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golar Cells

AIMS

ims of this unit are to explain how sol;
The ai : p ow solar cells work and how (hey
manufactured. L

OBJECTIVES

When you complete this unit you should be able to:

. analyse the structure of a solar cell,

5. explain the power output from a cell in terms of the incident energy flux
the electronic structure of the semiconductor, R i

_evaluate the cell performance by using its current-voltage characteristi
. 3 4 (19 ye S &
4 assess the operation of practical devices and limits imposed on ltl .
» eir

performance,
5. identify the technological steps which are used in the manufacture of sol
ar

cells.

NOTATION AND UNITS
Symbol SI unit Other unit
A Surface area of the cell o Tt
£ Speed of light in vacuum m/s
E. Energy of the bottom of the conduction band J eV
E, Energy of the top of valence band ] eV
E, Energy gap 3 eV
] eV

Ew(4) Photon energy
FF Fill factor

Written by A. Cuevas (Silicon solar cell technology). R. Hill (Thin-film solar cells) and T Markvart
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3.1 INTRODUCTION

In this chapter, you will learn how solar cells work and how they are manufac-

tured. A broad overview of the available solar cells will be given in section 3.2.

You will then be shown in section 3.3 how solar cells work. Starting with the
electronic properties of semiconductors we shall examine the overall structure of
the cell and explain how it produces electricity. Various practical devices will be
discussed, together with power losses whigh occur during their operation.

The devices that you are most likely ta'@éncounter—the silicon and thin-film
n sections 3.4 and 3.5. You will be

| raw malterials to the final device.
cal properties of the device, but

solar cells—will then be analysed in detail
shown how they are manufactured, (rom

Emphasis will be placed not only on the
also on the economic aspects of the tecl
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WHAT ARE SOLAR CELLS?
3.2

; represent the f““d"’mcm'f“ POWET conversion unit of 4 photovoltaic

Jar cells f“ are made from semlgonducln)rs. and h

S( . They ';j-ﬂl'dlC electronic devices, such as diode
hef SOllFér practical operation, sol

ave much in common
S, transistors

and integ-
ar cells are usuga||y

& assembled into
Jreutts.
Cd cir

B ent solar cells are now available on the markey, and yet more are
Many dllfdmcnl (Fig. 3.1). The range of solar cells spans different materials
ander dF\'clk’[:lruClurcs in the quest to extrac"l maximum power from the device
and diﬂt‘fc‘,ﬂ; the cost to a minimum. Devices with efficienc
while kecplnd?:emonslralcd in the labora‘lor'y. The ¢
have been ever, is usually less than half this value.
evices: h‘?w ilicon cells hold the largest par.t of 1hg market..To reduce the
Crystalline ls‘ are now often made from mulllcry‘slalll_n.e material, rather 1hup
cost, these cells expensive single crystals. Crys}ullme silicon cell technology is
from the njor‘f:d Thc modules have a long lifetime (20 years or more) and their
well cstabllfll,:)n- efficiency is approaching lf%" 3 | . ‘ f
pest product! also less efficient) types of S|l¥c0n cells, made in the kirm 0
Cheaper (bqt ?’lms are used Lo power a variety of consumer products. You
amOfPhO,uS llhl l; »lvilh’thc solar-powered watghes and calculators, but larger
will behtzt::“sill‘?con solar modules are also available.
amorphous

Yy exceeding 30%
[ficiency of commercial

Other
4%

Amorphous silicon
13%

Monocrystalline silicon
39%

Multicrystalline silicon
44%

‘Other’ technologies
1998). ‘Other .
i principal photovotiaic '“hﬁflgfgé on fibbon siicon, cadmium
i hare of the s
Eg{uzg chfyi;gi:nl hcorf!éolls for concentrator M’?g]smc,aoycock. PV News).
leliuride and siicon on [@w-gost substrates (Source: Fa



A variety of compound .scmico_nduclor.s Lm LllS(? be “5_"" o mi‘"Ufac,
thin-film cells (for example, cadmium ICIlur:fJ‘ o u1’11’)1"Cfrlndxum diselgn; "'
These modules are now begmm_ng Lo upptdr ‘on .l‘s,m“rkel“""d holg &)
promise of combining low cosl \fn.h ucccptahlc‘ LO\H\LT&IOI’I. cfﬁcncncic_\. the

A particular class of high-efficiency solar c.cll? from Slnglc. Crysta]
or compound scmiconduclor§ (for c.f(am.plc‘ gdlhum arsenide o 1
phosphide) are used in specialised upphgauon_s. such as to power ‘“lﬁ‘“ilesu
in systems which operate under hlgll-lptensnty conccn!ratcd S”"]igh[, or
operation and applications of these devices will be reviewed ip Chaplersg

.S'hc(]n

and 7.

anPhOtovollaic materials are not restricted to semiconductors. Solar cells
now available which convert light to electricity by organic molecules, W“hsbare
conversion efficiency exceeding 10%. The principles of this nove] type of ¢ IeSl
energy conversion are summarised briefly in Section 3.3, and discusse » d;:l;

in Section 7.3.

Summary

Various types of solar cells have been inlroducgd: crystalline and amorph,,
silicon cells, compound thin-film devices, and high-efficiency cells for Speq_a]s

1sed applications.

3.3 HOW SOLAR CELLS WORK

3.3.1 Introduction

The solar cell operation is based on the ability of semiconductors (o conver(
sunlight directly into electricity by exploiting the photovoltaic effect. In (he
conversion process, the incident energy of light creates mobile charged particle
in the semiconductor which are then separated by the device structure gpg
produce electrical current.

The electronic structure of semiconductors will be reviewed in section 332
You will learn here about the characteristic distribution of electron energies
within the semiconductor, and how the electrical properties of semiconductors
can be controlled by the addition of impurities. We shall introduce an essential
part of the solar cell, the semiconductor junction, and show how the illuming-
tion creates mobile charged particles, electrons and holes. The electrical char-
acteristics of the solar cell will then be btained by analysing the charge
currents across the junction. ‘

In section 3.3.4, various device structure
the device design aims to minimise the los
cell operation. We shall also examine ho
by practical operating conditions, partig
irradiance.

ll be reviewed and we show how
f power which occur during the
operation of the cell is affected
variable temperature and
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» Electronic structure of semiconductors
3.3.

2.1 Band structure, doping
334

The |

‘lhcol

+iples of semiconductor physics are best illusiy
’r”,u ErOUP 4 elemental semiconductor. The silico
"l‘;”',“,,“[ lattice where each atom has four nea
gnllcd ‘ ;l’ a tetrahedron. The four-fold tetrahedral coordination is the resyl
ertices ¢ nding arrangement which uses the four ouer (valence) electrons of
of the t?o)n atom (Fig. 3.2). Each bond contains two electrons, and you can
each “'hcflh,ll all the valence electrons are 1aken up by the bonds. Most other
casily SC,L”\- ;mporlanl semiconductors crystallise in closely related lattices, and
ndustria Jilar arrangement of the bonding orbitals.
1ave ’ '\'::S.{u] structure has a profound effect on the
oo L\ of the semiconductor,
ropcm;- v to the quantum theory, the energy of an electron in the crystal
AR ",?fhm well-defined bands. The energies of valence orbitals which form
must fioh :n the atoms represent just such a band of states, the valence band.
bonds bCI]Vf (v:l:er band is the conduction band which is separated from the valence
The "e“,‘ Iu‘bem’l"l" gap. or bandgap. The width of the bandgap E, - E, is a very
band b3 l]L~[]'lr;1‘C.lL:‘riSliC of the semiconductor and is usually denoted by E,.
?]Efenfr;lgtiv;s the bandgaps of the most important semiconductors for solar-
able 3.

cell applications.

ated by the example of
N crystal forms the so-
rest neighbours at the

i
I electronic and optical

¥

-------

Fig. 3.2 The diamond laftice



Electron energy
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_— iconductors for
Table 3.1 Energy gaps of principal semic foom fernperature)

photovoltaic applications (gap values given

Abious sjop

Type of ga
Material Energy gap (cV) - o). 4
: — = PO, T xe3 indirect
crystalline Si 1.12 direct
amorphous Si ~1.75 direct
CulnSe, 1.05 direct
CdTe 1.45 direct
GaAs 1.42 direct
InP 1.34
-—_——_\
L o
* Conduction band
P _ B, S@eneete st
Ene E,
e | -
- v
p-type

intrinsic n-type

Fig. 3.3 Band diagram and electron—hole distribution in serniconductors

A pure semiconductor (which is called intrinsic) contains just .“}C right
number of electrons to fill the valence band, and the conduction bgpd is there-
fore empty (Fig. 3.3). Electrons in the full valence band cannot move—just as,
for example, marbles in a full box with a lid on top. For practical purposes, a
pure semiconductor is therefore an insulator. s )

Semiconductors can only conduct electricity if carriers are introduced into
the conduction band or removed from the valence band. One way of doing this
is by alloying the semiconductor with an impurity. This process is called doping.
As we shall see, doping makes it possible to exert a great deal of control over
the electronic properties of a semiconductor, and lies at the heart of the
manufacturing process of all semiconductor devices.

Suppose that some group 5 impurity atoms (for example,
added to the silicon melt from which the crystal is grown. Fo
electrons are used to fill the valence band and the one extra el
impurity atom is therefore promoted to the conduction band (]
reason, these impurity atoms are called donors. The electrons
band are mobile, and the crystal becomes a conductor. Since th
by negatively charged electrons, this type of semiconductor is

A similar situation occurs when silicon is doped with grou
(for example, boron) which are called acceptors. Since four
are needed to fill the valence band completely, this dopi

phosphorus) are
f the five outer
on from each
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. his band (Fig. 3.3). T
ency i (hiS ,‘=d 'lrl;gclcs 3\hh}f MISSINg electrons call
Jeic ﬂnvCD'ChdrEL e icle: IL. are n“)b”e-ilnd C’ ed holes
s Poucl“r where the electric current is carried predomin drrly Curreny
dant y hy h
ole

nl. ife ~h¢ > CATTIETS | .
,.,{ rc\"i”lmg charge carriers In a given semicondycgy

e Pre . g el ClOT are o
T_ . tx;mu)lt& of majority carriers are electrons in are called majorjsy

behave
A semi-
S 18 called

7S, ) s dan n-tv .

e ; - p-type. The opposite ty : type semic

4 y poles 1 the p )P' | pp : lc _l,Vpc of carriers whosp miconductor
an ny auch Jower, are called minority carriers € concentratiop is
gcnc alt)

322 semiconducror junctions

ation of :solar cells is bas.ed on the formation of 5 jyeri
s ghos T Ei Pcrhaps o d‘.jmu'lum: Various
interface k_’el‘fveen the n and p regions of one S?mpllcsl D
- rinsic material is sometimes incorporated betwcenbffrlzlilond‘iicmr. §
- and p-type

rc'gionS- resulllf]g in a \ylder transition zone. In contrast with these / '
= 4 heterojunction is formed by two different semicon Lo

The OP¢"
les

(10N . : — ; ductors—
jifference in the bandgaps on the two sides of the junction N
An interface between a metal and a semiconductor may also form a juncti

nction,

called the Schottky barrier. In general, the Properties of metal contacts with
emiconductor depend on the actual mater.lals in question. For each semic Y
Juctor, sOM¢ melz_ils form a Schottky barrier but some form an ohmic conto 9
where the parrier is absent. These contacts are used to extract electrical currgrcli
rom the device.

The important feature of all junctions is that they contain a strong electri
field. To illustrate how [l.liS ﬁt_:ld comes about, let us imagine the hvpmhetic:l
situation where the p-n junction is formed by joining together tWo pieces of

semiconductor, one p-type and the other n-type (although this manner of
junction formation is not normally employed in practice, it is a convenient
means (0 demonstrate the relevant principles). In separation, there is electron
surplus in the n-type material and hole surplus in the p-type. When the two
pieces are brought into contact, electrons from the n region near the interface
diffuse into the p side, leaving behind a layer which is positively charged by the
donors. Similarly, holes diffuse in the opposite direction, leaving behind a
negatively charged layer stripped of holes. The resulting junction region then
contains practically no mobile eharge carriers (Fig. 3.5), and the fixed charges
of the dopant atoms create a po tial barrier acting against a further flow of
electrons and holes. Note thz s electric field in the junction pulls the elec-
trons and holes in opposite di

Figure 3.6 shows the band
and when external voltage is
there is no current through tl
as consisting of two very sma
the current flow prior to the.
indeed, corresponding to a
good silicon diode.

am of a p-n junction diode in equilibrium,
sted to the diode. Without bias, of course,
n. We may imagine this zero net current
rrents I, and — I, which remain from
1ation. These currents are very small
of the order of 10-1A/cm’ in a



