol. ED-31, pp. 671-678, 1984,
F.A. Lindholm, A. Neugroschel, M. Artenze and P.A. Iles,
"Heavily Doped Polystlicon - Contact Solar Cells*, Electron
Device Letters, Vol. EDL-6, pp. 363-365, 1985,
E. Yablonovitch, T. Gmitter, R.M. Swanson and Y.H. Kwark, "A
7209 mV Open Circuit Voltage, 5i0x:c-S5i:Si0x Double
Heterostructure Solar Cell", Applied Physics Letters, Vol. 47,
pp- 1211-1213, 1985,
P. Van Halen, P and D.L. Pulfrey, "High-Gain Bipolar Tran-
sistors with Polysilicon Tunnel Junction Emitter Contacts”,
IEEE Trans. on Electron Devices, Vol. ED-32, p. 1307, 1985.
M.A. Green, A.W. Blakers and C.R. Osterwald,
"Characterization of High-Efficiency Silicon Solar Cells",
Journal of Applied Physics, Vol. 58, pp. 4402-4408, 1985,
R.D. Thompson, and K.N. Tu, "Low Temperature Gettering of
Cu, Ag and Au Across a Wafer of Si by Al", Applied Physics
Letters, Vol. 41, pp. 440-442, 1982.
AW, Blakers and M.A. Green, "20% Efficiency Silicon Solar
Cells”, Applied Physics Letters, Vol. 48, pp. 215-217, 1986.
T. Saitoh, T. Uematsu, T. Kida, K. Matsukuma and K. Morita,
"Design and Fabrication of 20% Efficiency, Medium-Resistivity
Silicon Solar Cells, Conf. Record, 19th IEEE Photovoltaic
Specialists Conf., New Orleans, 1987, pp. 1518-1519.
W.T. Callaghan, Evening preseniation on Jet Propulsion Lab.
Photovoltaic activities, Seventh E.C. Photovoltaic Solar Energy
Conl., Sevilla, Oc., 1986.
5. Khemthong, S. Cabaniss, J. Zhao and A. Wang, "Low Cost
Stlicon Solar Cells with High Efficiency at High
Concentrations”, Conf. Record, 22nd IEEE Photovoltaic
Specialists Conf., Las Vegas, 1991, pp. 268-272.
K. Fukui, Y. Fukawa, H. Takahashl, K. Okada, M. Takayama,
K. Shirasawa and H. Watanabe, “Large Area High Efficiency

231




10.45

10.486

10.47

10.48

10.49

10.50

10.51

10.52

10.53

10.54

10.55

10.56

232

Single Crystalline Silicon Solar Cell", Tech. Digest, Int.
PVSEC--7, Nagoya, Japan, 1993, pp. B7-88.

R.A. Sinlon, Y. Kwark, J.Y. Gan and R.M. Swansor, "27.5% Si
Concentrator Solar Cells", Electron Device Letters, Vol. EDL-7,
p. B67; 1986.

R.R. King, R.A. Sinton and R.M. Swanson, "Front and Back
Surface Fields for Point-Contact Solar Cells”, Conf. Record,
20th IEEE Photovoltaic Specialists Conf., lLas Vegas,
September, 1988, pp. 538-544..

A.W. Blakers, A. Wang, A.M. Milne, J. Zhao, X. Dai and M.A.
Green, "22.6% Efflcient Silicon Solar Cells", Proceedings, 4th
Internattonal Photovoltaic Science and Engineering
Conference, Sydney, February, 1989, pp. 801-8086.

J. Zhao, A. Wang and M.A, Green, "24% Efficient PERL
Structure Silicon Solar Cells”, 21st IEEE Photovoltaic
Specialists Conf., Orlando, May, 1990, pp. 333-335.

M.A. Green, "Recent Advances in Silicon Solar Cell
Performance”, Proc. 10th European Communiiies Photovoltaic
Solar Energy Conf., Lishon, April, 1991 {Kluwer Academic
Publishers, Dordrecht), pp. 250-253.

p.J. Verlinden, R.M. Swanson and R.A. Crane, "7000 High-
Efficiency Cells for a Dream”, Progress in Photovoltaics, Vol. 2,
pp. 143-152, 1994.

J. Zhao, A. Wang, M. Taouk, S.R. Wenham and M.A. Green,
“3(% Efficient Photovoltaic Module", Electron Device Letters,
Vol. EDL-14, pp. 539-541, 1893.

M.A. Green., "World Sclar Challenge 1993: The Trans-
Australian Solar Car Race”, Progress in Photovoltaics, Vol. 2,
pp- 73-79, 1994,

M.A. Green, J. Zhao, AW. Blakers, M. Taouk and 5.
Narayanan, "25-Percent Efficient Low-Reslstivity Silicon
Concentrator Solar Cells", IEEE Electron Device Letters, Vol.
EDL-7. pp. 583-585, 1986,

AW. Blakers, P.B. Kosel, M.R. Willison and M.A. Green,
"Fabrication of Thick Narrow Electrodes on Concentrator Solar
Cells", J. Vac. Sei. Tech., Vol. 20, pp. 13-15, 1982.

P.A. lles, "A Survey of Grid Technology”, Conf. Record, 16th
IEEE Photovoltaic Specialists Conf., San Diego. 1982, p. 340.
A. Cuevas, R.A. Sinton and R.M. Swanson, "Point- and Planar-
Junction P-1-N Silicon Solar Cells for Concentration
Applications, Fabricallon, Performance and Stability”, Conl.
Record, 21st IEEE Photovoltaic Specialists Conf., Kissimimee,

10.57

10.58

10.59

10.60

10.61

10.62

10.63

10.64

May, 1990, pp. 327-332.
M.A. Green, J. Zhao, A. Wang and S.R. Wenham, "45%
Efficient Silicon Photovoltaie Cell Under Monochromatj(; Light"
IEEE Eleciron Device Letters, Vol. 13, pp. 317-318, 1992 ,
P. Balk (ed.), "The Si-8iQ, System", (Elsevier, Amster-dam}
1988. '
A. Aberle, S. Glunz and W. Warta, "Impact of {Ilumination Level
and Oxide Parameters of Shockiey-Read-Hall Recombination at
the Si-Si0y Interface”, J. Appl. Phys., Vol. 71, p. 4422, 1992
W. Eades and R. Swanson, "Calculation of the Surfz‘xce
Generation and Recombination Veloclities at the Si-Si0
Interface”, J. Appl. Phys. Vol. 68, p. 4267, 1985. :
M.A. Green, S.R. Wenham, J. Zhao, A. Wang, X. Dai, A. Milne
M, Taouk, J. 5hi, F. Yun, B. Chan, A.B. Sproul and A. Stt:\.'f:nsr
"One-Sun Silicon Solar Cell Research”, Final Report, Sand[a:
Contract 66-5863, 1992.
E. Yablonovitch, R.M. Swanson, W.ID. Eades and B.R
Weinberger, "Electron-Hole Recombination at the Si—Sib-
Interface”, Appl. Phys. Letl., Vol. 48, p. 245, 1986, :
J. Zhao, A. Wang and M.A. Green, "23.5% Efficlent Silicon
Solar Cell", Progress in Photovoltaics, Vol. 2, pp. 227-230
1994, '
M.A. Green, K. Emery, K. Bicher and D.L. King, "Solar Cell
Efficiency Tables (Version 5), Progress in Photovoltalcs, Vol. 3
pp. 51-55, 1995. '

233




SCREEN-PRINTED AND
BURIED CONTACT CELLS

111 INTRODUCTION

cell design for commercial flat plate product has
aboratory cells. Prior to the

t for terrestrial photovoltaic
used space cell technology

The evolution of
followed a different course than that for 1
mid-1970's, there was virtually no marke
cells. Product that was available generally
for cell fabrication.

With the oil embargo of the early 1970's, interest in terrestrial ;ellsz
increased. The driving force for the evolution of commercial prc; el
was the US Government's photovoltaic program [11.1]. In particular, z;
series of bulk or "block” purchases of cells stimulated the developmen
of commercial manufacturing and the standardization of product;v
Between 1975 and 1983, the US government purchased Blocks -V o
photovoltaic product with increasingly stringent acceptanf:e criteria.
This, combined with targeted research and development activities, \‘v_as
very effective in moulding the development of the photovoltaic industry.

The first "Block 1" purchase of modules reflects the di\lfersity of product
and design approaches investigated in the early 1970's. One comgar;ly
supplied cells falricated on 7.5 cm diameter wafers using cssin a ()ir
space cell technology. A second company used metal contacls forme

by plating nickel followed by solder dipping. A third company.
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Spectrolab Inc., used a new technique based on screen printing of
metal pastes onto the cell surface [11.2].

A variety of module encapsulation approaches were also used. In the
Block i purchase in 1876, Spectrolab combined the screen printing
approach of their Block I cells with a laminated module design similar
Lo the lamination process used in automobile windscreen glass. Over
the next decade, this approach became the standard for all volume
manufacturers of celis [11.3].

The strength of this approach was the simplicity of the cell processing
sequence and the availability of suitable equipment from the thick film
microelectronics industry for screen printing and firlng operations,
However, despite attempts to decrease the linewidth obtained with this
approach, achievable linewidth remains a major limitation of the
approach. In the mid-1980's, a new approach, the buried contact
approach, based on defining the metal contact shape by burying it in
grooves located in the cell surface was developed [11.4]. This
technology is presently either being used in production or under
development by most major cell manufacturers, and due to the
substantial performance margin over the screen printed approach, may
eventually displace screen printing.

In this Chapter, both of these contending technologies are described as
is likely evolution over the coming years.

11.2 SCREEN-PRINTED CELLS
11.2.1 Structure

Figure 11.1 shows the structure of a typical crystalline screen-printed
cell. The normal cell processing sequence would consist of [11.5]: saw
damage removal from the starting wafer by etching; chemical texturing
of the top surface, if a (100) ecrystalline wafer were the starting
material, top surface diffusion to about 40 {/square; edge junclion
Isolation normally by "coin stacking” the cells and etching the edges in
a plasma; etching to remove diffusion oxides; screening of front metal
paste through a suitably patterned screen; drying and firing of the
front surface melallization; screening of the rear surface metal pasie;
drying and firing of rear metal contact; cell testing and sorting,
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metal

Figure 11.1: Screen printed crystalline silicon solar cell

(not to scale).

Using the normal boron doped, "solar grade” Czochralski silicon wafers
of 0.5-5 Q em resistivity, the resulting cell efficlency is typically 12-
14%. Application of a antireflection coating {usually TiO5 or SizN 4

{ves about 4% relative improvement.
g

For multicrystalline substrates, the use of an antireflection coating is
mandatory due to the inability to reduce reflection substantially by
texturing {he multicrystalline wafer surface. This is due to the random
orfentations of the gralns in the multicrystalline material which results

in only a fraction being suitable for texturing.

The major disadvantages of the approach relate to the cost of the metal
pastes used in Lhe process and the relatively low cell efficiency which
results. The latter is due most fundamentally to the restricted
linewidth possible by screen printing. The relatively high contact
resistance between the paste and the silicon is another constraint.
The low aspect ratio (height/width) of the final lines due to paste
thickness shrinkage during firing is another problem compounded by
the low conductivily of the fired paste {about 3 times lower than that of

pure silver).

There have been several investigations of the feasibility of screening
pastes other than those based on silver. Nickel and copper have been

investigated without success [11.8].
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]

To reduce the linewidth, special fine screens can be used. However
the screens have been too frail for use in commercial production‘
although often used to produce a good research result [11.7]. '

The contact resistance between the paste and silicon can be a sensiti

function of the precise firing environment and temperature. The IWe
frit (dispersed glass particles used in the paste as a binder) l'ornigsass
oxide precipitale along the interface belween the screened paste aag
the silicon surface. This contributes to the high contact rf:sistann

although often, phosphorus is added to the paste to decreas-e t‘;]e’
contact resistance to n-type material. Etching of the top surface witle
HF alter firing is known to decrease the contact resistance presurnabl ]
iby etching away some of the interfacial frit in this area. I-.Iowever l'hi.);
esﬂglzzﬂ:z:sidered to reduce the rellability of the cell in a moist

The rear surface contact resistance is generally less of a problem

Even though contact is being made (o more lightly doped material .
much larger contact area is available. Furthermore, the addition‘ E.lf
aluminium to the silver paste or the use of an aluminium asfe
precursor can increase the doping level in the surface regioijl by

alloying. Under appropriate firing conditions, a significant "baci
surface field" effect can be obtained by the use of such aluminium

11.2.2 Typical Performance

Typically, the screen printing approach will produce cell open circuit
voltages in the 580-620 mV range, depending on substrate resistlvil

short circuit current densities in the 28-32 mA/cm?2 range, and fi)l,]’
factors for large area cells in the 70-75% range. For a large ;1rea cell
typically 10-15% of the top surface of the cell will be shaded b [hf;
screened metallization which, as indicated in Figure 11.1 typi}::all

consists of metal fingers of about 200 microns width, space.d 'about 2-§
mm apart. Due to the low conductivily of the paste, an interconnect
busbar design, as indicaied in Flgure 11.2, is mandatory for large are

cells. Although contribuling to the large shading loss of this a gro la
this design also has the advantage of improving the cell tolelf*gncactl-
cracks. If scaling to large area cells, the number of bu f}:_‘! .
Interconnections would have to be increased. o
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cracked
cell

N

Figure 11.2: Cell design using the strip metal cell interconnects
as busbars to reduce finger reslstive losses and to lmprove

tolerance to cracks.

To maintain reasonable contact resistance, quite low sheet rcsit:rt;:itiﬁ;
i i ired. The 40 Q/square cal
for the top surface diffusion are requ e
i ignifi in blue response of the ce
used results in a significant loss s o
discussed in Sectiont 10.5. g
dead layers along the surface as ' ehe?
he blue response but at the expe
heet resistivities will improve the |
iell fill factor (see Fig. 13.3). The heavy dll"fusiofn alsosiiir‘:l;;sor'ihies
: i ils. Oxide surlace pa
_circuit voltage output of the ce -
zls)fnot‘cgmch benefit in improving performance due to this lllmitati?n.
Using improved quality substrates such as floatzone silicon a f:i
generally does not result in any substantial performance improverne

again due lo this limitation.
11.2.3 Improved Technology

The limitations of the screen printing approach may not Ec
fundamental to this approach but may be able to be overcome DY

introducing new ideas.

To reduce the linewidth, finer screens can be usecdi ;lthought t:::esz
ir construction and have no

require weaker malerial {n the

su(f‘ﬁcienlly durable for volume manufacturing. There are frl:g:;e:;tli

alternative claims in this area [11.7], but commercial p;;a(; > 1s

telling indicator of what is feasible here. Approaches for dft:) ning peta

contacts, similar to ink jet printing approaches, have also been us

commercial production.
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Some recent progress has been reported in improving Lthe contact
resistance obtainable by screen printing, although details are not
available [11.7,11.8]. Different paste formulations and/er {iring
conditions are most likely responsible. Approaches similar to those
shown in Fig. 11.3 have also been suggested which rely on having
different tep layer sheet resistivities in contacted and non-contacted
areas [11.9,11.10f. A conductive antireflection coating such as formed
by conducting metal oxides could be used in conjunction with this
scheme to allow reasonable metal spacing [11.11].

screened metal

Nt

p+

Figure 11.3: Ideal situation for fine linewidth screen printed
metallization with contact being made to selectively doped areas.

However, it is doubtful that a high efficiency cell can ever be produced
using the screen printed approach, with good screen printed laboratory
cells only giving about 16.7% efficliency [11.7]. Even if both the
linewidth and the contact resistance problems are successfully solved
in production, there is still the problem with relatively poor paste
conductivity and small aspect ratio.

11.3 BURIED CONTACT SOLAR CELLS

11.3.1 Structure

The buried contact solar cell of Figure 11.4 was developed to overcome
the efliciency limitations of the screen printed cell approach previously
described. The most distinctive feature of the cell design is the use of
grooves in the top surface to locate the cell metallization. Although
originally investigated using screen printed metallization sequences
(where the metal was forced into the groove during the screening
operation), the most success{ul designs have used electrolessly plated
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metal contacts [11.12].

plated matal

p-type

Figure 11.4: Burled contact solar cell.

Cell processing bears some resemblance to the screen p;iln::g

sequence previously described. After saw dam;gc Zinnozver nd

jexturing, the surface is lightly diffused and an oxide gr vn over the

entire surface. This oxide serves mult_iple purposteif ur egsm

processing and is the key to the rcslatlve:t hsm'gi)gzistfozf o’d(:i Er:: g hge
e t ere is no need to remove the

I::l}:ertlh?)t"lgled approach. Grooves are then cut in}:o tlhclt;)‘;:tttlzzlgl

surface either using a laser scribing machine, mechanica

wheels, or other mechanical or chemical approaches.

Alter cleaning of the grooves by chemical etching, thcs:.h areﬂsutbjelej:h t,g
i h heavier than the first.
second phosphorus diffusion, muc
;roduces gelective doping in the contact areas (previously disc11§5131c11l51;*,l
desirable in connection with screen printed cells and as used t;? gl
efficiency silicon PERL cells). Aluminium is then deposited on le rear
surface by evaporation, sputtering, screen printing or plasma

deposition.

After firing of the aluminium and etching to removc]oxidcs.oﬁc];
metallization Is then completed by electroless p at(ijng o
nickel/ copper/silver layer. A thin layer of nickel is first depo ited.
This is then fired and a substantial thickness of copper then e]f)ose b.
Finally, the thin layer of silver is formed on the top sur “z:c tha);
displacement plating. All these processes are electroless mean ]g .

canisters containing the wafers are simply immersed in the plating
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solution.

An improved sequence uses SigN, in lieu of the oxide during the
processing [11.13]. This layer withstands high temperature steps
while giving better antireflection properties in the final cell. BP Solar
have reported excellent results with this approach [11.13-11, 15].

11.3.2 Performance Analysis

The buried contact cell gives substantial performance advantage over
screen printed cells. Figure 11.5 shows the comparison reported by BP
Solar, using identical starting substrate material, Approximately 30%
performance advantage is reported. At the same time, BP Solar report
that processing costs per unit area are virtually identical, within 4%
of that of the screen printed cell (11.14}. This gives a much lower
cost/Watt, given the higher power output per unit area. Although
capital costs are higher, the lower material costs compensate.

Current

1 Buried Contact
==m==- Screen-Printed

0 T T L T
0.0 0.2

0.4 0.6 0.8
Voltage

Figure 11.5: Output characteristics of buried contact cells
compared to screen printed cells [after 11.15],

There are several reasons for this improved performanice. The higher
All factor is due to the belter conductance of the metallization fingers
and the lower contact resistance between these and the heavily doped
grooved regions. The higher voltage is due to the high sheet resistivity
of the diflusion over the top surface, combined with the excellent
surface passivation by the overlying oxide in these areas, and with the
contact passivation provided by the heavy doping in the grooved areas.
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An open-circuit voltage approaching 700 mV has been demonstrated
for this combination, close to the highest ever demonstrated for

laboratory silicon cells [11.16].

The high current output s due to the relatively low top surface shading
feasible with this approach even in large area cells. This is a result,
most fundamentally, of the high aspect ratio possible with buried
contacts. Aspect ratios as high as 5:1 have been demonsirated,
although not essential in some metallization design approaches. Low
metallization linewidths of 15-20 pm are feasible with laser grooving
and linewldths of 40 pm are feasible with mechanical approaches. The
other contributor to the improved output current is the improved blue
response resulting from the almost ideal surface properties in non-

contacted areas.

The processing sequence has also shown itself capable of producing
considerable gettering henefits during processing. The damage during
the grooving process appears to be beneficial. As noted in Chapter 9,
laser damage can produce effective gettering when applied to the rear
of the wafers. Similarly, the laser grooves on the top surface might be
expecied to be effective gettering sites. One of the advantages of the
buried contact sequence is that after grooving, the top surface is
subjected to a heavy diffusion in the grooved areas. The phosphorus
will diffuse preferentially in damaged areas and automatically
passivate damage introduced by the grooves. Direct evidence for this
effect has been observed [11.17]. Aluminium on these cells provides
another well established gettering strategy as does heavy -phosphorus
diffusion as used in the grooved areas [11.18].

11.3.3 Production Experience

Buried contact solar cell technology has been licensed to several major
cell manufacturers, with pilot production experience reported by some.
A high efficiency array was fabricated by Telefunken [11.19] for the
Swiss car "Spirit of Biel", which convincingly won the 1990 World Solar
Challenge, Lhe solar car race from Darwin fo Adelaide. Array efficiency
was 17%, then, the highest ever for silicon. The array gave 25% more
power than that of the second placed car, which used enhanced screen

printing technology [11.20].

BP Solar has reported on both manufacturing yields and process
economies [11.13]. Using the same "solar grade” CZ substrates as in
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it::::()f:rfent lPrin;lng process, BP reports substantial efficiency
mproven CI;ECO(: the techno.logy (circa 30%) and cell efficiencies of
) - OII.'IIC analysis shows that the approach, as developed
by BP with nitride antireflection coating, is well suited Fl.'
gfgé(;;ystalfir‘;? mz;terial giving module manufacturing costsebelo(::r
pea att [11.13). BP Solar su i
reasonably sized installation using buriedpt?(ift‘c:l(:?::iﬁ:jlofor t}-lﬁlet)ﬁli-St
system powering the Marzili furnicular railway in Berne Ti};s E:lva t};w
most efficient flat-plate system of this size installed u'p to thi SU .
[1 1..21]. BP Solar also supplied 550 kW of these modules for thesl B-:;ne
Union Fenosa system near Toledo in Spain [11.22]. When it b o
operation in 1994, this was Europe's largest PV installation. In I;gQin
BP Solar launched the Saturn 585 module, an 85 W module; based ‘
123 mm square buried contact solar cells as its "top-of-the-l Or']'
commercial product [11.23]. e

tSOOl;?‘ ]:;S reported preliminary work using mechanical dicing wheels
o e grooves [11.24]. Experiments al UNSW with 35 ga d
dicing blades have produced grooves of 2% depth uniformi v
waler surface with a processing fime of 3 s/cell. The attracg)ove; ;hc
aPproach is lower equipment costs, although consumable cg‘z e
hlgher- than with laser grooving. A small pilot production line o or ?rg
by Unisearch Ltd. in conjunction with UNSW has also given ooger'a]fl
of laser grooved cells with efficiencies of 19-20% demongst tY!c(; .
production volumes of 10,000 cells per year [11.25] et

The consensus of these pilol line and production studies is that th

bu.ried contact process, when transferred into production e
efficiency margins of 25-40% over screen printing Althol;f;n e
processing sleps are involved than in the simples‘t screen ; r'n:;)re
approach, expensive silver pastes arc eliminated so that r(::: m‘lng
costs per unit area are not greatly different, with caosts l::r est&“t P
pmfluct lower [11.286]. Marketing experience has shown Fh t‘;a} o
selling prices are feasible for this product due to the lower bilanlf: eol;

syslems costs in installed s
ystems and the i
due to the superior performance. pereclved higher quality

11.3.4 Future tmprovement
A further advantage of the buried contact sequence over the screen

g;xltled Is that it offers scope for transferring recent laboratory cell
opments of Chapter 10 inlo low cost commercial production
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While the standard or first generation device of Fig. 11.4 is equivalent
to a PESC cell, the double-sided grooved or bifacial buried contact cell
shown in Fig. 11.6 is the equivalent of the subsequent PERL cell. It
holds the promise of further simplifying burled contact cell processing
while increasing efficiencies to around 21% for large cells. Both Al
deposition and alloying steps and the need for edge junction isolation
are eliminated, but an additional boron diffusion is introduced. The
cell also responds to lght from both directions. This allows use in
modules with transparent rear backings with about 20% additional
power expected in some applications [11.27].

As well as incorporating the front surface passivation of the standard
approach, it also includes a similar quality of rear surface passivation
by use of a "floaling” rear junction. On good quality material, it should
eventually be possible to demonstrate similar performance to
laboratory PERL cells. On poorer quality material, thinner substrates
are required {o take advantage of the improved rear passivation. This
is fortunale since there is a trend to thinner substrates purely on
economic grounds (more efficient material utilization}). Large area (10
cm X 10 o) substrates as thin as 180 um have been used in low-cost
production {11.28].

plated metal

p-type

Figure 11.6: Double-sided or bifaclal buried contact solar cell.

A useful approach for analyzing multiple junction cells such as the
present Is to use the modified Ebers-Moll equivalent circuit [11.29] of
Fig. 11.7. This circuit is widely used in microelectronic device analysis
but requires modification by the addition of the photogeneration
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current sources shown.

O
IFo °RlR  |lsct
main cell C') *
F
O

YR

w7 B @

Iro aflg 15Cr

Figure 11.7: Ebers-Mol! equivalent circuit for a floating junction
solar cell.

The value of the saturation current density of the junction diodes and
the photogeneration sources are those calculated {or experimentally
determined) with the other junctions short-circuited. The injection
terms, ap and ag, are the respeclive proporticns of the total current
flowing across the junctions which reach the other junction as
minority carrier current. For example, for a simple one dimensional
case with the two junctions separated by a distance, W, a is given by:

Tho

= 1 11.1
T+, cosh(W/L) t }

[e4

where I, and I, are the emitter and base components of the junction
saturation current (with the other junction short-circuited) and L is the

diffusion length.

Analysis of this equivalent circuit for the floating junction case gives
the cell saturation current as:

Iy

=1 (1 - ap a) (11.2)
When apand ag approach unity, Ip {s much smaller than Ipp. which is
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the value corresponding to infinite rear surface recombination velocity.
The cell short circuit current density is given by:

Iser (11.3)

ISC = ISC_f+ CIR

This i1s always higher than that available with infinite rear
recombinalion velocity and approaches the maximum possible from
the cell as ap approaches unity.

Extending this analysis shows that the rear floating junction is more
sensitive to shunting effects than the top junction [11.30]. Additional
components ol Ip, are introduced by current flow laterally from the
floating layer to the p* grooves. These act to decrease o p by
introducing another component into the denominator of Eq. (11,1),
However, these problems would appear solvable.

Solving them would turn the liability of the "wrap-around” of dopant to
the rear during the initial top junction diffusion into a surface
passivation assel. Alternatively, rear surface passivation could be
achieved more conventionally by an additional p* diffusion. Whatever
the final approach implemented, the double-sided buried contact cell
offers the real possibility of producing large area cells of efficiency
above 20% upon thin, moderate quality wafers.
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Chapter

13

MULTICRYSTALLINE
AND RIBBON
SILICON

13.1 INTRODUCTION

For non-concentrating solar cells, cell efficiency is a very tmportant
parameter, but high efficiency must be obtained at low cost. A major
contributor to the cost of crystalline silicon solar cell modules is the
cost of the cell substrate. Several different approaches have been
developed in attempts to reduce the substrate cost,

The first to be used commercially was an approach based upon
multicrystalline ingots. Slow solidification in an appropriate mould
results in ingots with large columnar grains {13.1, 13.2]. The grains in
a sliced wafer have to be at least I mm in diameter on average to
obtain a reasonable cell efficiency using established techniques. The

term "multicrystalline” is used to distinguish such large grain material

from the finer grain "polycrystalline" material of Chapter 14 [13.3].

A second type of approach to the lowering of substrate costs is to
solidify molten silicon directly in large area sheet form using one of
several ribbon growth processes. The edge-defined film-fed growth

-'fﬁéthod [13.4] was the first to be used commercially, iIn its present
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form, ribbons are grown in the form of a hollow, ﬂat-side? ti:_lb;:, be;s
shown in Fig. 13.1. Substrates are then cut from the faces od ;: u O.f
Another ribbon approach which has reached an advancc:i 5 zi).ge o
development is the dendritic web approach [13.5]. A good review
these and other ribbon approaches 1s given elsewhere [13.6].

Figure 13.1: Growth of a nonagonal ribbon of silicon using the
edge-defined fllm-fed growth (EFG) method [13.41.

These potentlally low cost approaches invariably produce rrnat;riallsgif
poorer erystallographic quality than does the normal Czochra

in microelectronics. Most of them produce
multicrystalline malerial. Additionally, there is more hscope rfor
impurity incorporation during growth. As a result, the en(-:bgly
conversion efficiency of cells fabricated on such substrates is m.varla y
lower than that which can be obtained on Czochralski substrates.

process used

From the point of view of cell fabrication, the mo§t important
differences arise from: (i) the presence of grain bon‘mdanes wh?ch can
act as very efficient recombination sites for minority carriers as
discussed in more detail in Chapter 14; (ii) the presence of less scveire
crystallographic defects such as dislocations and twinning pla;u:?t 1:1
the intragrain region as well as timpurities in these reglons whic ot_e

decorate the crystallographic defects and render them more active
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electronically; and (iii) the lack of a simple technique for texturing cell
surfaces since only small fractions of the areas of these surfaces are of
the (100) orientation required for the anisotropic etching approach to
be effective. These differences restrict cell efficiencies to about 80% of
those obtained with Czochralski material. Differences at the module
level tend to be smaller due to the higher packing density arising from
the ease with which square or rectangular substrates are produced.

13.2 HYDROGEN PASSIVATION

A lechnique generally accepted to be of benefit in Improving the
performance of a wide range of low cost silicon substrate materials is
that based upon the passivation of defects by atomic hydrogen [13.7].

Alomic hydrogen is relatively mohile in silicon, even at low
temperatures, and is particularly so at dislocations and grain
boundaries [13.8,13.9]. During its diffusion through bulk and grain
regions, the atomic hydrogen neulralizes a large fraction .of the
electronically active defects which it encounters. Techniques for
introducing hydrogen include ¢xposure to plasma discharges in a
hydrogen-rich ambient and exposure to hydrogen ion beams [13.7].

There is general agreement that the hydrogenation process is more
effective the poorer (he quality of ihe starting material [13.7]. As a
consequence, hydrogenation serves to tighten the production yield of
cells fabricated on low cost substrates, rather than increasing the
performance of the best cells. The most significant improvements from
hydrogenation generally occur in the short-circuit current of the celj,
with smaller improvements generally seen in the open-cireunit voltage
[13.10-13.13]. The fill factor behaviour is less predictable,

Two examples of how hydrogenation can be incorporated into cell
fabrication sequences will now be described. In the first sequence
[13.14], hydrogenation cceurs during plasma deposition of a silicon
nitride AR coating in a hydrogen-rich ambient. This occurs at an
intermediate state of cell processing prior to metallization. The
hydrogen is apparently trapped in the cell during subsequent high
lemperature processing steps by surface layers. In the second
sequence [13.15,13.16], hydrogen is implanted using a hydrogen ion
beam later in the processing sequence, after metallization. With this
sequence, a marked increase in the performance of cells fabricaled on
the EFG ribbon of Fig. 13.1 was obtained. The median efficlency of
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cells fabricated on 50 cm? substrales using this approach was reported
fo increase from 11.3 to 13.0% as a result of such treatment.

A final question concerns the stability of the hydrogenation treatment,
in view of the low temperatures at which the treatment is used. The
results obtained to date [13.15] indicate that it is many orders of
magnitude more stable than a comparable hydrogenation process in
thin film amorphous silicon solar cells.

133 PHOSPHORUS TREATMENT

Phosphorus diffusion is one of the more established gettering processes
discussed in Chapler 9. Such processes are likely to be particularly
important in less expensive substrale materials, due to the higher
impurity concentrations. Additionally, diffusion at grain boundaries
and dislocations occurs at a much higher rate than in bulk regions, as
indicated in Fig. 13.2. Therefore, phosphorus diffusion can convert
such defects from liabilities, due to the assoclated high recombination
rates, to assets, due to the vertical junction type of action arising from
the extension of the collecting junction into the substrate bulk as
shown in Fig. 13.2. This Is a more positive effect than that of
hydrogenation, which merely neutrallzes such defects.

defect

Figure 13.2: Cross-section of a multicrystalline silicon solar cell
showing preferential diffusion of dopants down the grain
boundaries and at crystallographic defects.

Two-step diflusion processes have shown the gains possible from this
approach. Prolonged low temperature diffusion is used to dope the
grain boundaries followed by the normal junction diffusion [13.17]. In
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our laboratory, a different approach has been developed. This is based
upen combining a single heavy diffusion with a subsequent etching
step which removes most of the diffused layer, together with gettered
impurities,

Figures 13.3(a) and (b) show some particularly interesting results in
this area [13.18]. The dashed lines show the performance of cells
fabricated using a standard screen-printing sequence [13.19] on
nominally 5 {2 cm multicrystalline substrates. The variable is the sheet
resistivity of the phosphorus layer diffused into the p-type substrate.
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Flgure 13.3: Effect of etching after diffusion upon the
characieristics of multicrystalline cells. The dashed lines show
the cell performance without etching, while the solid curves show
the effect of etching to a sheet resistivity of 100 Q2/square after
diffusion {after Wenham [13.18]). :

An important feature of the set of results shown by the dashed lines is
the peak in the fill factor oblained for sheet resistivities of around 30
2/square. At higher sheel resistivities, the fill factor is lower due to an
increased conlact resistance between the screened silver top contact
and the increasingly more lightly doped diffused layer. At lower sheet
resistivities, the loss in f{ill faclor s attributed to a shunting effect due
to the phosphorus dopant diffusing through to the rear contact at an
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increasing number of grain boundaries.

Another feature is the much higher open-circuit vollage obtained at low
sheet resistivity values. This is attributed to a higher effective bulk
lifetime, as discussed later. The short-circuit current density is low,
due to the lack of an AR coating and to a high {12%) top conlact
shading loss, but is relatively insensitive to the top layer sheet
resistivity. This is a surprising result. For crystalline cells, this
current would fall markedly at low sheet resistivity, due to a "dead
layer" along the cell surface which decreases the blue response. [n the
present devices, this detrimental effect is more than offset by the
favourable effects of the diffusion upon red response. These include its
effeci upon the effective bulk lifetime, via its gettering action, as well as
the defect passivation and vertical junction effects of Fig. 13.2.

To demonstrate this more convincingly, the surface was chemically
etched back to a uniform sheet resistivity of 100 Q/square, prior to
applying the top conlact, for samples diffused over the same range as
before. The resulls are shown by the solid lines in Fig. 13.3. The
short-circuit current density was found to increase by more than 20%
at lower sheet resistivities. This is due to the increased blue response
as a result of the removal of the "dead layer”. The similar advanlage
over substrates diffused directly to 100 Q/square is due to an
increased red response. A small increase in the open-circuit voltage
was generally observed as a result of this treatment, as was a marked
decrease in fill factor due to the increased contact resistance.

The effects of phosphorus pre-treatment have also been explored by
applylng the high efficiency PESC sequence of Chapter 10 to
multicrystalline wafers [13.20].

The open circles in Fig. 13.4 show the experimental results obtained by
applying the PESC sequence directly to multicrystalline substrates
with resistivities in the 0.1-1 £ cm range, all from the same supplier.
Creditable efficiencies of between 15.0-15.5% were obtained over the
whole range. The lower resistivity substrates gave a higher open-
circult voltage, with values above 630 mV being obtained at the lower
end of the range. The short-circuit current showed the opposite
dependence upon resistivity, due to a decrease in diffusion length as
the resistivity decreased. The former decreased from 125 to 45 um as
the resistivity decreased from 1 Q cm to 0.1  cm [13.20]. The closed
circles show the effect of the phosphorus pre-treatment.
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Figure 13.4: Effect of phosphorus pre-treatment upon the
performance of cells fabricated on multicrystalline silicon
{nominal cell area: 4.06 cm2). The open circles show the resulis
for cells fabricated with a standard PESC sequence, while the

_closed circles show the benefits of heavy phosphorus diffusion
followed by a chemical etch-back [13.20).

After using a chemical etch to remove saw damage, these substrates
were heavily diffused with phosphorus at 900°C to give sheet
resistivities within the range of 20-50 Q/square. Using a weak silicon
etch, the surface of lhe diffused region was etched until the sheet
resistivity increased to the 100-150 Q/square range, standard for the
PESC sequence. The cells were then processed in the normal way for
this sequence [13.20].

This treatment produced a very consislent increase in open-circuit
voltage, short-circuit current, and efficlency, as is apparent upon
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comparing the closed and open circles of Fig. 13.4. There was more
scatter in the fill factor, attributed to the simple "laser scribe and
cleave" method used for edge junction isolation. This isolation
approach has been found to introduce an extra recombination
component into the cell characteristics [13.21). The improvements in
the other parameters were correlated with an improved effective
diffusion length in the completed cells, which increased by up to 50%
for cells in the intermediate resistivity range which showed the largest
efficlency increase. The increase in the effective diffusion length is
attributed to the gettering action of the phosphorus diffusion,
combined with the passivation of crystallographically poor regions of
the substrate by preferential diffusion in these areas.

The highesi diffusion length reported after this treatment was 145 um
[13.20]. This is lower than that obtained In Czochralski grown
substrates where post-processing values about twice this magnitude
can be routinely obtalned, even on the lower grades of commercial
material. Whereas it is possible for diffusion lengths to be comparable
to the substrate thickness of Czochralski material, this is not likely for
the lower cost wafering approaches. This suggests that different cell
designs might be appropriate in the latter case, as discussed in more

detail in Section 13.6.

Applying the phosphorus etch-back/PESC technique to wafers from a
different supplier subsequently gave efficlencies above 17% [13.22].
More recently, the same approach has given efficiencies approaching
18% for small area devices [13.23], the best to date for multicrystalline
or ribbon substrates. By comparing to the 24% figure obtained on
crystalline substrates, it is noted that the highest performance
obtained to date using low cost ribbon and multicrystalline substrates
is only 75% of thal obtained using the highest quality silicon available.

Most of this short-fall can be attributed to the smaller diffusion lengths
in this material, as previously mentioned. A sizeable amount can also
be atlribuled to the inabillly to date to take advantage of the benelils of
surface texturing in the best performance devices. Not only does such
texturing reduce reflection, it also provides an effective diffusion length
enhancement due to the way in which it obliquely couples light into the
cell. Such an enhancementi is particularly beneficial for short diffusion
lengih material. This is discussed in more detail in Section 13.5.
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134 OTHER PASSIVATION APPROACHES

Other approaches which have shown some potential for passivating
defects in muliicrystalline maierial include treatment with aluminium
{13.24], lithium [13.25, and copper [13.28).

A rear aluminium alloying step forms part of the normal PESC
processing sequence used in both sets of cells of Fig. 13.4. This
indicates that the benefits of the phosphorus treatment may be
complementary to those of aluminium treatment.

Subsequent work has specifically addressed this issue and shown this
to be the case [13.27]. Not only is rear surface aluminium reported to
have a getlering effect (Chapter 89}, aluminium also acts as a p-type
depant In silicon and thus could preferentially dope the grains and
thereby neutralize their electronic action.

Lithium is a fast diffuser in silicon and acts as an n-type dopant. Its
beneficial effecl in passivating radiation-induced defects in h-typc
substrates was the subject of a great deal of developmental activity in
the late 1960's for space use. Its action in low cost substrates would
be expected o be similar to that of phosphorus, except for its lower
solubility and higher diffusivity. There are reports of instability in the
beneficial eifects of lithium in low cost substrates [13.7], probably due
to the latter property. Copper is also a fast diffuser in silicon and is
normally incorporated into silicon during high quality microelectronics
processing, despite efforts to avoid this (Chapter 9). In crystalline cells,
copper Is one of the more benign impurities (Fig. 9.10), eventually
degrading cell performance by precipitation in the Jjunction depletion
region. Ilts beneficial action may therefore arise from its ability to
diffuse quickly through the silicon and reach relatively high
concentration levels. This would be achieved without introducing
undue detrimental effects and presumably some beneficial effects, due
to the copper complexing with electronically active defects.

13.5 TEXTURING

In Section 13.8, a major contributor to the performance gap between
the best single crystal cells and the best cells prepared on ribhon and
multicrystalline substrates, was attribuled to the inability to texture
the latter using the normal approach. For multicrystalline substrates,
only a fraciion of the grains are close to the (100) orientation required
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for the normal approach to be effective. For ribbon substrates, such as
EFG ribbon and dendritic web, the natural orlentation of the surface is
(110) and (111) respectively, preventing normal texturing,

In the historical development of silicon cells outlined in Chapter 10,
texturing accounted for the more than 10% relative performance
advantage of black cells over viclet cells. The performance margin for
multicrysialline or ribbon cells with single layer antireflection coatings
would be even larger, due to the shorter diffusion lengths in the latter
case. This large margin makes the development of a texturing
approach or its equivalent an important area of activity for such cells.

In the early development of multicrystalline cast ingots, seeding the
ingot was used to encourage the grains to have the correct orientation
[13.28]. A relative performance margin of 20% was reported for cells
on such substrates [13.28], due mainly to the benefits of texturing.
Clearly, this approach Is not suitable for all ribbon and multicrystalline
substrates, and innovative approaches are required.

A range of techniques based on chemical, plasma and mechanical
texturing have heen explored [13.28]. Mechanical texturing appears
the most suitable for low cost, high throughput production, although
special culling tools need to be developed. Some very interesting
devices have been proposed using such a mechanical approach [13.28].
High performance, large area laboratory cells of efficiency above 17%
have also been [abricated using mechanical texturing [13.30].

13.6 ADVANCED CELL STRUCTURES

The best resulis for ribbon and multicrystalline substrates have
employed largely the same cell design approaches as those used with
crystalline silicon. However, the short diffusion lengths make some
approaches more atiractive than they would be on crystalline silicon.

One such structure is the double-sided cell of Fig. 13.5. This structure
looks most promising for cells in which the carrier diffusion lengths are
equal to about half the substrate thickness. Normally, the bottom half
of such a cell would he ineffective for carrier collection. By having a
second collecting junction over most of the rear surface, this loss can
be largely avoided, making most of the cell volume active for carrier
collection. There would be some loss in open-circuit voltage for short
diffusion lengths, due to the increased junction area, although this loss
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decreases once the diffusion length exceeds half the cell thickness,
High performance, large area cells have been reported using this
approach [13.31}, although processing was undoubtedly too
complicated for low cost production.

M@m

P
N N N

Figure 13.5: Schematic diagram of a double-sided cell structure
particularly appropriate to intermediate quality material {carrier
diffusion lengths equal {o about hall the substrate thickness}.

The complication introduced by the third contact could be avoided by
joining the two n-type reglons through the substrate, as in the polka-
dot cell of Fig. 12.8(b), alsa referred to as an "emitter-wrap-through”
cell [13.32]. Unforiunately, it is probably not possible to use
preferential diffusion down grain boundaries to provide this
connection, since this may result in some grains being completely
isolated from the p-type contact by being encased by an n-type
diffusion. The buried contact approach has been applied to this
structure Lo produce the mechanically or laser textured device of Fig.
13.6. The front and rear n-type grooves are sufficiently deep to overlap
providing the connection between top and rear diffusions. A similar
structure using overlapping textured features has also been described
[13.29]. These approaches may prove too complicated for production.

A second structure, which is well suited to low diffusion length
maferial, is the macrogrooved cell siructure of Fig. 13.7 [13.18]. This
structure has two strong points. One is that reflection can be kept low,
The second is that, if the groove size is slightly larger than one minority
carrier diffusion length, the whole volume of the groove region will have
a high collection efficiency. A ray of light coupled into the cell can have
a pathlength in this high collection region which is much larger than
one diffusion length, as shown. [n this regard, this structure performs
better than the normally textured cell. Again, the increased junction
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area can cause some loss in open-circuit voltage, although the effect
upon short-circult current more than compensates for this loss.
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Figure 13.6: Emitter wrap through cell based on the burled
contact approach. Both contacts are on the cell rear.

junction

active collection velume

L L A L

Figure 13.7: Macrogrooved cell structure which combines good
reflection properties with the abilily to steer light into the active
collecting areas of the cell. By choosing an appropriate size for
the geometrical features, this approach can significantly hoost the
performance of even very low quality material [13.18].
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