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Chapter 4.

SOLAR CELL
OPERATIONAL PRINCIPLES

4.1 Basicoperational principles

The working principle of all today solar cellsassentially the same. It is based on the
photovoltaic effect. In general, the photovoltaic effect means theegmion of a potential
difference at the junction of two different matésian response to visible or other radiation.
The basic processes behind the photovoltaic ediect

1. generation of the charge carriers due to the ahearpf photons in the materials that
form a junction,

2. subsequent separation of the photo-generated cbargers in the junction,

3. collection of the photo-generated charge carrietBeaterminals of the junction.

In general, a solar cell structure consists oélsorber layer, in which the photons of
incident radiation are efficiently absorbed resigtin the creation of electron-hole pairs. In
order to separate the photo-generated electronka@ad from each other, the so-called “semi-
permeable membranes” are attached to the both siflébe absorbér The important
requirement for the semi-permeable membranes ighbg selectively allow only one type of
charge carrier to pass through. An important ifsueesigning an efficient solar cell is that
the electrons and holes generated in the absoalger teach the membranes. This requires

1 p. wirfel, Physics of Solar Cells: From Princgpte New Concepts, Wiley-WCH, Weinheim, 2005.
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that the thickness of the absorber layer is smalian the diffusion lengths of the charge
carriers.

A membrane that let electrons go through and lslde)es is a material, which has a
large conductivity for electrons and a small condity of holes. An example of such a
material is am-type semiconductor, in which a large electron catigity with respect to the
hole conductivity is caused namely by a large déifiee in electron and hole concentrations.
Electrons can easily flow through tmetype semiconductor while the transport of holes,
which are the minority carriers in such materialdue to the recombination processes very
limited. The opposite holds for electrons ip-#ype semiconductor, which is an example of
the hole membrane.

In order to minimize the injection of holes frorhet absorber into the-type
semiconductor an energy barrier should be introdulcehe valence bandE,, between the
n-type semiconductor and the absorber. Ideally, ¢bis be achieved by choosing iastype
semiconductor that has a larger band gap tharottlihe absorber and the energy difference is
located in the valence band of the two materiat®il&rly, the injection of electrons from the
absorber into the-type semiconductor could be suppressed by uspwype semiconductor
with a larger band gap than that of the absorbérhaving the band off-set in the conduction
band,AEc, between the absorber and fhgype semiconductor. The requirement of having the
band off-set in the conduction band means that eleetron affinity, y., of the p-type
semiconductor is smaller that the electron affimifythe absorber. The additional advantage
applying membrane materials with large band gap®isllow almost all photons to be
transmitted and absorbed into the absorber.

The asymmetry in the electronic structure of niHgpe andp-type semiconductors is
the basic requirement for the photovoltaic energyversion. Figure 4.1 shows a schematic
band diagram of an illuminated idealized solar séilicture with an absorber and the semi-
permeable membranes. The terminals or in other sveldctrodes of the solar cell are
attached to the membranes. We refer to the steittetween the terminals aguaction and
the above described solar cell structure is denasedsingle junction solar cell. The quasi-
Fermi level for electrongrc, and the quasi-Fermi level for holds,, are used to describe
the illuminated state of the solar cell. The enatiffierence between the quasi-Fermi levels is
a measure of efficient conversion of energy of aiadn into electrochemical energy. The
illuminated solar cell is shown in Figure 4.1 abteonditions. The first is at thrapen-circuit
condition, when the terminals of the solar cell mo& connected to each other and therefore no
electric current can flow through an external dircit this condition, a voltage difference can
be measured between the terminals of the solard@l voltage is denoted tlopen-circuit
voltage, Vo, and it is an important parameter that charaaserihe performance of solar cells.
Figure 4.1b shows the band diagram of the soldrircghe short-circuit condition. In this
case the terminals of the solar cell are shoruied and a current flows through the external
circuit. This current is denoted as th®rt-circuit current, Isc. Thelsc is also an important
parameter that characterizes the performance af sells.
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Figure 4.1. Band diagram of an idealized solar s#llicture at the a) open-circuit and b)
short-circuit conditions.
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4.2 Thep-njunction

At present, the most frequent example of the alo®seribed solar cell structure is
realized with crystalline silicon (c-Si). A typicalSi solar cell structure is shown in Figure
3.1. A moderately-dopegttype c-Si with an acceptor concentration of°ldn® is used as the
absorber. On the top side of the absorber a tesg than Jum thick, highly-dopedh-type
layer is formed as the electron membrane. On tbk bae of the absorber a highly-doped
type serves as the hole membrane. At the interfoeegeen the c-J-type absorber and the
highly-dopedn-type andp-type membranes, regions are formed with an interleatric field.
These regions are especially important for sol#ls @nd are known ag-n junctions. The
presence of the internal electric field in the sdell facilitates the separation of the photo-
generated electron-hole pairs. When the chargeecsaare not separated from each other in a
relatively short time they will be annihilated irpeocess that is called recombination and thus
will not contribute to the energy conversion. Tlasiest way to separate charge carriers is to
place them in an electric field. In the electrieldi the carriers having opposite charge are
drifted from each other in opposite directions @ad reach the electrodes of the solar cell.
The electrodes are the metal contacts that arehatiao the membranes.

The p-n junction fabricated in the same semiconductor natsuch as c-Si is an
example of thg-n homojunction. There are also other types of atjanchat result in the
formation of the internal electric field in the gtion. Thep-n junction that is formed by two
chemically different semiconductors is called phe heterojunction. In thp-i-n junctions, the
region of the internal electric field is extendedifiserting an intrinsid, layer between the-
type and then-type layers. The-layer behaves like a capacitor and it stretchesetbetric
field formed by thep-n junction across itself. Another type of the junatiis a junction
between a metal and a semiconductor, MS junctibe. Schottky barrier formed at the metal-
semiconductor interface is a typical example ofNt&junction.

4.2.1 Formation of a space-chargeregion in the p-n junction

Figure 4.2 shows schematically isolated pieces aofp-type and ann-type
semiconductor and their corresponding band diagrdm$oth isolated pieces the charge
neutrality is maintained. In the-type semiconductor the large concentration of negjgt
charged free electrons is compensated by positoiedyged ionized donor atoms. In the
type semiconductor holes are the majority carrignsl the positive charge of holes is
compensated by negatively-charged ionized acceptoms. For the isolated-type
semiconductor we can write:

n=n,= ND (4.18.)
pP=p,=n?/Ng. (4.1b)

For the isolateg-type semiconductor

P=Ppo =Ny (4.22)
n=n,=n?/N,. (4.2b)
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Figure 4.2. Schematic representation of an isolgi¢gpbe andn-type semiconductor and
corresponding band diagrams.

When ap-type and ann-type semiconductor are brought together, a vergelar
difference in electron concentration betweerandp-type semiconductors causes a diffusion
current of electrons from thetype material across the metallurgical junctioroitite p-type
material. Similarly, the difference in hole conaatibn causes a diffusion current of holes
from the p- to the n-type material. Due to this diffusion process thgiom close to the
metallurgical junction becomes almost completelplei®d of mobile charge carriers. The
gradual depletion of the charge carriers gives tisa space charge created by the charge of
the ionized donor and acceptor atoms that is notpemsated by the mobile charges any
more. This region of the space charge is calledspaee-charge region or depleted region
and is schematically illustrated in Figure 4.3. Reg outside the depletion region, in which
the charge neutrality is conserved, are denotéldeagiasi-neutral regions.
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Figure 4.3. Formation of a space-charge region,nwhype andp-type semiconductors are
brought together to form a junction. The colored pgpresents the space-charge region.
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The space charge around the metallurgical junctesults in the formation of an
internal electric field which forces the chargeri@as to move in the opposite direction than
the concentration gradient. The diffusion curresdstinue to flow until the forces acting on
the charge carriers, namely the concentration gradand the internal electrical field,
compensate each other. The driving force for tteggghtransport does not exist any more and
no net current flows through tipen junction.

4.2.2 p-njunction under equilibrium

The p-n junction represents a system of charged partialeffusive equilibrium in
which the electrochemical potential is constant amtkependent of position. The electro-
chemical potential describes an average energyeofrens and is represented by the Fermi
energy. It means that under equilibrium conditihresFermi level has constant position in the
band diagram of thp-n junction. Figure 4.4 shows the energy-band diagsaip-n junction
under equilibrium. The distance between the Feawell and the valence and/or conduction
bands does not change in the quasi-neutral regiotss the same as in the isolatedndp-
type semiconductors. Inside the space-charge retlierconduction and valence bands are not
represented by straight horizontal lines any maue they are curved. This indicates the
presence of an electric field in this region. Deethe electric field a difference in the
electrostatic potential is created between the Baries of the space-charge region. Across the
depletion region the changes in the carriers caragon are compensated by changes in the
electrostatic potential. The electrostatic-potdrmtiafile is included in Figure 4.4.
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Figure 4.4. Energy-band diagram of the p-n junctibime electrostatic potential profile (red
curve) is also presented in the figure.
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The concentration profile of charge carriers inpan junction is schematically
presented in Figure 4.5. In the quasi-neutral regibe concentration of electrons and holes is
the same as in the isolated doped semiconductorsthé space-charge region the
concentrations of majority charge carriers decreasg rapidly. This fact allows us to use the
assumption that the space-charge region is deplefednobile charge carriers. This
assumption means that the charge of the mobileecanepresents a negligible contribution to
the total space charge in the depletion region. $pace charge in this region is fully
determined by the ionized dopant atoms fixed inlaitice.

The presence of the internal electric field indlaep-n junction means that there is an
electrostatic potential differenceyp, across the space-charge region. We shall deterain
profile of the internal electric field and electiaisc potential in the-n junction. First we
introduce an approximation, which simplifies thelcatation of the electric field and
electrostatic-potential. This approximatiothg depletion approximatignassumes that the
space-charge density, is zero in the quasi-neutral regions and it ib/fdetermined by the
concentration of ionized dopants in the depletegian. In the depletion region of thetype
semiconductor it is the concentration of positivaedilarged donor atoms, pN which
determines the space charge in this region. Irpitype semiconductor, the concentration of
negatively charged acceptor atoms, Metermines the space charge in the depletiommegi
This is illustrated in Figure 4.6. Further, we amsuthat thg-n junction is a step junction; it
means that there is an abrupt change in dopingeatnetallurgical junction and the doping
concentration is uniform both in tipetype and the-type semiconductors.

n-type Si p-type Si

n=n.,=Np

P = Ppo = Na

In(n)
In(p)

Ch=n. =n2
i N =np=n5Ny

P=Pno = nzi/NDé

Position

Figure 4.5. Concentrations profile of mobile chargariers in ap-n junction under
equilibrium.
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Figure 4.6. a) Space-charge dengify); b) electric field&(x); c) electrostatic potentiak(x)
across the depletion region opan junction under equilibrium.

According to Figure 4.6 the position of the metadical junction is placed at zero, the
width of the space-charge region in thvype material is denoted &sand the width of the
space-charge region in thetype material is denoted ds The space-charge density is
described by following equations:

o(x)=gN, for—I, <x<0 (4.3a)
p(x)=-qN, for 0< x<1 (4.3b)

Npb andNa is the concentration of donor and acceptor atoespectively. Outside the space-
charge region the space-charge density is zeroelButric field is can be calculated from the
Poisson’ s equation, which has the following foondne dimensional analysis:

d’w __dé__ p 4.4)
dx® dx  £¢&, '

In Eq. (4.4)y is the electrostatic potentidl s the electric fieldyp is the space-charge density,
g IS the semiconductor dielectric constant apds the permittivity of the vacuum. For
crystalline Sig; = 11.7 and the permittivity of the vacuug= 8.854x10"* F/cm. The electric
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field profile can be found by integrating the spabarge density across the space-charge
region.

E:

L [pax (4.5)
Er ‘gO

Substituting the space-charge density with Eq®8ajdand (4.3b) and using the following
boundary conditions:

é(-1,)=¢&(,)=0, (4.6)

the solution for the electric field is

()= N, (1 +x) for -1 <x<0 (4.7a)
£ &

£)=—9-N,(,-x) for 0< x<l, (4.7b)
é‘ré‘o

At the metallurgical junctionx =0, the electric field is continuous, which requitbat the
following condition has to be fulfilled

NAI, =Npl, (4.8)

Outside the space-charge region the material relally neutral and therefore the electric
field is zero there.

The profile of the electrostatic potential is edéted by integrating the electric field
throughout the space-charge region and applyinpd@dary conditions.

W :—jgdx (4.9)

We define the zero electrostatic potential level taeé outside edge of the-type
semiconductor. Since we assume no potential dropsscthe quasi-neutral region the
electrostatic potential at the boundary of the spatarge region in thetype material is also
zero

w(i,)=o0. (4.10)
Using Egs. 4.6a and 4.6b for describing the eledieid in then-type andp-type parts of the
space-charge region, respectively, and takingaotmunt that at the metallurgical junction the

electrostatic potential is continuous, the solufionthe electrostatic potential can be written
as:
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w(x):—zg?go N, (x+|n)2+2‘;?£O (NDI,f+NAI§) for -1, <x<0 (4.11a)
w()== N, (x—1 ] for0< x<| (4.11b)
2, VP P

Under equilibrium a difference in electrostatic gutal, o, develops across the space-charge
region. The electrostatic potential difference asrahe p-n junction is an important
characteristic of the junction and is denoted adthlt-in potential or diffusion potential of

the p-n junction. We can calculate, as the difference between the electrostatic piateat
the edges of the space-charge region:

wo=w(-1,)-wl-1,)=0(-1,) (4.12)

Using Eq. 4.11a we obtain for the built-in potehtiee following expression:

W, = qug (NoI2 +N,12). (4.13)
r“o

Another way to determine the built-in potentjal is to use the energy-band diagram
presented in Figure 4.4.

qy,=E;-E -E, (4.14)

Using Eg. (3.1) and Eqgs (3.18a) and (3.18b), whlietermine the band gap, and the positions
of the Fermi energy in thetype andp-type semiconductor, respectively,

EG Ec Ev
E, = B¢ ~ B =kTIn(N¢/Np)
Ez EF Ev kTIn( V/NA)

we can write

q, = E; —kTIn(E J KTIn (E ] E, -KTIn m E ] (4.15)

A
Using the relationship between the intrinsic comicdion, n; and the band gagg, (Eq. (3.6))
n? = N¢ N, exf- E5 /KT],

we can rewrite Eq. (4.15) to obtain

o= (ﬂj (4.16)
g ( n
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Eq. (4.16) allows us to determine the built-in poi@ of ap-n junction from the standard
semiconductor parameters, such as doping condenisatand the intrinsic carrier
concentration. When knowing the built-in potentisd can calculate the width of the space
charge region of thp-n junction in the thermal equilibrium. Substitutipg using Eq. (4.16)
into Eq. (4.13) and taking the condition (4.7) iaktcount, the resulting expressionslfoand

|, are obtained. The full derivation can be foundeiwample in referenée

2€ & N 1
| = r0yy Al 4.17a
n \/ q l/IO ND [NA_'_NDJ ( )
26 & N 1
| = r€o D 4.17b
P \/ q I’UO NA(NA-'- ND] ( )

The total space-charge widtt\, is the sum of the partial space-charge widththén-type
andp-type semiconductors and can be calculated usin¢4ELB).

26, & 1 1
W:|n+|p:\/;qow0 [N—+N—j (418)
A D

The space-charge region is not uniformly distriduite the n-type andp-type regions. The
widths of the space-charge region in thiype andp-type semiconductor are determined by
the doping concentrations as illustrated by Eq4.7@) and (4.17b), respectively. Knowing the
expressions fol, andl, we can determine the maximum value of the inteetedtric field,
which is at the metallurgical junction. By subdiitg |, expressed by Eq (4.17b) into Eqg.
(4.7b) we obtain the expression for the maximunueaf the internal electric field.

Emax=\/ 2 f//o( NaN, ] (4.19)

gr‘go NA+ND

2D.A. Neaman, Semiconductor Physics and devicesicB&inciples, McGraw-Hill, 2003.
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EXAMPLE

A crystalline silicon wafer is doped with 1x $acceptor atoms per cubic centimetre. A 1 micromtstiek

emitter layer is formed at the surface of the wafdth a uniform concentration of 1x¥bdonors per cubic
centimetre. Assume a step p-n junction and thad@ting atoms are ionized. The intrinsic carriencentration
in silicon at 300 K is 1.5x18 cm?.

Let's calculate the electron and hole concentragiom the p-type and n-type quasi-neutral regionsharmal
equilibrium. We shall use Egs. (4.1a,b) and Eq4d) to calculate the charge carrier concentrago

P-type region:

P= Py =N, =1x 10° cni®.

4
n=ng, = nf/ Ppo = (1.5><101°)2/1016 =225%10 cm®
N-type region:
n=n,=Np=1x 10" cm?®

2
D= Py =n?/ny, = (15x10°f /10 = 225x10 cm*

We can calculate the position of the Fermi energyhe quasi-neutral n-type and p-type regions, eetipely,
using Eq. (3.18a). Let's assume that the referemzggy level is the bottom of the conduction b&yd) eV.

N-type region:

E, - E. = —kTIn(N. /n) = -0.0258In(332x10°/1x10°*) = ~009eV
P-type region:

E. - E. = -kTIn(N. /n) = 0.0258n(332x10"*/ 225x10*) = -090eV
The minus sign tells us that the Fermi energy stjpmed below the £

The built-in voltage across the p-n junction isceédited using Eq. (4.16)

W, = k—qT In(%} - 00258n{L0° x10%/ (15x10°) )= 081

The width of the depletion region is calculatedchirgq. (4.18)

2¢. € 11 2x11.7x8.854x10™ 11 }
w= [y =+ = | = x 081x| —— +—— | = 325x10°cm= 0.325
\/ q wO[NA NDJ \/ 1.602x107%° (1016 1018j Hm

A typical thickness of c-Si wafer is 3@®. The depletion region is Qud which represents 0.1% of the thickness
of the wafer. It is important to realize that almhtise whole bulk of the wafer is a quasi-neutraiom without the
internal electrical field.

The maximum electric field is at the metallurgigadction and is calculated from Eq. (4.19).

—19 6 8
G| 20y, [ Nalo | | 2x160210°° 0, % =50x10°V cmi*
g6 °\N,+N, | |11.7x8854x10 10°+10°
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4.2.3 p-njunction under applied voltage

When an external voltag&/, is applied to g-n junction the potential difference
between then-type andp-type regions will change and the electrostatic e across the
space-charge region will becomey (- V,). Remember that under equilibrium the built-in
potential is negative in the-type region with respect to thmetype region. When the applied
external voltage is negative with respect to théepital of thep-type region, the applied
voltage will increase the potential difference asrthep-n junction. We refer to this situation
as p-n junction under reverse-bias voltage. The poteriatrier across the junction is
increased under reverse-bias voltage, which reguliswider space-charge region. The band
diagram of thgy-n junction under reverse-biased voltage is presemdegure 4.7a. Under
external voltage thp-n junction is not under equilibrium any more and tloacentrations of
electrons and holes are described by the quasiiferengy for electrons,dg, and the quasi-
Fermi energy holes, &z, respectively. When the applied external voltaggositive with
respect to the potential of thetype region, the applied voltage will decrease pth&ential
difference across the-n junction. We refer to this situation @sn junction under forward-
bias voltage. The band diagram of i@ junction under forward-biased voltage is presented
in Figure 4.7b. The potential barrier across thecfion is decreased under forward-bias
voltage and the space charge region becomes narrdle balance between the forces
responsible for diffusion (concentration gradieam)d drift (electric field) is disturbed. The
lowering of the electrostatic potential barrierdsato a higher concentration of minority
carriers at the edges of the space-charge regimpaed to the situation in equilibrium. This
process is referred to as minority-carriejection. This gradient in concentration causes the
diffusion of the minority carriers from the edgéarhe bulk of the quasi-neutral region.

|
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-q(WotVy)

|
—/- -qQy pP———
Xe Xe
-qy
f
/

Ev

Figure 4.7: Energy band diagram and potential [@din red colour) of g-n junction under
a) reverse bias, and b) forward bias.
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The diffusion of minority carriers into the quamsutral region causes a so-called
recombination current, Jie, Since the diffusing minority carriers recombinghathe majority
carriers in the bulk. The recombination currentc@npensated by the so-callégermal
generation current, Jyen, Which is caused by the drift of minority carrienghich are present in
the corresponding doped regions (electrons inphgpe region and holes in thetype
region), across the junction. Both, the recombaratiand generation currents have
contributions from electrons and holes. When ndagd is applied to thp-n junction, the
situation inside the junction can be viewed as lihlance between the recombination and
generation currents.

J=J =34 =0 forVa=0V (4.20)
It is assumed that when a moderate forward-biasagel is applied to the junction the
recombination current increases with the Boltzméawtor (ex;:(qva/kT)) the Boltzmann

approximatior):

3fv)= 3.0, = 0) e B @a1)

On the other hand, the generation current is almospendent of the potential barrier across
the junction and is determined by the availabitifythe thermally-generated minority carriers
in the doped regions.

‘]gen(va) =J gen(va = O) (422)

The external net-current density can be expressed a
_ _ qVv,
‘](Va)_ ‘]rec(va)_‘]gen(va)_ ‘]O ex k_-F -1 ) (423)

whereJp is the saturation-current density of g junction, given by

J,=3,..(V,=0) (4.24)

gen
Eq. (4.23) is known as thghockley equation that describes the current-voltage behavior of
an idealp-n diode. It is a fundamental equation for microelagics device physics. The
detailed derivation of the dark-current density tbé p-n junction is carried out in the
Appendix 4.4.1 of Chapter 4. The saturation-curdamtsity is expressed by Eq. (4.25)

Jo=qni[-2n 4 Pe | (4.25)
L N, L,N,

The saturation-current density depends in a compigx on the fundamental semiconductor
parameters. Ideally the saturation-current densitguld be as low as possible and this
requires an optimal and balanced design ofptitygpe andn-type semiconductor properties.

4.14



SOLAR CELLS Chapter 4. Solar Cell Operational Principles

For example, an increase in the doping concentratiecreases the diffusion length of the
minority carriers, which means that the optimalduct of these two guantities requires a
delicate balance between these two properties.

The recombination of the majority carriers du¢he diffusion of the injected minority
carriers into the bulk of the quasi-neutral regioesults in a lowering of the concentration of
the majority carriers compared to the one undeilibgum. The drop in the concentration of
the majority carriers is balanced by the flow o tinajority carriers from the electrodes into
the bulk. In this way the net current flows throutife p-n junction under forward-bias
voltage. For high reverse-bias voltage, the Boltamtactor in Eq. (4.23) becomes very small
and can be neglected. The net current densitywengdy

JVv,)=-3,, (4.26)

and represents the flux of thermally generated ntih@arriers across the junction. The
current density-voltagel{V) characteristic of an ideg@kn junction is schematically shown in
Figure 4.8.

Slope g/kT
-Jy In (Jp)

> >

B v v
) Reverse | Forward
bias bias

Figure 4.8.J-V characteristic of a-n junction; a) linear plot and b) semi-logarithmiotp

4.2.4 p-njunction under illumination

When ap-n junction is illuminated the additional electronié@airs are generated in
the semiconductor. The concentration of minoritgriees (electrons in thp-type region and
holes in then-type region) strongly increases. This increasenendoncentration of minority
carriers leads to the flow of the minority carri@soss the depletion region into the qausi-
neutral regions. Electrons flow from tipetype into then-type region and holes from time
type into thep-type region. The flow of the photo-generated cesrieauses the so-called
photo-generation current, Jon, Which adds to the thermal-generation currdgd, When no
external contact between thetype and thep-type regions is established, which means that
the junction is in the open-circuit condition, net current can flow inside th@n junction. It
means that the current resulting from the flux bbfe-generated and thermally-generated
carriers has to be balanced by the opposite recatibn current. The recombination current
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will increase through lowering of the electrostatatential barrier across the depletion region.
This situation of the illuminateg-n junction under open-circuit condition using thentha
diagram is presented in Figure 4.9a. The electiogtatential barrier across the junction is
lowered by an amount o¥,.. We refer toV,. as the open-circuit voltage. Under non-
equilibrium conditions the concentrations of elen and holes are described by the quasi-
Fermi energy levels. It is illustrated in FigureQd.that the electrochemical potential of
electrons, denoted bygg is higher in the n-type region than in theype region by an
amount ofg V,.. This means that a voltmeter will measure a veltifference o, between
the contacts of thp-n junction. Under illumination, when thetype andp-type regions are
short circuited, the photo-generated current wabdalow through the external circuit. This
situation is illustrated in Figure 4.9b. Under thleort-circuit condition the electrostatic-
potential barrier is not changed, but from a streagation of the quasi-Fermi levels inside
the depletion region one can determine that theentirs flowing inside the semiconductor.

vy vy
0 —— 0 \
) q LIJ /
Xe - q lp Xe
- .
Fe Erc f Erc
-q VOC\ EC
E -
E, AN ¥-q(WoVoc) Ery /_ qu
Ev
E E

Figure 4.9. Energy band diagram and electrostatiergial (in red colour) of an illuminated
p-njunction under the a) open-circuit and b) shorttdi conditions.

When a load is connected between the electroddseafluminatedp-n junction, only

a fraction of the photo-generated current will fltivough the external circuit. The electro-
chemical potential difference between tiype andp-type regions will be lowered by a
voltage drop over the load. This in turn lowers #hectrostatic potential over the depletion
region which results in an increase of the recomtimn current. The net current flowing
through the load is determined as the sum of tlwgpland thermal generation currents and
the recombination currenthe superposition approximatipnrhe voltage drop at the load can
be simulated by applying a forward-bias voltageht® junction, therefore Egs. (4.23), which
describes the behaviour of the junction under applioltage, is included to describe the net
current of the illuminate@-n junction:

‘] (Va) = ‘]rec(va)_ ‘]gen(va)_ ‘] ph = JO [ex{i_\-?j _1i| - J ph (427)
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The dark and illuminated-V characteristics of the-n junction are represented in
Figure 4.10. Note, that the superposition principleeflected in Figure 4.10. The illuminated
J-V characteristic of thp-n junction is the same as the dark characteristic, but it is shifted
down by the photo-generated current dengily The detailed derivation of the photo-
generated current density of then junction is carried out in the Appendix 4.4.2 didpter 4
and its value under uniform generation r&eis

I;n=0aG(Ly +W+Lp), (4.28)

wherelLy andLp is the minority-carrier-diffusion length for eleshs and holes, respectively,

andW is the width of the depletion region. It meansyorrrriers generated in the depletion
region and in the regions up to the minority-cardéfusion length from the depletion region

contribute to the photo-generated current. Eq.8(iuseful when designing the thickness of
a solar cell. The thickness of the absorber shootdbe thicker than the region from which

the carriers contribute to the photo-generatedeotirr

Hluminated

Jph

Figure 4.10J-V characteristics of p-njunction in the dark and under illumination.

43 Solar cell external parameters

The main parameters that are used to charactiérzeerformance of solar cells are
the peak powePmay the short-circuit current densitys., the open-circuit voltagé/,., and
the fill factor,FF. These parameters are determined from the illut@éhkV characteristic as
illustrated in Figure 4.10. The conversion effia@gm, is determined from these parameters.
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Short-circuit current

The short-circuit currents, is the current that flows through the externedwit when the
electrodes of the solar cell are short circuitete $hort-circuit current of a solar cell depends
on the photon flux density incident on the soldk, tleat is determined by the spectrum of the
incident light. For the standard solar cell measumets, the spectrum is standardized to the
AML1.5 spectrum. Thés. depends on the area of the solar cell. In ordegzrtwove the
dependence of thig; on the solar cell area, the short-circuit curdsntsity is often used to
describe the maximum current delivered by a saflr The maximum current that the solar
cell can deliver strongly depends on the opticapprties (absorption in the absorber layer
and total reflection) of the solar cell.

In the ideal casds: is equal to thdyn as can be easily derived from Eq. (4.27). Jhe
can be approximated by Eqg. (4.28), which showsithease of ideal diode (for example no
surface recombination) and uniform generationctitecal material parameters that determine
the Jpn are the diffusion lengths of minority carriersystalline silicon solar cells can deliver
under an AM1.5 spectrum a maximum possible cudensity of 46 mA/crh In laboratory c-
Si solar cells the measurégis above 42 mA/cfy and commercial solar cell have the
over 35 mA/crf.

Open-circuit voltage

The open-circuit voltage is the voltage at whichcnorent flows through the external circuit.
It is the maximum voltage that a solar cell canvael TheV, corresponds to the forward
bias voltage, at which the dark current compengateghoto-current. Thé,. depends on the
photo-generated current density and can be cagmifadom Eq. (4.26) assuming that the net
current is zero.

J
v, =KD Zen g (4.29)
oc q JO

The above equation shows thgt depends on the saturation current of the solaéaoel the
photo-generated current. Whilg, typically has a small variation, the key effecttie
saturation current, since this may vary by ordémmagnitude. The saturation current density,
Jo, depends on the recombination in the solar cékeréfore V,c is a measure of the amount
of recombination in the device. Laboratory crystaisilicon solar cells have\g, of up to

720 mV under the standard AM1.5 conditions, whdenmercial solar cells typically hawég
above 600 mV.

Fill factor
The fill factor is the ratio between the maximunweo Pmax= Jmp X Vmp) generated by a solar
cell and the product &f,. andJsc (see Figure 4.10).

FF="m m (4.30)
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In case that the solar cell behaves as an ideaedibe fill factor can be expressed as a
function of open-circuit voltage

£F = Yoo ~Inlv, + 072) (4.31)
v, +1

wherev,, :k—(.‘rVoc is a normalized voltage. Eq. (4.31) is a good aepipnation of the ideal

value ofFF for v, >10. TheFF as a function oY is shown in Figure 4.11. The figure

shows thaFF does not change drastically with a chang¥.y For a solar cell with a
particular absorber, large variationsvg are not common. For example, at standard
illumination conditions, the difference between thaximum open-circuit voltage measured
for a silicon laboratory device and a typical comered solar cell is about 120 mV, giving the
maximalFF of 0.85 and 0.83, respectively. However, the Viiein maximumFF can be
significant for solar cells made from different mals. For example, a GaAs solar cell may
have aF approaching 0.89.

0.9+ =

0.8 7

0.6 .

0.5F n=15p

Fill Factor

0.4} .

0.3F B

0.2+ B

0 | | | | |
0.4 0.6 0.8 1 1.2 1.4 1.6

Voc [V]

Figure 4.11. Th&F as a function oY, for a solar cell with ideal diode behaviour.

However, in practical solar cells the dark dioderent Eq. (4.23) does not obey the
Boltzmann approximation. The non-ideal diode isragpnated by introducing ardeality
factor, n, into the Boltzmann factore(xp(qva/nkT)). Figure 4.11 also demonstrates the

importance of the diode ideality factor when intiodd into the normalized voltage
(v,. =V,.q/nkT ) in Eq. (4.31). The ideality factor is a measuféhe junction quality and

¥ M.A. Green, Solar Cells; Operating Principles, fremiogy and System Applications, Prentice-Hall, 298
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the type of recombination in a solar cell. For ttieal junction where the recombination is
represented by the recombination of the minorityiees in the quasi-neutral regions the n-
factor has a value of 1. However, when other redpatibn mechanisms occur, thefactor
can have a value of 2. A highvalue not only lowers th&F, but since it signals a high
recombination, it leads to a loW,. EQ. (4.31) describes a maximum achievabife In
practice thé=F is often lower due to the presence of parasiststize losses.

Conversion efficiency

The conversion efficiency is calculated as theorattween the generated maximum power
and the incident power. The irradiance valBg, of 1000 W/ni of AM1.5 spectrum has
become a standard for measuring the conversiatiesftiy of solar cells.

J. .V
— mp " mp - ‘]scvoc FF (432)
P P P

in in in

Typical external parameters of a crystalline eilicsolar cell as shown in Figure 3.1
are; Jsc of 35 mA/cnf, Vo up to 0.65 V and F in the range 0.75 to 0.80. The conversion
efficiency lies in the range of 17 to 18%.
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EXAMPLE

A crystalline silicon solar cell generates a phaotorent density . = 35 mA/cri. The wafer is doped with
1x10'" acceptor atoms per cubic centimeter and the emldtger is formed with a uniform concentration of
1x10" donors per cubic centimeter. The minority-carritiffusion length in the p-type region and n-typgioa

is 500x10° m and 10x1¢ m, respectively.

The intrinsic carrier concentration in silicon ad8 K is 1.5x16° cm?®, the mobility of electrons in the p-type
region isu, = 1000 cniV's™ and holes in the n-type regioryig= 100 cnfV's™.

Assume that the solar cell behaves as an idealedi@dlculate the built-in voltage, open-circuit tegje and the
conversion efficiency of the cell.

Jon = 350 A/nf.

Na = 1x10Y cm® = 1x10% m®.

Np = 1x10% cm® = 1x10?° m?,

Ly = 500x10° m.

Lp = 10x 10° m.

Dy =(KT/Q) un = 0.0258 V x 1000x10 nfV's* = 2.58x10° nfs™,
Dp =(kT/q) up = 0.0258 V x 100x10d n?V's* = 0.258x10° nf's™.

Using Eq (4.16) we calculate the built-in voltadete cell:

AT
q N

wo = 0.0258 V x In((1x18® m*®x1x10% m?)/ (1.5x10%)? m®) = 0.92 V

According to the assumption the solar cell behaagsan ideal diode, it means that the Shockley émuat
describing the J-V characteristic is applicable.idsEq. (4.25) we determine the saturation-curréernsity:

JO:an &-{-&
LN, LN,

Jo = (1.602x10" C x (1.5x10%% m®) x
[(2.58%10° n’s/(500x10° m x 1x1G* m®) + (0.258x10° nfs*/(10x10° m x 1x10° m?))]=
3.6x10° C m® x [(5.16x10% + 2.58x10%%) m's?] = 1.95x10° C s'm? = 1.95x10° Am?

Using Eq. (4.29) we determine the open-circuitaggt
J

V., :E |n[_ph +1J
q J

0

Voo = 0.0258 V x In((350 AffY 1.95x10° Ami?) + 1) = 0.67 V

The fill factor of the cell can be calculated frétg. (4.31). First we normalize theV
Vo= Voo /(KT/q)=0.67 V/0.0258 V = 26.8
FE = Voo = In(voc + 0.72)
v, +1
FF = (26.8 — In(26.8+0.72))/(26.8+1)=0.84

The conversion efficiency is determined using E@2)
—_ ‘]sCVOC FF

TR

#=(350 An¥* x 0.67 V x 0.84)/1000 W = 0.197

7n=19.7%
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44  Appendix

441 Derivation of J-V characteristicin dark

When an external voltag&/, is applied to g-n junction the potential difference
between then-type andp-type regions will change and the electrostatic e across the
space-charge region will becomgo (- V,). Under the forward-bias condition an applied
external voltage decreases the electrostatic-patatifference across thg-n junction. The
concentration of the minority carriers at the edgethe space-charge region increases
exponentially with the applied forward-bias voltabat it is still much lower that the
concentration of the majority carrieroW-injection conditions The concentration of the
majority carriers in the quasi-neutral regions @b change significantly under forward bias.
The concentration of charge carriers ip-a junction under forward bias is schematically
presented in Figure 4.12.

n-type Si p-type Si

In(n)
In(p)

. a
Position

Figure 4.12. Concentration profiles of mobile cleaogrriers in g-n junction under forward
bias (blue line). Concentration profiles of casiemder thermal equilibrium are shown for
comparison (black line).

The concentrations of the minority carriers at duges of the space-charge region,
electrons in the-type semiconductor and holes in thype semiconductor after applying
forward-bias voltage are described by Eq. (4.38d)Eg. (4.33b), respectively.

2
Ny =Ny exp{qva / kT] = :l—ieXF{an / kT] (4.33a)

A
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2
P = Pro exilaV, /KT] =T explaV, /kT] (4.33b)

D

Since it is assumed that there is no electrid fielthe quasi-neutral region the current-
density equations of carriers reduce to only diffagerms and are not coupled by the electric
field. The current is based on the diffusive flov¥arriers in the quasi-neutral regions and is
determined by the diffusion of the minority carsieiThe minority-carriers concentration can
be calculated separately for both quasi-neutraloresy The electron-current density in the
quasi-neutral region of thp-type semiconductor and the hole-current densitthen quasi-
neutral region of then-type semiconductor are described by Eq. (4.34a) Eapd(4.34b),
respectively.

J, =qD, —3” (4.34a)
X
dp
J., =—-aD, — 4.34b
»=-D, (4.34D)

The continuity equations (Eq. 3.54) for electrond holes in steady-statén{ot = 0 andop/ot
= 0) can be written as

1dJ,
= -R. +G,. =0 4.35a
q dx Ry + Gy (4.352)
1dJ,
-z -R.+G.=0 4.35b
q dx Re +Gp ( )

Underlow-injection conditionsa change in the concentration of the majorityiees due to
generation and recombination can be neglected. Henvéhe recombination-generation rate
of minority carriers depends strongly on the in@ctand is proportional to the excess of
minority carriers at the edges of the depletionaiegThe recombination-generation rate of
electrons,Ry, in the p-type semiconductor and holeRp, in the n-type semiconductor is
described by Eqg. (3.29a) and Eq. (3.29b), respalgtiv

R, =20 (4.363)

R = ¥, (4.36b)

where An is the excess concentration of electrons inpthge semiconductor with respect to
the equilibrium concentratiom,g andz, is the electrons (minority carriers) lifetime aAd is

the excess concentration of holes in tHiype semiconductor with respect to the equilibrium
concentratiorp,g andz, is the holes (minority carriers) lifetimé&n andA p are given by Eq.

(4.37a) and Eq. (4.37b), respectively,
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An=n,(x)-n, (4.37a)
Ap = p,(X) = Py (4.37b)

Combining Eg. (4.35a) with Eq. (4.34a) and Eq. §4)3results in Eq. (4.38a) that describes
the diffusion of electrons in thetype semiconductor, while combining Eq. (4.35b)mwig.
(4.34b) and Eq. (4.36b) results in Eq. (4.38b) tlecribes the diffusion of holes in thvype
semiconductor

dznp(x) _An

Dy oF _T_n Gy (4.38a)
2

b 4°p(X) _Bp _ - (4.38b)

Podx r P

p

Substitutingny(x) from Eq. (4.37a) angn(x) from Eqg. (4.37b) into Eg. (4.38a) and Eq.
(4.38Db), respectively, knowing thaaiznpo/dx2 =0, d*p,,/dx¥’ =0 and in darkGy = Gp = 0,

Egs. (4.38a) and Eq. (4.38b) simplify to

d’An _ An
= 4.39a
dx¥’ Dy, ( )
d’Ap _ Ap
= 4.39b
dx*  Der, ( )

The electron-concentration profile in the quasitreduregion of thep-type semiconductor is
given by the general solution to Eq. (4.39a):

An(x) = Aex;{%} + Bex;{— Lij (4.40a)

wherelL, =,/D,7, (Eg. (3.30a)) is the electron minority-carrierfd#ion length. The starting

point of the x axis is defined at the edge of teplétion region in the-type semiconductor
and denoted as a (see Figure 4.12). The infinigkless of thep-type semiconductor is
assumeddpproximation of the infinite thicknés§he constantd andB can be determined
from the boundary conditions:

1. At x=0, n, =n_exdqV, /KT),
2. npis finite atx — oo, thereforeA=0.

Using the boundary conditions the solution for tbacentration profile of electrons in tpe
type quasi-neutral region is
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n,(x)=n, + npo{ex;{ qk\? j —1} ex;{— Li] : (4.41a)

The hole concentration profile in the quasi-neutegion of then-type semiconductor is given
by the general solution to Eq. (4.39b):

Ap(x)=A ex;:{l_i'j +B ex;{— Lij (4.40b)

P P

where L, =,/Dy7, (Eq. (3.30b)) is the hole minority-carrier diffosi length. The starting

point of the X axis (X =-x) is defined at the edge of the depletion regiorthen-type
semiconductor and denoted as b (see Figure 4.18. ififinite thickness of the-type
semiconductor is assumeabproximation of the infinite thickngsd'he constants\' and B'
can be determined from the boundary conditions:

1. At X =0, p,, = p,,expqV,/kT),
2. pnis finite atX — o, thereforeA' =0.

The concentration profile of holes in the quasitreduregion of then-type semiconductor is
described by Eq. (4.41D).

pn (X') = pnO + pn0|:eXF{ ?(\-I/?) _1:| eX[{— LLIJ (441b)

When substituting the corresponding concentratiafilps of minority carriers (Eq. (4.41))
into Eq. (4.34) one obtains for the current deesiti

J,(x) :%{ex;{i—\?j -1} ex;{— Llj (4.42a)
Jp(x') :%[ex;{i—\_{f‘) —1}ex;{—|—1’) (4.42b)

Under assumption that the effect of recombinatiod thermal generation of carriers in the

depletion region can be neglected, which meanglieagtlectron and hole current densities are
essentially constant across the depletion regina,an write for the current densities at the
edges of the depletion region

Dyn
‘]N|x:O:‘]N|x':O:q LN po[ex{i\ﬁj_l} (4.43a)
N
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Jp] veo =Jpleo = ADe Prg [exr{qva) —1} (4.43b)

L, kT

The total current density flowing through tipen junction at the steady state is constant
across the device therefore we can determine tta ¢orrent density as the sum of the
electron and hole current densities at the edgédseadepletion region:

aDyn, . gD, p F(qv j
JV. )= o+ J | = PO 4 P _1Fn0 e a -1 4.44
( a) N|x—0 P|x—0 ( LN Lp X kT ( )

Using Eq. (4.2b) and Eq. (4.1b), Eq. (4.44) cancveitten as

_ ava | _
J(va)_J{ex;{Wj 1} (4.45)

whereJ, is the saturation-current density of @ junction which is given by Eq. (4.46)

D .2 D '2
‘Jo — q Nn| + q P nl (446)
L N, L.N,

Eq. (4.45) is known as tHghockley equation that describes the current-voltage behaviour of
an idealp-n diode. It is a fundamental equation for microeiagics device physics.
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4.4.2 Derivation of J-V characteristic under illumination

When ap-n junction is illuminated the additional electronkh@airs are generated
through the junction. In case of moderate illumioratthe concentration of majority carriers
does not change significantly while the concergratf minority carriers (electrons in tipe
type region and holes in tmetype region) will strongly increase. In the followji section it is
assumed that the photo-generation r&eijs uniform throughout the-n junction (niform
generation-rate approximation This assumption reflects a situation when theiate is
illuminated with a long-wavelength light which issakly absorbed by the semiconductor. The
concentration of charge carriers inpan junction with uniform photo-generation rate is
schematically presented in Figure 4.13.

n-type Si p-type Si
Nno = Np
Ppo = Na
In(n)
In(p)
Gt
G T J' s
Npo = N%/NA
Pno = N%/Np

.. a
Position

Figure 4.13: Concentration profiles of mobile clearriers in an illuminateg-n junction
with uniform generation rat& (orange line). Concentration profiles of chargeiees under
equilibrium conditions are shown for comparisora@ line).

Egs. (4.38) describe the steady-state situationnforority carriers when the junction is
illuminated. In this case the generation rate isz@oo and the equation can be rewritten to

dAn_ An _ G (4.472)
dX¥ Dy1, D, '
dAp_ 4p _G (4.47b)
d D7, D

Under the assumption thab/D,, and G/D, are constant, the general solution to Eq. (4.47)
is
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An(x)=Gr, +C ex;{LiJ +D ex;{— LLJ (4.483)

N N

Ap(x)= Gr,+ C'exp{%) + D'ex;{— LLJ (4.48b)

P P

The constants in the Eqgs. (4.48) can be determfired the same boundary conditions as
were used in the analysis of then junction in dark. The particular solution for the
concentration profile of electrons in the quasitreuegion of thep-type semiconductor and
holes in the quasi-neutral region of thdype semiconductor is described by Eq. (4.49a) and
EqQ. (4.49Db), respectively.

np(x) =n, +Gr + {npo(ex{%j —1) —Gr,iexp{—%} (4.49a)
p,(X) = py +GT, + [ pno(eX[{i—\_I{j -1} —Grp}ex{— Lij (4.49D)

When substituting the corresponding concentratiafilps of minority carriers (Eq. (4.49))
into Eq. (4.34) one obtains for the current deesiti

D
\]N(x):M exp{ﬂj—l exp -— | -qGL, exg —— (4.50a)
L, KT L, L,

, D; p, \Y X X
Jp(x) :qE—PpO[ex;{E—Tj —1} ex;{—L—PJ -qGL, ex;{—L—Pj (4.50Db)

In case of idegb-n junction the effect of recombination in the dejletregion was neglected.
However, the contribution of photo-generated chamgeiers to the current in the depletion
region has to be taken into account. The controutif optical generation from the depletion
region to the current density is given by

0

Jnlxeo =1 I(— G)dx=-qGW (4.51a)
-w

0

NI j (-G)dx = —qGwW (4.51b)
-W

The total current density flowing through then junction in the steady state is constant across
the junction therefore we can determine the tatalent density as the sum of the electron and
hole current densities at the edges of the deple&gion (the superposition approximation):
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R \V) S N R T :(QDano 4455 Py j{ex{anj _1} -qG(L, +L, +W) (4.52)
L, L, KT

EqQ. (4.52) can be rewritten as
IV)=3, [ex;{i—\_l/f‘) —1} - o, (4.53)

whereJyh is the photo-current expressed by Eq. 4.28

3 =aG (Ly +W+ L)

A number of approximations have been made in otdederive the analytical
expressions for the current-voltage characterigifcan idealp-n junction in dark and under
illumination. The approximations are summarizecbel

* The depletion-region approximation
* The Boltzmann approximation

» Lowe-injection conditions

» The superposition principle

» Infinite thickness of doped regions
* Uniform generation rate

The derived expressions describe the behaviour nofideal p-n junction and help to
understand the basic processes behind the opewdtitie p-n junction, but they do not fully
and correctly describe practigadn junctions. For example, the thickness qd-a junction is
limited, which means that the recombination at sheface of the doped regions has to be
taken into account. The thinner @en junction is, the more important the surface
recombination becomes. The surface recombinatiodifras the value of the saturation-
current density. Further it was assumed that thezeno recombination-generation processes
in the depletion region. However, in rgan junctions, the recombination in the depletion
region represents a substantial loss mechanisnseThad other losses in a solar cell are
discussed in Chapter 5.
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