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Chapter 3.

SEMICONDUCTOR MATERIALS

FOR SOLAR CELLS

3.1 Solar cell structure

In most of today solar cells the absorption oftphe, which results in the generation
of the charge carriers, and the subsequent separatithe photo-generated charge carriers
take place insemiconductor materials. Therefore, the semiconductor layers are the most
important parts of a solar cell; they form the hairtthe solar cell. There are a number of
different semiconductor materials that are suitdblethe conversion of energy of photons
into electrical energy, each having advantages d@madvbacks. In this chapter the most
important semiconductor properties that determihe solar cell performance will be
discussed.

The crystalline silicon (c-Si) solar cell, whicbrdinates the PV market at present, has
a simple structure, and provides a good example ypical solar cell structure. Figure 3.1
shows the essential features of c-Si solar celtsalBsorber material is typically a moderately-
dopedp-type square wafer having thickness around 300 panaanarea of 10 x 10 énor
12.5 x 12.5 crh On both sides of the c-Si wafer a highly dopeeids formedn*-type on
the top side ang’-type on the back side, respectively. These higlyed layers help to
separate the photo-generated charge carriers frierhulk of the c-Si wafer. The trend in the
photovoltaic industry is to reduce the thicknessvafers up to 250 um and to increase the
area to 20 x 20 ctn
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Figure 3.1. A typical structure of a c-Si solar cel

In addition to semiconductor layers, solar cetiasist of a top and bottom metallic
grid or another electrical contact that collects feparated charge carriers and connects the
cell to a load. Usually, a thin layer that servesa antireflective coating covers the topside of
the cell in order to decrease the reflection ofitliffom the cell. In order to protect the cell
against the effects of outer environment duringoperation, a glass sheet or other type of
transparent encapsulant is attached to both siddseccell. In case of thin-film solar cells,
layers that constitute the cell are deposited osulstrate carrier. When the processing
temperature during the deposition of the layerkws, a wide range of low-cost substrates
such as glass sheet, metal or polymer foil cansked.u

The first successful solar cell was made from @& c-Si is still the most widely
used PV material. Therefore we shall use c-Si asxample to explain semiconductor
properties that are relevant to solar cell openafithis gives us a basic understanding of how
solar cells based on other semiconductor matemaisk. The central semiconductor
parameters that determine the design and performance ofa sell are:

i) concentrations of doping atoms, which can bewaf different types; donor atoms which
donate free electrons,Np, or acceptor atoms, whiclaccept electrons, Na. The
concentrations determine the width of a space-ehagion of a junction.

i) mobility, u, and diffusion coefficientD, of charge carriers that characterize carriers
transport due to drift and diffusion, respectively.

iii) lifetime, 7, and diffusion length,L, of the excess carriers that characterize the
recombination-generation processes.

iv) band gap energ¥g, absorption coefficients, and refractive index, that characterize the
ability of a semiconductor to absorb visible anldentradiation.
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3.2 Semiconductor properties

3.2.1 Atomic structure

The atomic number of Si atom is 14, it means thaee 14 electrons orbiting the
nucleus. In ground state configuration a Si ators foar valence electrons. These valence
electrons are most important because they fornbdimels with other Si atoms. Two Si atoms
are bonded together when they share each othelemoe electron. This is the so called
covalent bond that is formed by two electrons. &i8catom has four valence electrons it can
be covalently bonded to four other Si atoms. Indtystalline form each Si atom is covalently
bonded to four neighbouring Si atoms. All bondsehthe same length and the angles between
the bonds are equal. The number of bonds thatan has with its immediate neighbours in
the atomic structure is called tleordination number or coordination. Thus, in single
crystal silicon, the coordination number for allé&&oms is four, we can also say that Si atoms
are fourfold coordinated. Anit cell can be defined, from which the crystal lattice &an
reproduced by duplicating the unit cell and stagkime duplicates next to each other. Such a
regular atomic arrangement is described as a steuatithlong range order.

A diamond lattice unit cell represents the retilda structure of single crystal silicon.
Figure 3.2a shows the arrangement of the unitasedl Figure 3.2b the atomic structure of
single crystal silicon. One can determine from FegB.2a that there are effective eight Si
atoms in the volume of the unit cell. When a latteonstant of c-Si is 5.4 one can easily
calculate that there are approximately 5 ¥?18i atoms per cfn Figure 3.2 shows the
crystalline Si atomic structure with no foreign mt In practice, a semiconductor sample
always contains some impurity atoms. When the aunagon of impurity atoms in a
semiconductor is insignificant we refer to such isemductor as amtrinsic semiconductor.

At practical operational conditions, for exampt®m temperature, there are always
some of the covalent bonds broken. The breakirtgeobonds results in liberating the valence
electrons from the bonds and making them mobileutin the crystal lattice. We refer to
these electrons as free electrons (henceforth gingfiérred as electrons). The position of a
missing electron in a bond, which can be regardegdasitively charged, is referred to as a
hole. This situation can be easily visualized bnagishebonding model shown in Figure 3.3.
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Figure 3.2. (a) A diamond lattice unit cell repratggg a unit cell of single crystal Si, (b) the
atomic structure of a part of single crystal Si.
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In the bonding model the atomic cores (atoms withwalence electrons) are
represented by circles and the valence or bondiegtrens are represented by lines
interconnecting the circles. In case of c-Si onat®m has four valence electrons and four
nearest neighbours. Each of the valence electregually shared with the nearest neighbour.
There are therefore eight lines terminating on eaatie. In an ideal Si crystal at 0°K all
valence electrons take part in forming covalentdsobetween Si atoms and therefore are no
free electrons in the lattice. This situation ishesmatically shown in Figure 3.3a. At
temperatures higher than 0°K the bonds start takbdeie to absorbing thermal energy. This
process results in creation of mobile electronstasids. Figure 3.3b shows a situation when a
covalent bond is broken and one electron depaots tthe bond leaving a hole behind. A
single line between the atoms in Figure 3.3b regmissthe remaining electron of the broken
bond. When a bond is broken and a hole createdleaee electron from a neighbouring bond
can “jump” into this empty position and restore twnd. The consequence of this transfer is
that at the same time the jumping electron createsmpty position in its original bond. The
subsequent “jumps” of a valence electron can bevedeas a motion of the empty position,
hole, in the direction opposite to the motion @ tralence electron through the bonds.

Because breaking of a covalent bond leads toaimedtion of an electron-hole pair, in
intrinsic semiconductors the concentration of etatwd is equal to the concentration of holes.
At 300°K there are approximately 1.5 x'{@roken bonds per chin the intrinsic c-Si. This
number then gives also the concentration of hgeand electrons, in the intrinsic c-Si. It
means, that at 300°K = p = 1.5 x 13° cm®. This concentration is called tiwrinsic carrier
concentration and is denoted;.

O Siatom ——= covalent bond @ eclectron @ hole

Figure 3.3. The bonding model for c-Si. (a) No ®ade broken. (b) A bond between two Si
atoms is broken resulting in a mobile electron laoie.
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3.2.2 Doping

The concentrations of electrons and holes in ca®i be manipulated by doping. By
doping c-Si we understand that atoms of appropmdéenents substitute Si atoms in the
crystal lattice. The substitution has to be cared by atoms with three or five valence
electrons, such as boron or phosphorous, resphctifée doping action can best be
understood with the aid of the bonding model argkimonstrated in Figure 3.4.

When introducing phosphorous atom into the c-icky, four of the five phosphorous
atom valence electrons will readily form bonds wvitik four neighbouring Si atoms. The fifth
valence electron cannot take part in forming a bamnd becomes rather weakly bound to the
phosphorous atom. It is easily liberated from thegphorous atom by absorbing the thermal
energy, which is available in the c-Si lattice @m temperature. Once free, the electron can
move throughout the lattice. In this way the phagphs atom that substitutes a Si atom in the
lattice “donate$ a free (mobile) electron into the c-Si latticehelimpurity atoms that enhance
the concentration of electrons are calfiedors. We donate the concentration of dongs

An atom with three valence electrons such as boasmot form all bonds with four
neighbouring Si atoms when it substitutes a Si aitorthe lattice. However, it can readily
“accept an electron from a nearby Si-Si bond. A thermargy that the c-Si lattice contains
at room temperature is sufficient to enable antedadrom a nearby Si-Si bond to attach itself
to the boron atom and complete the bonding todhe $i neighbours. In this process a hole is

(@) (b)

0 ionised B atom ° ionised B' atom

Figure 3.4. The doping process illustrated usimglibnding model. (a) A P atom substitutes a
Si atom in the lattice resulting in the positivetyised P atom and a free electron, (b) A B
atom substitutes a Si atom resulting in the neghtinised B atom and a hole.
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created that can move around the lattice. The iitypatoms that enhance the concentration of
holes are calledacceptors. We denote the concentration of donddg. Note that by
substituting Si atoms with only one type of impyatoms, the concentration of only one type
of mobile charge carriers is increased. Charge rakyt of the material is nevertheless
maintained because the sites of the bonded andfitteds impurity atoms become charged.
The donor atoms become positively ionised and thee@or atoms become negatively
ionised.

A possibility to control the electrical conductiviof a semiconductor by doping is one
of most important semiconductor features. The stedt conductivity in semiconductors
depends on the concentration of electrons and lasldgheir mobility. The concentration of
electrons and holes is influenced by the amoutth@impurity atoms that are introduced into
the atomic structure of semiconductor. Figure 3i6ws the range of doping that is used in
case of c-Si. We denote a semiconductop-tgpe or n-type when holes or electrons,
respectively, dominate its electrical conductivitycase that one type of charge carriers has a
higher concentration than the other type theseetarare callednajority carriers (holes in the
p-type and electrons in thetype), while the other type with lower concentratiare then
calledminority carriers (electrons in thgtype and holes in thetype).

Low doping | Moderate doping| Heavy doping

10 10™ 10 10 107

Dopant concentration [cfih

Figure 3.5. The range of doping levels used in.c-Si

3.2.3 Carrier concentrations

Any operation of a semiconductor device dependshencarriers that carry charge
inside the semiconductor and cause electrical otgrein order to determine and/or to
understand device operation it is important to knin precise number of these charge
carriers. In the following section the concentrnasiof charge carriers inside a semiconductor
are derived assuming the semiconductor is uaglgtibrium. The term equilibrium is used to
describe the unperturbed state of a system, tohwh@ external voltage, magnetic field,
illumination, mechanical stress, or other pertugtiorces are applied. In the equilibrium state
the observable parameters of a semiconductor dohaoige with time.

In order to determine the carrier concentratioa bas to know the function of density

of allowed energy states of electrons and the aatoup function of the allowed energy states.
The density of energy states functigE), describes the number of allowed states per unit
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volume and energy. The occupation function is thedl \wnown Fermi-Dirac distribution
function, f(E), which describes the ratio of states filled withedectron to total allowed states
at given energg. In an isolated Si atom, electrons are allowetiaee only discrete energy
values. The periodic atomic structure of singlestalysilicon results in the ranges of allowed
energy states for electrons that are cabadrgy bands and the excluded energy ranges,
forbidden gaps or band gaps. Electrons that are liberated from the bonds detes the charge
transport in a semiconductor. Therefore, we furthecuss only those bands of energy levels,
which concern the valence electrons. Valence elesfrwhich are involved in the covalent
bonds, have their allowed energies in tlaence band (VB) and the allowed energies of
electrons liberated from the covalent bonds form dabnduction band (CB). The valence
band is separated from the conduction band by a lwdnforbidden energy levels. The
maximum attainable valence-band energy is dendigd and the minimum attainable
conduction-band energy is denotegl The energy difference between the edges of ttrese
bands is called the band gap energy or bandEg@nd it is an important material parameter.

E, =E.-E, (3.1)

The band gap of the single crystal silicon is df2leV at room temperature. An
electron-volt is equal to the energy, which an tetet acquires when it passes through a
potential of 1 volt in vacuuniéV = 1.602 x 18° J). A plot of allowed electron energy states as
a function of position is called the energy bandgdam and for intrinsic c-Si is shown in
Figure 3.6.
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Figure 3.6. (a) The basic energy band diagram Bhavidely used simplified version of the
energy diagram.

The density of energy states at an en&gy the conduction band close B and in
the valence band close B are given by Egs. (3.1).
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] y2
gC(E):(@J (E-E)" (3.2a)
0\¥?
( ){@J (E-E)" (3.2b)

where m.' and mE is the effective mass of electrons and holes, ws@dy, averaged over

different directions to take anisotropy into acdourhe Fermi-Dirac distribution function is
given by

f(E) 1+ exp[(El— E)/KT] (33)

wherek is Boltzmann’s constank & 1.38 x 107 JK*) and E; is the so-called Fermi energy.
KT is expressed in eV and equals to 0.0258 eV at K300he Fermi energy is the
electrochemical potential of the electrons in aemal and in this way it represents the
averaged energy of electrons in the material. TérenkDirac distribution function is shown
in Figure 3.7 for different temperatures.

Figure 3.7. The Fermi-Dirac distribution functidfor T = 0°K, all allowed states bellow the
Fermi level are occupied by two electrons. At T°K @iot all states below the Fermi level are
occupied and there are some states above the esehthat are occupied.

The carriers that contribute to charge transpmatedectrons in the conduction band
and holes in the valence band. The total concémraf electrons in the conduction band and
the total concentration of holes in the valencedbigrobtained by multiplying the appropriate
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density of states function with the appropriatetrdistion function and integrate over the
whole energy band.

n:J'EE:’”gC(E) f( E) dE (3.4a)

p= J: _o/(BJ1- f(E)]dE (3.4b)

Substituting the density of states and the Ferma®distribution function into Eq. (3.4) the
resulting expressions farandp are obtained after solving the equations. Thedativation
can be found for example in refererice

n=N.exp| (E: - E)/ KT] for E. — E. 23kT (3.5a)

p=N,exp|(E - E)/KT] for E. - E, 2 3kT (3.5b)

whereNc andNy are the effective density of conduction band stated the effective density
of valence band states, respectively. In §8SF 3.22 x 16° cm® andNy = 1.83 x 16° cm® at
300°K. When the requirement that the Fermi leves lin the band gap more thakirFrom
either band edge is satisfied the semiconduct@afésred to amondegenerate.

In an intrinsic semiconductor in the equilibrium= p = n. When multiplying the
corresponding sides of Egs. (3.5) one obtains

np=n*= N Nexp[(E- E)/ kTj= N Nexd- E/ KT, (3.6)
which is independent of the position of the Fermavel and is valid also for doped

semiconductors. When we denote the position ofFémni level in the intrinsic materidd;
one can write

n=N.exp[(E-&)/kT|= Nexd( E- B/ kI (3.7)

From Eq. (3.7) we can easily the positiorEgfwhich is given by

(&j _g -5 KT, [ij (3.8)

Ei :ﬁ+k_-r|n
N, 2 2 | N,

2 2

The Fermi leveE; lies close to the midgap; a slight shift is caubgdhe difference in the
effective densities of the valence and conductiamdb

It has been already mentioned in Section 3.2.2theaconcentrations of electrons and
holes in c-Si can be manipulated by doping. Thecentration of electrons and holes is

! F. Pierret. Advanced Semiconductor FundameritaModular series on solid state devices, \&lAdison-
Wesley Publishing Company, Inc., 1987.
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influenced by the amount of the impurity atoms thabstitute silicon atoms in the lattice.
Under assumption that the semiconductor is unifprddped and in equilibrium a simple
relationship between the carrier and dopant conagoms can be established. We assume that
at room temperature the dopant atoms are ionizesidd a semiconductor the local charge
density is given by:

p=a(p+N;-n-N) (3.9)

whereq is the elementary chargg £ 1.602 x 13° C). Under equilibrium conditions, in the
uniformly doped semiconductor the local chargeeizwhich means that the semiconductor
is everywhere charge-neutral. One can write:

p+N:;—n-N; =0 (3.10)

As previously discussed, the thermal energy aviailalb room temperature is sufficient to
ionise almost all the dopant atoms. Under this ragsion, N =N, and N, = N,, one
obtains

p+N,—n-N,=0 (3.11)
which is the common form of theharge neutrality equation.

Let’'s consider now an-type material. At room temperature almost all doatmms N, are
ionised and donate an electron into the condudiamd. Under the assumption thdf =0,
Eq. (3.11) becomes

p+ N, -n=0. (3.12)
Under the assumption that
N, =Nj=n (3.13)

we can expect that the concentration of holesvwetdhan that of electrons, and becomes very
low when N, becomes very large. We can calculate more acctirateoncentration of holes
in then-type material from Eq. (3.6).

p:—iZS—i<<n (3-14)

In case of g-type material almost all acceptor atofNg are ionised at room temperature and
accept an electron and leaving a hole in the valé&and. Under the assumption tiNy =0,
Eq. (3.11) becomes

p-n—-N,=0. (3.15)
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Under the assumption that
N, =N;=p (3.16)

we can expect that the concentration of electreriewer than that of holes. We can calculate
more accurate the concentration of electrons ipi#type material from Eqg. (3.6).

n?
n:_F') = <<p (3.17)

n’
N A

Inserting donor and acceptor atoms into the ktt€ crystalline silicon introduces
allowed energy levels into the forbidden bandgap. é&xample, the fifth valence electron of
the phosphorous atom does not take part in formiropnd, is rather weakly bound to the
atom and easily liberates from the phosphorous aidma energy of the liberated electron lies
in the CB. The energy levels, which we denBte of the weakly-bound valence electrons of
the donor atoms have to be positioned close theN@Hlce that a dashed line represents the
Ep. This means, that an electron that occupieEthievel, is localized to the vicinity of the
donor atom. Similarly, the acceptor atoms introdalt@ved energy levelga close to the VB.
Doping also influences the position of the Fernergg. When increasing the concentration of
electrons by increasing the concentration donoesRermi energy will increase, which is
represented by bringing the Fermi energy closdé¢oGB in the band diagram. In tpeype
material the Fermi energy is moving closer the ¥Bchange in the Fermi-energy position
and the introduction of the allowed energy levabinhe bandgap due to the doping is
illustrated in Figure 3.8.

The position of the Fermi level in artype semiconductor can be calculated using Eq.
(3.5a) and the assumption (3.13) and ip-igpe semiconductor using Eq. (3.5b) and Eg.
(3.16), respectively.

E. -E. =kTIn(N./N,) for n-type (3.18a)
E. - E, =kTIn(N,/N,) for p-type (3.18b)

Ec Ecm————= Ec

E, Eo
E=E,
Er
E, E, E, ————— Ea
intrinsic n-type p-type

Figure 3.8. A shift of the position of the Fermieegy in the band diagram and the
introduction of the allowed energy level into trendgap due to the doping.
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EXAMPLE.

This example demonstrates how much the concentirafielectrons and holes can be manipulated byripph

c-Si wafer is uniformly doped with 1x ¥0cm® phosphorous atoms. Phosphorous atoms act as damats
therefore at room temperature the concentratiorelgfctrons is almost equal to the concentration ohat

atoms:

n=N; = N, =1x 10" cni®.

D

The concentration of holes in the n-type matesalalculated from Eq. (3.13)
p=n’/n=(L5x 10°)2/1 x 1§ = 2.25x Ticm®

We notice that there is a difference of 14 ordezsveen n (1x 18 cm®) and p (2.25 x 1bcm?). It is now
obvious why electrons are called in the n-type mtéhe majority carriers and holes the minoritarciers. We
can calculate the change in the Fermi energy dudaéodoping. Let's assume that the reference enlenggf is
the bottom of the conduction band=& eV. Using Eq. (3.8) we calculate the Fermi eyargthe intrinsic c-Si.

E =E -E/2+Kkl/2in( N/ N)=-1.17 2+ 0.0258 21f 1.83<f§ 3.22¢1p=- 0.57.
The Fermi energy in the n-type doped c-Si wafealsulated from Eq. (3.5a)
E. =E +KTin(y N)=0.0258In x 18/ 328 18)=- 0.15e.

We notice that the doping with phosphorous atonssrhaulted in the shift of the Fermi energy towatds B.
Note that whem > N_, the E_ > E_ and the Fermi energy lies in the CB.
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3.2.4 Transport properties

In contrast to the equilibrium conditions, undeemtional conditions a net electrical
current flows through a semiconductor device. Theetdcal currents are generated in a
semiconductor due to the transport of charge frtanepto place by electrons and holes. The
two basic transport mechanisms in a semiconducsar&t anddiffusion.

Drift

Drift is charged-particle motion in response to an etefield. In an electric field the
force acts on the charged particles in a semicdndugvhich accelerates the positively
charged holes in the direction of the electricdiehd the negatively charged electrons in the
direction opposite to the electric field. Becaudecallisions with the thermally vibrating
lattice atoms and ionised impurity atoms, the earaicceleration is frequently disturbed. The
resulting motion of electrons and holes can bertsst by average drift velocitieg, andvgp
for electrons and holes, respectively. In casewaf ¢lectric fields, the average drift velocities
are directly proportional to the electric field egpressed by Egs. (3.19). The proportionality
factor is calledmobility, 4, and is a central parameter that characterisetr@teand hole
transport due to drift.

Van = ~H,8 (3.19a)
Vap = M8 (3.19b)

Although the electrons move in the opposite dioecto the electric field, because the charge
of an electron is negative the resulting electraft durrent is in the same direction as the
electric field. This is illustrated in Figure 3.9.

§ — — Electric field
P <— Electron flow
EC —_—
—>  Injdrift
e — Hole flux
Ev [ and
> Jpjaritt

Figure 3.9. Visualization of carrier drift usingethand diagram.
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The electron and hole drift-current densities aeéngéd by Eqgs. (3.20) and the total drift
current by Eq. (3.21).

Jnjarie = ~ANVgy = QNS (3.20a)
Jopin = PVg, = 0 PHLE (3.20b)
Jaine =A(PH, + NH,)E (3.21)

Mobility is a measure of how easily the chargetiples can move through a
semiconductor material. For example, at 30Qs 1360 cmV™'s™ andu, ~ 460 cniV s’ in
c-Si doped wittNp andNa equal to 18 cm®, respectively. As mentioned earlier, the motion
of charged carriers is frequently disturbed byismhs. When number of collisions increases,
the mobility decreases. Increasing the temperatareases the collisions of charged carriers
with the vibrating lattice atoms, which results anlower mobility. Increasing the doping
concentration of donors or acceptors leads to rfregrient collisions with the ionised dopant
atoms, which again results in a lower mobility. Tdependence of mobility on doping and
tempe?tzLJre is in more detailed discussed in stdrtéatbooks for semiconductor physics and
devices .

Diffusion

Diffusion is a process whereby particles tend to spreadfrout regions of high
particle concentration into regions of low particlencentration as a result of random thermal
motion. A gradient in concentration of particlesaiisemiconductor is the driving force for the
transport of particles associated with diffusionn @e contrary to the drift transport
mechanism, the particles need not be charged tavibbsed in the diffusion process. Currents
resulting from diffusion are proportional to theadient in particle concentration and are
expressed by Egs (3.22) and the total diffusionerurby Eq. (3.23). The total current due to
both drift and diffusion is expressed by Eq. (3.24)

Jnar =9 DN (3.22a)
Jpar =—0DsIp (3.22b)
Jgr =4(DyCn- D,Op) (3.23)
I =i +dan =A(PH, + Ni)E+ o QO N- DO P (3.24)

The constants of proportionalitygy and Dp, are referred to as electron and hole
diffusion coefficients, respectively. The diffusion coefficients of elerts and holes are
linked with the mobilities of the corresponding ol carriers by the Einstein relationship,
which is expressed by Egs. (3.25).

2D.A. Neaman, Semiconductor Physiscs and DevicasicBorinciples, McGraw-Hill, 2003.
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Dy _kT (3.25a)
TR
De _KT (3.25h)
Hy

The visualization of the diffusion process and tesutting directions of particle fluxes and
current are shown in Figure 3.10.

nT dn/dx>0
)
) C X <«— Electron flux
E (XX )
c —> JInydiff
X
p] dp/dx>0
E
v e ® :: <«— Hole flux
® *+— Jpydif

X

Figure 3.10. Visualization of carrier diffusion ngithe band diagram.

EXAMPLE. To obtain some idea about values of diffusoefficients, let us assume Si sample at room
temperature, doped with donorg, N 10 cm®. According to Eq. (3.25a)

D, =(kT/q) 4, =0.0258Vx 1360crh V¥ $= 35ci %
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3.2.5 Recombination and generation

When a semiconductor is disturbed from the equilib state the electron and hole
concentrations change from their equilibrium valugsiumber of processes start within the
semiconductor after the perturbation in order tstawe the equilibrium conditions. We call
these processes recombination-generation (R-G)epses and they take care that a carrier
excess or deficit is eliminated (if the perturbatie removed) or stabilized (if the perturbation
is maintained). Generation is a process wherebytreless and holes are created.
Recombination is a process whereby electrons amek hare annihilated or destroyed. As
mentioned earlier, several processes can occur semaiconductor, which lead to the
generation or annihilation of the electrons andeholn the following we shall describe only
some of them, which are visualized in Figure 3.11.

1. Band-to-band generation (Figure 3.11a). The generation of an electron-lpa@ can
occur when the energy to break a bond is delivesed photon (photogeneration) or by
heat (direct thermal generation). This process carvibualized in terms of the band
diagram as the excitation of an electron from thlence band into the conduction band.

2. Band-to-band recombination (Figure 3.11b). This process involves the direatililation
of a conduction-band electron with a valence-baolé land is often called direct thermal
recombination. It is typically aadiative process, in which a photon is emitted that carries
an excess energy released in the recombinatioregsoc

3. R-G center recombination orindirect thermal recombination (Figure 3.11c).tAs name
suggests the annihilation or creation of electrams holes does not occur directly but it is
facilitated by aR-G center. The R-G centers can be special impurity atomsatiicé
defects. Their concentration is usually small coregato the acceptor or donor
concentrations. The R-G centers introduce allowesdgy levels (E) near the centre of the
forbidden gap. An electron is trapped at the R-@tareand consequently annihilated by a
hole that is attracted by the trapped electron. Ghathis process seems to be less likely
than the direct thermal recombination, it is at tnggerational conditions the dominant
recombination-generation process in semiconducldrs.process is typically non-radiative
and the excess energy is dissipated into thedaittiform of heat.

The major effect of R-G processes in a semicondustto produce a change in the
carrier concentration. In this way the R-G procsssadirectly affects current flow in
semiconductors by manipulating the concentratidnsaoriers that are involved in the drift
and diffusion processes. The R-G processes chdrgedrrier concentrations and this is
mathematically characterized by the time rate afngfe in the carrier concentratiainiot and
oplot). In case of photogeneration, in which always xress of an equal number of electrons
and holes are created per second, one can write

on
ot

_op

9P - g (3.26)
light ot -

light

G, is the generation rate due to light and its umigniumber/cs). G, is a function of the

distance in the material, depends in general onatbsorption coefficient of the material,
which is a function of the wavelength of light.
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Figure 3.11. Visualization of some of the recomhborageneration processes using the
bonding model and the energy band diagram. (a) ggeoieration and direct thermal
generation, (b) direct thermal recombination, (esRenter (indirect thermal) recombination.

We shall introduce the equations describing the raf change in the carrier
concentration due to the dominant thermal R-G m®der a semiconductor under following
condition:

(1) the semiconductor is or p-type and
(2) the perturbation causes oihtyv level injection.

The low injection means that
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An<< p,, pL p, in ap-type material;
Ap <<n,, nCn, in ann-type material.

In case of the dominant thermal R-G process, wléchecombination-generation
involving R-G centres, the time rate of changeha tarrier concentration depends on the
excess or deficit of electrons and holes, in resfmetheir equilibrium valuesfin = n -ng and
4p = p - p, respectively, and the concentration of the R-Gters,Nr.

? =-c,N; An for electrons in @-type material (3.27a)
t Qfaémal
op _ . .
Y =-c, N; Ap for holes in am-type material (3.27b)
thermal
R-G

wherec, and c, are proportionality constants and are referredidathe electron and hole
capture coefficients, respectively. The minus sgymtroduced in Eqgs. (3.27) becaus@ot

andop/ot decreases (is negative) whém> 0 and4p > 0. We introduce the time constants

o=t (3.283)
c, N;
r= (3.28b)
c, N;
which, when substituted into Egs. (3.27), yield
on = _4n for electrons in @-type material (3.29a)
Ot |thermal T,
R-G
dp -_2p for holes in am-type material (3.29b)
dt g_eer‘mal Tp

The time constants, andz, are the central parameters associated with recation-
generation. They can be interpreted asatverage timean excess minority carrier will survive
among majority carriers. The time constanisand z, are referred to aminority-carrier
lifetimes. The values of the minority-carrier lifetimes caaryw a lot. When the R-G center
concentration is reduced to a very low level iniceS, (zp) can achieve ~ 1 ms. On the other
hand, the intentional introduction of gold atom®i®i, which introduce efficient R-G centers
into Si, can decreasera(zp) to ~ 1 ns. Typical minority-carrier lifetimes inast c-Si devices
are usually ~ 1is. For an efficient collection of photo-generatediers in c-Si solar cells the
minority carrier lifetimes should be in range ofiteof milliseconds.
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When an excess of generated carriers is not umifilmoughout a semiconductor,
diffusion of the excess carriers takes place. Theesx carriers will diffuse in the
semiconductor till they do not recombine. We define average distance that the minority
carriers can diffuse among majority carries befbegng annihilated asninority-carrier-
diffusion length. The minority-carrier-diffusion lengths are defires

for electrons in @-type material (3.30a)

Ly =Dy T,
L, =D, I, for holes in am-type material (3.30b)

EXAMPLE. To get an idea about the diffusion lenglisisus assume room temperature, mobility of edestin
a p-type c-Si wafer to he, ~ 1250 criv''s?, which corresponds to doping of, N 10* cm®, andz, = 10° s.
For the given conditions, the electron diffusiondgh in the p-type c-Si can be calculated from B30a).

L, =Dy 7, =+/(KT/q) 1,7, =,/0.02586 & 1250cAV s x TOs= 5% 10 cm il
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3.2.6 Optical properties

Absorption of light in a semiconductor materigbnesents a complex interaction of
light with the semiconductor atomic structure. Omdych interactions that lead to the
generation of free charge carriers in a semicomdueiectrons and holes, contribute to the
transformation of energy carried by light into éte@l energy. The generation of charge
carriers is a result of breaking of the atomic mnghen the electron-hole pairs are created.
The process of generating an electron-hole paitbeavisualized in the energy band diagram
as transferring an electron from the valence enbagyd to the conduction energy band. The
light particles, photons, have to carry at least ¢énergy equal to theand gap energy of a
semiconductor in order to free an electron fronogatent bond. Photons with energy higher
than the band gap energy generate electron-hots. (&ince the electrons and holes tend to
occupy energy levels at the bottom of the condachiand and the top of the valence band,
respectively, the extra energy that the electrde-pairs receive from the photons is released
as heat into the semiconductor lattice intthemalization process. The process of creation of
an electron-hole pair by absorbing a photon angtbheess of thermalization are illustrated in
Figure 3.12.

_~ EG —
N\En ™
EV \>. EV \.}

v v

Creation of an Thermalization
electron-hole pair Eph> Ec

Figure 3.12. Visualization of the process of cimatof an electron-hole pair by absorbing a
photon and the process of thermalization usingetiergy band diagram.

An important key for obtaining an efficient sotall is to minimize the heat losses due
to the thermalization by choosing semiconductorth \appropriate band gaps. When taking
into account the energy distribution of the sofa@cirum the most effective materials for solar
energy conversion have band gap energies in tlge rainl.0 to 1.8 eV (electron-volts).

The photon energ¥,n, depends on the wavelength of light and is catedlasing the
following formula:

E,» = hc/2 (3:31)
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whereh is the Planck constarth € 6.625 x 13 Js) ,c is the speed of light(= 2.998 x 18
ms?), and 1 is the wavelength of light. The entire spectrumsaflight, from infrared to
ultraviolet, covers a range of about 0.5 eV to @abt0 eV. About 55% of the energy of
sunlight cannot be used by most solar cells bectisenergy is either lower than the band
gap or it is higher and the excess energy is pshérmalization.

While the band gap energy of a semiconductor pgesvius with information, which
part of the solar spectrum is absorbed,dbraplex refractive index, i = n - ik describes how
efficient the photons of a particular energy areoabed in the material. The real paris
called the refractive index, and the imaginary paig called the extinction coefficient. The
extinction coefficient is related to the absorptamefficienta by:

_ai
4T

k (3.32)

The n andk are calledoptical constants, although they are functions of the wavelength of
light or the photon energy. The wavelendgtls related to the photon enerdpy,as,

hy=—- (3.33)

where the photon energy is represented in eV.

When light impinges on an interface between twadiméhat are characterized by their
complex refractive indices, a part of the lighteflected from and the other part is transmitted
through the interface. The interface is thereforearacterized by the reflectance and
transmittance. Reflectance is the ratio of the gnesflected from the surface of the interface
to the total incident energy. Transmittance is u® of the energy transmitted through the
interface to the total incident energy.

When light arrives at the optical interface atmal incidence, the reflectance and
transmittance can be calculated by using the aunudit reflection and transmission

coefficients also known as Fresnel amplitude coieffits ¢, t ) *[3]:

=l
I
>l

(3.34)

l

>

b + 1

+
2,
Mo+ 1y

1
I

(3.35)

The n, and n, are the complex refractive indices of the firstl @@cond medium. The Fresnel

amplitude coefficients are also complex numbers Téflectance and transmittance of the
interface are:

3 J.M. Bennett and H.E. Benne®olarization.in Handbook of Optics, eds. W.G. Driscoll and Waughan,
Chap. 10, Mc Graw-Hill, 1978.
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R=[Ff = |1 (3.36)
N+ n
T :‘Q T = Alf (3.37)
o 7, +

When light penetrates into a material it will desarbed as it propagates through the
material. The absorption profile in the materiapeleds on the absorption coefficient of the
material, which is wavelength dependent. The mosguent approach to calculate the
absorption profile of photons in semiconductor desi is by using the Lambert-Beer
absorption formula. The Lambert-Beer formula stalbes a photon flux density after passing

a distancex in a film with absorption coefficientr(1) is reduced with a factaz @™,
d(x,4) = ®°(A)exp(- a(A)x), (3.38)
where q)O(/}) is the incident photon flux density. The photomxfldensity is the number of

photons per unit area per unit time and per unitelength. It is related to the spectral power
density P(1) associated with the solar radiation by:

(3.39)

The spectral generation ra@p(x,)l), which is the number of electron-hole pairs geteetat

a depthx in the film per second per unit volume per unitvelength, by photons of
wavelength A, is calculated according to the following formuta the assumption of zero
reflection:

Gep(X,A) = 17,@°(A) a(A) € (3.40)

where 74 is the generation quantum efficiency, usually assth to equal unity. This
assumption means that every photon generates aheordy one electron-hole pair. The

optical generation ratéaL(x) is calculated from the spectral generation ratenbggrating
over a desired wavelength spectrum:

A
G, (x) :Ll a,(%4) ¢ (3.41)
The optical generation rate is related to the giisor profile,A(X), in the film:
G, (x) =115 A(¥ (3.42)

A(X) = L”:q:O(A) a(d) e d) (3.43)
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EXAMPLE.

Let’s calculate how much light is reflected frone thir/c-Si interface. Lets assume that the incidightt has a
wavelength of 500 nm. For this wavelength the cermptfractive index of air isyf= 1.0 —0.0 i and for c-Siqfi
=4.293 — 0.045 i. The reflectance is calculateahirEq. 3.36.

0.38.

-l _ ‘10 0.0- (4293 0045)_|- 3.288 0.045_
A, + 7| | 1.0-0.0+ 4.23% 0045 | 5.293 0.045

It means 38% of light with the wavelength of 500ismeflected from the air/c-Si interface. In cadec-Si solar
cells, over 30% of the incident light in the ramyfeinterest is reflected. In order to make solaliscwith a high
conversion efficiency, antireflection coatings ased to reduce the reflection from c-Si solar cells

EXAMPLE.

Let’s calculate the total absorption in a 3@t thick c-Si wafer for light characterised by wasredth of 500
nm. The optical constants of c-Si for light wittD5@m are: refractive index is n = 4.293, extincticoefficient k
= 0.045 and absorption coefficieat= 1.11 x 10 cm®. The incident irradiance is 1000 Wim

First we calculate the photon flux density at 508 corresponding to the irradiance of 1000 \W/idsing the
Eqg. 3.38 we obtain

®° =Px(4/hc)=1000Wn¥' x 50 10 mf 6.626 18 3s 2.998 “10ths =16 *H
From Eq. 3.36 we calculate how many incident phete reflected from the surface

_|A-A| _|10-04- (4203 0.045) |- 3203 0.045_

= =0.38
A,+R| |1.0-0.0+ 4239 0045 | 5293 0.045

Using Lambert-Beer formula (Eqg. (3.38)) we calcal#te photon flux density at the backside of théeryét
means at the distance 3pfh from the surface. We take the reflected ligha adcount by adapting Eq. (3.38).

®(x) =®° (1- R)exp(-a X) =2.5x 16" m’s'x( & 0.3} exp- 1.11x30 ' 300 “10)m

The total absorption in the wafer is the differethetween the photon flux density at the surfacer aéflection
and the photon flux density at the back of the wafe

A=A =0°(1-R)-®(Y=25x10" m*s'x( + 0.3p- 6 156 1O "~

When we assume that all the absorbed photons genere electron-hole paind=1), we can calculate how
large photocurrent density corresponds to the absdrphotons.

3, =0A=1.602x 10" G« 1.58 18 f §= 248.31Cf's248.31 Af
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3.2.7 Carrier concentrations in non-equilibrium

When a semiconductor is illuminated additionak&tens and holes are generated in
the material by the absorption of photons. The @lgeinerated carriers interact with the
semiconductor lattice. The extra energy that tleetedn-hole pairs receive from the photons
that have energy larger than the band gap of thmcsaductor is released into the lattice in
form of heat. After this so callethermalization process, which is very fast and takes
approximately 18% s, the carrier concentrations achieve a steadg:-sta this non-
equilibrium state the electron and hole concemrati are different than those in the
equilibrium state. In non-equilibrium states tworfedistributions are used to describe the
electron and hole concentrations. One Fermi digiob with thequasi-Fermi energy for
electrons, Erc, describes the occupation of states in the commudiand with electrons.
Another Fermi distribution with theyuasi-Fermi energy for holes, Egry, describes the
occupation of states in the valence band with mast and therefore determines also the
concentration of holes. Using the band diagram whih quasi-Fermi levels the process of
creation of electron-hole pairs and their subsegtiermalization that describe the carrier
concentration under illumination is illustrated Figure 3.13. The difference between the
quasi-Fermi levels is the electrochemical energy, of the generated electron-hole pairs
which represents the measure for the conversidaciexfty of solar radiation.

The density of electrons and holes under non-isguiin conditions is described by

n= N, exd(E.. - E. )/KT] (3.44a)

P=N, eXd(E\, = )/kT] (3.44b)

A
EC EC -
Erc
Eph } “eh
Erv
Ev Ev F .I?
o
' 0s ' 10 s

Figure 3.13. Thermalization photo-generated eleehmle pairs resulting in non-equilibrium
charge-carrier concentrations described by theidgrami levels.
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It then follows that under non-equilibrium condit

np=N.N, ex;{%} ex;{%} =n? ex;{%} (3.45)

By using the quasi-Fermi level formalism for delscrg the concentration of charge carriers
in non-equilibrium conditions the electron and holgrent densities inside a semiconductor,
Jn andJp, can be expressed by following equations:

Jy = nu OB (3.46a)
3, = pu,E,, (3.46b)

One can notice from Eg. (3.46) that when a quasihFdevel varies with position
(dE../dx#0 or dE., /dx % 0) the current is flowing inside the semiconducBy.checking

the position dependence of the quasi-Fermi leveksni energy band diagram, one can easily
determine whether current flows inside the semicetat.

3.3 Basic equations of device physics

In the previous section, semiconductor materiapprbes and the carrier transport, creation
and annihilation taking place inside a semiconduetere discussed and described. The
results from the drift, diffusion, and recombinatigeneration analysis are put together into a
set of equations, which form a general three-dinogr@d mathematical model for
semiconductor device operation.

3.3.1 Continuity Equations

Drift, diffusion, and recombination-generation pesses give rise to a change in the
carrier concentrations in time. Nevertheless, timeust be a spatial and time continuity in the
carrier concentrations. The combined effect of Bibes of carrier action within a
semiconductor is described by the following contyhequation for electrons (Eg. (3. 47a)
and holes (Eq. (3.47b), respectively

on _on +an +an +a_ (3.47a)

6t at drift at qiff at thermal at other processes
R-G (photogeneratior

op_op| Lop ,op +ﬂ1 (3.47b)
at Ot drift at qiff at t'g_eGrmaI 6t other processes

(photogeneratior

The continuity equations can be written in a mommpact form when introducing
substitutions
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on ) dp

=R o =R (3.48a,b)

thermal thermal
R-G R-G

% -G, 9p -G, (3.49a,b)

other processes at other processes

and noting

oo 1y (3.50a)
Ot |y O q

diff

L2 N IR (3.50b)
ot ot q

diff

In these equation$n/ot (Op/ot) is the time rate change in the electron (hole)
concentration,Jy (Jp) is the electron (hole) current densitigy (Rer) denotes the net
recombination-generation rate of electrons (holég)(Gp) is the generation rate of electrons

(holes) due to other processes, such as photodgemer&ubstituting Eqgs. (3.48) through
(3.50) into (3.47), we obtain

on _1
— =00, -R,+G 3.51a
ot ~q I R +Gy (351a)
ap 1
—=-_00,-R, +G 3.51b
ot g p~Re+Gp ( )

3.3.2 Current-Density Equations

The electron and hole current densities insidenaicnductor,Jy andJp, are obtained
by adding the current densities due to drift arffigion.

Jy=ang,&+qDOn (3.52a)
Jo=qpu,&-qDbUp (3.52b)
3.3.3 Poisson’s Equation

The Poisson’s equation (3.53) relates the divergeni the electric field to the space
charge density.

ng=-r (3.53)
ErEO
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In this equatiore, is the semiconductor dielectric constant apds the permittivity of the
vacuum. The permittivity of the vacuug = 8.854x10" F/cm and for c-Si, = 11.7. Free
electrons, holes and ionised dopant atoms are #ia oontributors to the charge density
inside a semiconductor. It has been mentioneditmadrities other than dopants and defects
can be present in a semiconductor and act as cheap&ure centres. However, the
concentration of such imperfections is kept smakémiconductors used for solar cells. The
space charge density is therefore sufficiently dieed by Eq. (3.9):

p=q(p+ Ny -n-N).
3.3.4 Equations summary

Since the operation of a solar cell can be sweifity described by processes taking
place in one direction, the set of basic semicotmtuequations will be given in one-
dimensional form.

a_ p A

dx &¢&,

dn
Jy=qnu &+ qD—
N = aANU, < qq“dx

d
Jp=qpl,$-q DP£ > (3.54)
an_1dd,
ot g dx
op__1dJ,
ot g dx

_RN +GN

R +G;
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