Chapter

SEMICONDUCTORS AND
P-N JUNCTIONS

2.1 SEMICONDUCTORS

In 1839 Becquerel observed that certain materials, when exposed to
light. produced an electric current (Becquerel, 1839). This is now
known as the photovoltaic elfect, and is the basis of the operation of
photovoltaic or solar cells.

Solar cells are manufactured from semiconductor material, that is,
material which acts as an insulator at low temperatures, but as a
conductor when energy or heat is available. At present most solar
cells are silicon based, since this is the most mature technology.
However, other materials are under active investigation and may
supersede silicon in the long term.

The electrical properties of semiconductors can be explained using
two models, the "Bond" and the "Band" models. These models are
described briefly below. (More detailed descriptions are given in
Green, 1992 and Neville, 1978].

2.1.1 The Bond Model
The bond model uses the covalent bonds joining the Si atoms to

describe semiconductor behaviour. Figure 2.1 illustrates the
bonding and the movement of electrons in a silicon crystal lattice.
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Fi o . - . e o i
gure 2.1: Schematic representation of covalent bonds in a silicon crystal
lattice. .,

At low temperatures the bonds are intact and the silicon behaves as

an insulator. At high tem
peratures, some bonds
conduction can occur by two processes: are broken and

electrons from broken bonds are free to

move; and
electrons from neighbouring bonds can also move into the “hole"
created in the broken bond, allowing the broken bond or hole
to propagate as if it had a positive charge. '

The concept of a moving “hole" i

'he mo is analogous to that of a bubble i
Mﬁ:_n_.._u E:.:.Em:. it is actually the liquid that moves, it is .mmm._.wm“.:—w
escribe the motion of the bubble going in the opposite direction.

2.1.2 The Band Model

The band model describes semiconductor behaviour in terms of the

energy levels between valence a i .
illustrated in Figure 2.2. nd conduction bands. This is
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Figure 2.2: Schematic of the energy bands for electrons in a solid.
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The electrons in covalent bonds have energies corresponding to

those in the valence band. In the conduction band thé electrons are
free. The forbidden band gap corresponds to the energy needed to
release an electron from a covalent bond to the conducting band
where it can conduct a current. The holes remaining conduct in
the opposite direction in the valence band, as described for the
bond model.

2.1.3 Doping

It is possible to shift the balance of electrons and holes in a silicon
crystal lattice by "doping" it with other atoms. Atoms with one more
valence electron than silicon are used to produce "n-type”
semiconductor material. Atoms with one less valence electron
result in "p-lype” material. This is illustrated in Figure 2.3.

N-type

P-type

Group V atom Group |Il atom
e.g., phosphorus e.g., boron

Figure 2.3: Schematic of a silicon crystal lattice doped with impurities Lo
produce n-type and p-type semiconductor material.

8.2 SEMICONDUCTOR TYPES

Silicon, or other semiconductor material, used for solar cells can be
crystalline, multicrystalline, polycrystalline or amorphous. The
structure of the different material types is illustrated in Figure 2.4.

2.2.1 Crystalline Silicon

Crystalline silicon has an ordered crystal structure, with each atom
ideally lying in a pre-ordained position. It therefore allows ready
application of the theories and techniques developed for crystalline
material, described in previous sections, and exhibits predictable
and uniform behaviour. Ii is, however, the most expensive type of
silicon, because of the careful and slow manufacturing processes
required. The cheaper multicrystalline or polycrystalline silicon
(poly-silicon), and amorphous silicon are therefore increasingly
being used for solar cells, despite their less ideal qualities.
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2.2.2 Polycrystalline Silicon

The Hnnr:_m:mm for production of multi- or poly-crystalline silicon
are less critical, and hence cheaper, than those required for single
crystal material. The grain boundaries reduce the cell performance
by Eca_c:m carrier flows, allowing extra energy levels in the
_,oluﬁmms gap. thereby providing effective recombination sites, and
providing shunting paths for current flow across the pn E:n:o.:.

crystalline
(c-Si)

m _.:Q stalline or pol stalline (poly-Si) -
regions of crystalline Si separated by "grain
boundaries” where bonding is irregular

amorphous (a-Si:H) - like a liquid, with less
regular arrangement of atoms leading to
internal "dangling bonds"

Figure 2.4: ._..r.a structure of crystalline, multicrystalline. polyerystalline and
mEcﬂ.twczm silicon (multicrystalline silicon differs from palyerystalline silicon
only in the size of the crystalline regions between "grain c:::aw:nm:w.

To avoid significant recombination losses at grain boundaries, grain
sizes in the order of a few millimetres are required (Card @.ﬁmzm
1977). This also allows single grains to extend from front to back om.
the cell, providing less resistance to carrier flow and generally
decreasing the length of grain boundaries per unit of cell. Such

multicrystalline material is widely used for co i ;
i o e y mmercial solar cell
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2.2.3 Amorphous Silicon

Amorphous silicon can be produced. in principle, even more
cheaply than poly-silicon. There is no long-range order in the
structural arrangement of the atoms, resulting in areas within the
material containing unsatisfied, or "dangling" bonds. These in turn
result in extra energy levels within the forbidden gap. making it
impossible to dope the semiconductor when pure, or to obtain
reasonable current flows in a solar cell configuration.

It has been found that the incorporation of atomic hydrogen in
amorphous silicon, to a level of 5-10%, saturates the dangling bonds
and improves the quality of the material. It also increases the band
gap, Eg, from 1.1 eV in crystalline silicon to 1.7 eV and is much
more strongly absorbing for photons of energy above the latter
threshold. The thickness of material required to form a functioning
solar cell is therefore much smaller.

The minority carrier diffusion lengths in such silicon-hydrogen
alloys, (a-Si:H), are much less than 1 pym. The depletion region
therefore forms most of the active carrier collecting volume of the
cell. Different design approaches to those discussed above for
crystalline silicon are therefore used. In particular, as large a
“depletion region" as possible is created. Figure 2.5 illustrates the
general design of an a-Si:H solar cell.

high field
"depletion”
region

Figure 2.5: Schematic of an a-Si'H solar ccell

A-Si and other “thin film" technologies for solar cell manufacture,
where films of very thin semiconductor are deposited onto glass or
other substrates, are used in many small consumer products, such as
calculators, watches and "non-critical” outdoor applications. In
principle, thin films provide a very low cost means of cell
production. However, to date, performance and lifetimes are not
high enough to warrant large scale use. Research into thin film and
other potentially low cost solar cell materials aims to see these
dominating the market over coming decades

2.3 ABSORPTION OF LIGHT
When light falls onto semiconductor material. photons with energy

E,pless than the band gap energy Eg interact only weakly with the
semiconductor, passing through it as if it were transparent.
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However, photons with energy E
covalent bonds, usin

"electron-hole” pairs which
! c
This is illustrated in Figure 2.6.
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Figure 2.6: The creation of electron-hole Al when umin. with
pairs I illuminated

> Eg.
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photon energy,
absorbed, as illustrated in Em_:.mtm.v.
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gure 2.7: The light energy dependency of electron-hole generation.
The generation rate G of electron-ho

can be calculated using the formula: = ST G e el vt

G= d

aNewx (2.1)
where: N = photon flux
coefficient, and x =
function of the wav
silicon at 300K.

(photons/unit area/sec.)

. ). = absorpti
a__mﬁmznm vo.,.o_.n absorption. The value of Mﬁmﬂwom
elength of light is illustrated in Figure 2.8 for
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' Eph > Eginteract with electrons in
g up their energy to break bonds and creale
an then wander off independently.

the more quickly the light is

2.4 RECOMBINATION

When the light is switched off, the system must return to a state of
equilibrium and the electron-hole pairs generated by the light must
disappear. With no external source of energy. the electrons and
holes wander around until they meet up and recombine. Any defects
or impurities within or at the surface of the semiconductor promote
recombination.

10° photon energy (eV)
= 1.24/\ (um)
10° L ,
absorbed in less
thll ! than 1pm
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Figure 2.8: The absorption coefficient, a.in silicon at 300K as a function of the

vacuum wavelength of light.

The carrier lifetime of a material is delined as the average time for
recombination to occur alter electron-hole generation. For silicon
this is typically 1 ps. Similarly. the carrier diffusion length is the
average distance a carrier can move from point of generation until it
recombines. For silicon this is typically 100-300 pm. These two
parameters give an indication of material quality and suitability for
solar cell use. However, no power can be produced from a
semiconductor without a means of giving directionality to the
moving electrons. Therefore, functional solar cells are typically
produced from semiconductor material by the addition of a
rectifying p-n junction.

2.5 PN JUNCTIONS

P-n junctions are formed by joining n-type and p-type
semiconductor materials, as shown in Figure 2.9.
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. where:

3 i ent
3 N Iy = “dark saturation current’, the diode leakage curr
, ‘ density in the absence of light
lenty of holes; : v = applied voltage .
"umi m_“mn:o:m' W“mn_”z..._:m. q = absolute value of electronic charge
— holes s holes ke = Boltzmann's constant
electrons T = absolute temperature

I — IT |
P IT_ N - Note that:

1
— IT_ I, increases as T increases

. I, decreases as malerial quality increases. )
- >c~ 300K, kT/q = 25.85 mV, the "thermal voltage

Figure 2.9: Formation of a p-n junction. For actual diodes, the expression becomes:

When joined, the excess holes in the p-type material flow by I =Io lexp (qV/nkT) ~ 1] (2.3)
diffusion to the n-type, while electrons flow by diffusion from n-type

to p-type as a result of the carrier concentration gradients across

the junction. They leave behind exposed charges on dopant atom where:

sites, fixed in the crystal lattice. An electric field E therefore builds ) ) t 1 and 2 which typically
up in the so-called "depletion region” around the junction to slop n = idealily factor, a %M%wﬁmh.mnﬂm ween

the flow. Depending on the materials used, a "built in" potential V,; increases as the curren > .

due to E will be formed. If a voltage is applied to the junction, as . ; : ; .

shown in Figure 2.10, E will be qma%ama. ke 2 The diode law is illustrated for silicon in Figure 2.11

.l':
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Figure 2.10: Application of a voltage to a p-n junction. v

Once Eis no longer large enough to stop the flow of electrons and 0.6V
holes, a current is produced. The "built in" potential reduces to
(Vbi - V) and the current flow increases exponentially with the

ThH ili rr i ltage
applied voltage This phenomenon results in the Ideal Diode Law, lghark 200 THEANIoRs Yaw: i SSEA - orret changes with wolag
expressed as:

and temperature. For a given current, the curve shifts by approximately
2mvV/C.

I=1 lexp(qV/kT)-1] (2.2)
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EXERCISES

2.1. The absorption coefficient of silicon decreases from 1.65 x
108/cm at 0.3 pm wavelength, to 4,400/cm at 0.6 um
wavelength to 3.5/cm at 1.1 um wavelength. Assuming zero
reflection from both front and rear surfaces at each
wavelength, calculate and sketch the generation rate of
electron-hole pairs across a silicon cell of 300 pm thickness
normalized (o the surface generation rate.

22. In terms of the electronic properties of semiconductors,
explain why the absorption coefficient increases with
increasing photon energy, for energies near the
semiconductor band gap (see Green. 1992 or similar for
more information).
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Chapter

THE BEHAVIOUR OF
SOLAR CELLS

3.1 EFFECT OF LIGHT

A silicon solar cell is a diode formed by joining ﬁ#%wa?u\_.uw.nm:%
boron doped) and n-type (lypically phosphorous doped) silicon.
Light shining on such a cell can behave in a ::avn.ﬂ of ways, as
illustrated in Figure 3.1. To maximise the power rating cnm_ solar
cell, it must be designed so as to maximise desired absorption (3)
and absorplion afler reflection (5).

The electric field E al the p-n junction sweeps electrons to the n
side and holes to the p side. The ideal flow at short circuit is shown
in Figure 3.2. However, some electron-hole pairs get lost before
collection, as shown in Figure 3.3.

In general, the closer the point of e - h ma:o_,._.m:oa to ;ﬁ.w.J
junction, the better the chance of "collection”. "Collected carriers
are those which generate a finite current when V = 0. Chances 0_1
collection are particularly good if the e- h pairs are generated within
a "diffusion length™ of the junction as discussed in Chapter 2.

isti i i V for a
The characteristic curves generated by plotting I against .
diode, the "IV" curve, were shown in Figure 2.11 for I,, with no light
falling on the cell. Illumination of a cell merely adds to the normal
“dark" currents in the diode so that the diode law becomes:
I=1 lexp(gV/nkT)-1]-1I, (3.1)

where [; = light generated current.
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Figure 3.1: Behaviour of light shining on a solar cell.
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> e the circuit

Figure 3.2: The ideal short circuit flow of electrons and holes at a p-n junction.
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Figure 3.3: Possible modes of recombination of electron-hole pairs. showing

"collection" of carriers which do not recombine.
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Figure 3.4: The cffect of light on the current-voltage characteristics of a
p-junction.

The light has the effect of shifting the IV curve down into the fourth
quadrant where power can be extracted from the diode, as shown in
Figure 3.4.

The IV curve characterises the cell, with its power output being
equal to the area of the rectangle in the bottom right hand quadrant
of Figure 3.4(a). This IV curve is most often shown reversed, as in
Figure 3.5, with the output curve in the first quadrant, and
represented by:

I=1 - lexp(qV/nkT - 1] (3.2)



Current, Power

W Ise

o] Voltage

Figure 3.5: Typical representation ol an IV curve, showing short circuit
current (I,.) and open circuit voltage (V) points, as well as the maximum
power point (V.. 1)
The two limiting parameters used to characterise the output of solar
cells for given irradiance, operating temperature and area are
(Shockley and Queisser, 1961):

Short-circuit current, 1, the maximum current, at zero voltage.
Ideally, if V = 0, Iy, = I|. Note that I, is directly proportional to
the available sunlight.

Open-circuit voltage, V. the maximum voltage, atl zero current.
Ve increases logarithmically with increased sunlight. This
characteristic makes solar cells ideally suited to battery
charging.

Note that atI = 0:

oc Q H

< ub@_:?iv a.s
(]

For each point on the IV curve, the product of the current and
voltage represents the power output for that operating condition. A
solar cell can also be characterised by its maximum power point,
when the product Vi, * 1, is at its maximum value, The maximum
power output of a nn% is graphically given by the largest rectangle
that can be fitted under the IV curve, ie.:

d(Iv)/dv = O
38

giving
v
v [(nkT\p{_me
Vmp=Ver ﬁﬁsfa«qa:v o4

le., if n = 1.3 and V,, = 600 mV, as for a typical silicon cell, Vp, is
about 93 mV smaller than V.

The power output at the maximum power point under strong
sunlight (1 kW/m?2) is known as the "peak power" of the cell. Hence
photovoltaic panels are usually rated in terms of their "peak" watts,
Wp.
The Fill Factor, FF, is a measure of the junction quality and series
resistance of a cell. It is defined as the maximum power /[, V. i.e.,

VI
Fill Factor (FF) = —£ ™P (3.5)
ﬂ\g hMn
P =WV_xI_xFF (3.6)

Obviously. the nearer the fill factor is to unity, the higher the quality
of the cell. Ideally. it is a function only of the open-circuit voltage
and can be calculated using the approximate empirical expression
(Florida Solar Energy Centre, 1987)

Vo™ In v, +o.qwly

FF=-9___oc (3.7)
v _+1
oc
where v, is defined as a "normalized V,.":
.f\g
L E e 3.8
Yo = (nkT/q) sl

The above expression applies to ideal cases only, with no parasitic
resistance losses, and is accurate to about 1 digit in the fourth
decimal place for these cases.

3.2 SPECTRAL RESPONSE

Solar cells respond to individual photons in incident light by
absorbing them to produce an electron-hole pair, provided the
photon energy, E,is greater than the bandgap energy, Eg. Photon
energy in excess of Egis quickly dissipated as heat, as shown in
Figure 3.6.
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Figure 3.6: The creation of electron-hole pairs and dissipation of energy in
excess of E .

The quantum efficiency (Q.E.) of a solar cell is defined as the
number of electrons moving from the valence to the conduction
band per incident photon. The longest wavelength for which this is
finite is limited by its bandgap. Maximum use can only be made of
incoming sunlight if bandgaps are in the range 1.0-1.6 eV. This
effect alone acts to limit the maximum achievable efficiency of solar
cells to 44% (Shockley and Queisser, 1961). Silicon's bandgap, at
1.1 eV, is close to optimum, while that of gallium arsenide, at 1.4
eV, is even better, in principle. Figure 3.7 illustrates the
dependence of ideal quantum efficiency on bandgap.

/
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?Q hc/ mO
124/ Eqg

(where Eg is in eV

\ and A is in pm)

0 r
Wavelength, 3,

quantum efficiency
electrons/photon
1]

Figure 3.7: Bandgap limitations on the quantum efficiency of Si solar cells.

Also of interest is the spectral responsivily of a solar cell, given by
the Amps generated per Watt of incident light. Ideally this
increases with wavelength. However, at short wavelengths, cells
cannot utilise all the energy in the photons. while, at long
wavelengths, the weak absorption of light means that most is
generated a long way from the collecting junction and the finite
diffusion length in the cell material limits the cell's response.
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Figure 3.8: The quantum limit of spectral responsivity as a function of
wavelength.

Spectral responsivity can be calculated as follows:

qxelectron flux

A/W =

% x photon flux

g
" he XOE

(3.9)

where A/W — 0 as A — O, since there are fewer pholons in each Watt
of incident light.

This strong wavelenglh dependence of responsivity makes cell
performance in turn strongly dependent on the spectral content ol
sunlight. In addition, optical and recombination losses mean that
actual cells can only approach these ideals.

3.3 EFFECT OF TEMPERATURE

The operating temperature of solar cells is determined by the
ambient air temperature, by the characteristics of the module in
which it is encapsulated (see Section 5.8), by the intensity of
sunlight falling on the module, and by other variables such as wind
velocity.

1o increases with temperature according to the equation:

:._woov (3.10)

~onmwjﬁ€A KT

Where B is independent of temperature; Ego is the linearly
extrapolated zero temperature band gap of the semiconductor
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making up the cell (Green, 1992) and y includes the temperature
dependencies of the remaining parameters determining I,

The short-circuit current, I,.. increases with temperature, since the
band gap energy, Eq. decreases and more photons have enough
energy to create e - h pairs. However, this is a small effect:

1 dI
e 1
I dT

scC

= +0.0006 /°C for Si (3.11)
The main effect of increasing temperature for silicon solar cells is a
reduction in V,. the fill factor and hence the cell output.

The temperature dependency of Voe and FF for silicon is
approximated by the following equations:

dv (Voo — Vo +¥ik 7/q)|

oc _ = —2mV/° A
= = mv/°C (3.12)
Ve - 6.003p¢ forsi (3.13)
V.. dr . .
1 dFF) | dV,. .
4 == T o li/g._0.00 & 3.14
FF af |V, af T / 0.0015 /°C for Si ( )

The effect of temperature on the maximum power output , P, is:

R
.1|. ﬂ = - (0.004 t0 0.005) /°C for Si (3.15)

m

It should be noted that the higher the V,., the smaller the expected
T dependence. These effects are illustrated in Figure 3.9.

3.4 EFFECT OF PARASITIC RESISTANCES

Solar cells generally have a parasitic series and shunt resistance
associated with them, as shown in Figure 3.10. Both types of
parasitic resistance act to reduce the fill-factor.

The major contributors to the series resistance, R, are the bulk
resistance of the semiconductor material, the metallic contacts and
interconnections and the contact resistance between the metallic
contacts and the semiconductor. The effect of series resistance is
shown in Figure 3.11.
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Figure 3.9: The effect of temperature on the IV characleristics of a solar cell.
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Figure 3.10: Parasitic senes and shunt resistances in a solar cell circuit.
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Figure 3.11: The eflect of series resistance on fill factor.
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The shunt resistance, Rgyy. is due to p-n junction non-idealities and
impurities near the junction, which cause partial shorting of the
junction, particularly near cell edges.

Since the fill factor determines the power output of the cell, the
maximum power oulput is related to the series resistance, as given
approximately by:

ﬁ_.: n..?\:ﬁ I HS& NL h~._..zb

I
=P, (1-—S2R
2] Vv s
mp
, (3.16)
.:nmvi.th“— - d\..:.; ﬁmrw
oc

If the characteristic resistance of a solar cell is defined as (Green,
1982):

Repr=Voel s (3.17)
it is possible to define a "normalized Rg" such that:
rs=Rs/Reu (3.18)

Hence
FF=FF,(1-r) (3.19)

or, empirically bul more accurately:
FF =FF,(1-1.11) +r2/5.4 (3.20)

which is valid for rg < 0.4 and v, > 10. Similarly, for shunt
resistance, it is possible to define:

Tsh = Rsp/Rey (3.21)
Then, as before:

FF=FF,(1-1/rg) (3.22)
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or, again more accurately (Green, 1992):

(v, +0.7) FF,
M.Jm.lh_.. = m._n;o A 1- Onc r Qv
oc sh

(3.23)

which is valid for rg, > 0.4. The effect of shunt resistance on fill
factor is shown in Figure 3.12.
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Figure 3.12: The cffect of shunt resistance on fill factor in a solar cell.

In the presence of both series and shunt resistances, the IV curve of
the solar cell is given by:

(3.24)

I=1; -1, Tuﬁ

V+IR | HV|3\+=~L
(nkT/q)

Rgy

To combine the effect of both series and shunt resistances, the-
expression for FF,, derived above, can be used, with FF, replaced by
I¥g (Green, 1992).

i
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EXERCISES

Taking the silicon bandgap as 1.12 eV, and assuming unity
quantum efficiency as in Figures 3.7 and 3.8, calculate the
upper limit on the short-circuit current density of a
silicon solar cell at 300K for the standard "unnormalized”
global AM1.5 spectrum supplied in tabulated form in
Appendix B.

Given that, near operating temperatures, the silicon
bandgap decreases by 0.273 mV/'C, calculate the
normalized temperature coefficient of this current limit at
300K:

L

I dT

SC

A silicon solar cell (bandgap 1.12 eV) is uniformly
illuminated by monochromatic light of wavelength 800 nm
and intensity 20 mW/cm?.  Given that its quantum
efficiency at this wavelength is 0.80, calculate the short-
circuit current of the cell if its area is 4 cm?.

For the same quantum efficiency, what would be the value
of this current if the cell were made from a semiconductor
of bandgap: (i) 0.7 eV; (ii) 2.0 eV.

For the silicon cell of part (a), calculate the open-circuit
voltage, fill factor and energy conversion efficiency. given
that its ideality factor is 1.2 and dark saturation current
density is 1 pA/cm?.

Estimate the range of values of (i) series resistance; (ii)
shunt resistance which would cause a relative reduction in
the fill factor and energy conversion efliciency of less than
5%.

When the cell temperature is 300K, a certain silicon cell
of 100 cm? area gives an open circuit voltage of 600 mV
and a short circuit current output of 3.3A under 1 kW/m?
illumination. Assuming that the cell behaves ideally, what
is its energy conversion efficiency at the maximum power
peoint?

What would be its corresponding efficiency if the cell had
a series resistance of 0.1 Q and a shunt resistance of 3 Q7
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