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CHAPTER 7

PHYSICS OF ‘TYPICAL’ SOLAR CELLS

7.1 Introduction

In Part 1 of the book, we have calculated the thermodymic efficiency limit of an
”ideal” solar cell with only radiative recombination, infinite mobility and diffu-
sion length, and perfect contacts. In practice, finite mobility and diffusion length,
and imperfect contacts slows down the carrier extraction in the device. This in-
creases total recombination even in the radiative limit. Moreover, defects and
traps in bulk and at the interfaces further add to the net recombination through
non-radiative processes, such as defect-assisted Shockley-Read-Hall (SRH) recom-
bination. In high quality, direct bandgap materials (e.g., GaAs), the radiative and
non-radiative recombinations are comparable and both must be accounted for to
calculate the practical efficiency of the solar cell. For other PV materials (e.g., Si,
CIGS, etc.), solar cell performance is limited predominantly by non-radiative re-
combination. In this chapter, we will focus on calculating the efficiency of the
solar cell dominated by non-radiative recombination. We will also show how this
efficiency calculated with non-radiative recombination transitions to the thermo-
dynamic efficiency when only radiative recombination is present.

Physics of Solar Cells.
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Figure 7.1 (a) Schematic band diagram of a typical p-n junction solar cell, showing
the photogeneration and recombination processes, along with the carrier transport. (b)
Schematics of the generation profile G(x), and recombination profile R(x) inside the solar
cell shown in the area plot. The difference between the area under these curves determines
the output current of the solar cell (c) Typical equivalent circuit used for solar cells which
show superposition. The photocurrent is represented by a current source Jph, in parallel
to the dark diode current Jdark. The parasitic shunt Rsh and series Rs resistances are also
shown.

7.2 Generation, recombination, and the J -V relationship

At the fundamental level, all solar cells operate by separating the photogenerated
carriers using a built-in electric field, as shown schematically for a p-n junction
solar cell in Fig. 7.1(a). All solar cells, however, suffer from bulk and surface re-
combination, which results in the loss of some of these carriers before they can be
collected at the contacts. Therefore, current density in an illuminated solar cell can
be written most generally, as a difference between total generation (G(x)) and net
recombination (R(x)), integrated over the cell, so that [1],

Jtotal(V ) = q

∫
cell

G(x)dx− q
∫
cell

R(x, V )dx. (7.1)

This is shown schematically as the area under the generation G(x) and recombi-
nationR(x, V ) profiles in Fig. 7.1(b). The dependencies of Jtotal are determined by
the voltage and photogeneration dependence of the recombination profileR(x, V ).

The expression given above may seem complicated to solve, and would make it
difficult to understand the physics of solar cells. To simplify, we can subdivide the
analysis of the J − V characteristics into two parts: (i) carriers under dark, and (ii)
collection of photogenerated carriers. Carrier collection under dark can be thought
of recombination current for the solar cell. Of-course, under illumination, a frac-
tion of the photogenerated carriers may recombine before collection. Therefore,
we can write the total solar cell current as the combination of the photogenerated
carrier collection and the dark recombination current as follows:

Jtotal = Jph(G,V )− Jdark(V ). (7.2)
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Figure 7.2 Illustration of over the barrier carrier transmission.

The photogenerated carrier current Jph depends on photo-generation G and the
bias V . The dark current Jdark only depends on V –this is essentially a diode char-
acteristic. Therefore, the equivalent circuit of the solar cell consists of a voltage de-
pendent current source with a diode connected in parallel, see Fig. 7.1. In practice,
there can be parasitic current paths between the two contacts of the device–this
results in a equivalent shunt resistance Rsh. The external series resistance Rs is
due to contact sheet resistance.

In this chapter, we will discuss the physics and J−V relations for some common
solar cell structures (e.g., p-i-n, p-n, and heterojunction devices). We will first
discuss the ideal solar cell configuration with no shunt and series resistance (i.e.,
Rs = 0, Rsh → ∞). Then we will explain the physics and universal statistics of
shunts in solar cells.

7.3 Background: over the barrier carrier transmission

We will use the idea of carrier transmission over a barrier to explain dark and light
J − V for various solar cell configurations. As shown in Fig. 7.2, electrons within
the device can reach the left (or right) contact by going over the energy barrier
EB,L (or EB,R). Thermionic emission is suppressed exponentially in presence of a
barrier. Therefore, transmission coefficient of the electrons from the device to the
left contact is γRL = vL exp(−EB,L/kBT ). Here, vL is the collection velocity at the
left contact. Similarly, γLR = vR exp(−EB,R/kBT ).

7.4 Physics of p-i-n solar cells

Although the p-n junction devices are more commonly and broadly discussed in
textbooks, we start our discussions from a p-i-n structure for easier understanding.
The p-i-n solar cells have basically an intrinsic active layer sandwiched between
very thin n- and p- layers as shown in Fig. 7.3(a). The doped layers defines the
built in potential and acts as carrier collection layers.

The thin film a-Si:H and nc-Si:H cells are practical examples of p-i-n homo-
junctions. In these cells, the i-layer is in the order of couple of 100nm. We will
be focusing on the important current transport phenomena in these thin film PV
(TFPV) cells, which distinguish them from good quality c-Si cells. We choose the
a-Si:H cells as our model system, as it is possible to solve the transport equations
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Figure 7.3 (a) Carrier injection from the contacts under dark conditions in p-i-n device.
(b) Flow of photo-generated carriers. (c) J − V characteristics of p-i-n solar cell.

analytically for a typical a-Si:H p-i-n solar cell under reasonable assumptions, and
this solution offers important insights into the various components and their de-
pendencies.

In this section, we will derive analytical expressions for the various current
fluxes for a-Si:H p-i-n solar cells. For a p-i-n cell J − V relationship can be found
analytically in absence of bulk recombination, under the following assumptions:

(a) the thickness of i-layer is much larger than the p/n layers, i.e. W ≈ di, where
di is the thickness of i-layer;

(b) electric field inside the i-layer is constant and is given by E = (V − Vbi)/W ,
where Vbi is the built in potential;

(c) the generation rate can be approximated by a constant G across i-layer.

With these assumptions, the transport for electrons and holes become decoupled.
As a result the electron and hole currents, and the total current, also separates
into two terms namely, photocurrent (Jph) and ‘ideal’ diode current (Jdark) com-
ponents.

7.4.1 Dark current: p-i-n cells

Let us first focus on electron transport in the p-i-n cell under dark. At equilibrium
(bias V = 0) the electron density is nL0 = ND at the left (n/i interface) and nR0 =
n2
i /NA at the right (i/p interface). Assuming no bulk recombination, the carrier

velocity is equal to the thermal velocity v0 in all layers. Now, the electrons from
any position can move/partition to right or left. The corresponding transmission
of electrons from left to right is γLR, and γRL vice versa. Therefore, the number of
electrons moving towards the from left n/i interface towards the right would be
nLR = nL0 × γLR/(γLR + γRL). And the corresponding current is qv0nLR. This
current is then balanced by electrons from right i/p interface towards the left. We
can now write the net electron current as,

Jn = qnL,0v0
γLR

γLR + γRL
− qnR,0v0

γRL
γLR + γRL

. (7.3)
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Now at V = 0, electron transmission is exponentially suppressed by the built in
barrier qVbi. Thus, γLR,0 = v0 exp(−EB,0/kBT ) = v0 exp(−qVbi/kBT ), and γRL,0 =
v0 × 1. Electron Flux balance at V = 0 ensures Jn(V = 0) = 0, and we find:

nL,0
nR,0

=
γRL,0
γLR,0

= e+qVbi/kBT (7.4)

As nR,0 = n2
i /NA, we can write: nL,0 = (n2

i /NA)e+qVbi/kBT .
Now at any bias V , the electronic barrier height in the i-layer is q(Vbi−V ) which

gives γLR = v0 exp(−q(Vbi − V )/kBT ). The electron current:

Jn = qnL,0v0
γLR

γLR + γRL
− qnR,0v0

γRL
γLR + γRL

(7.5)

=
qv0

γL + γR
(nL,0γL − nR,0γR) (7.6)

=
qv0

exp(−q(Vbi − V )/kBT ) + 1

n2
i

NA

[
eqVbi/kBT e−q(Vbi−V )/kBT − 1

]
(7.7)

= q
n2
i

NA

[
µn(V − Vbi)/d

exp(q(V − Vbi)/kBT ) + 1

] [
eqV/kBT − 1

]
(7.8)

Finally, the dark current:

Jdark = Jn + Jp (7.9)

= q

[
µn

n2
i

NA
+ µp

n2
i

ND

] [
(V − Vbi)/d

exp(q(V − Vbi)/kBT ) + 1

] [
eqV/kBT − 1

]
(7.10)

≡ J01

[
eqV/kBT − 1

]
(7.11)

Here, q is electron charge, ND and NA are the doping densities of n and p layers
respectively, µn and µp denote the electron and hole mobilities, ni is the intrinsic
carrier density in a-Si:H, kB is the Boltzmann constant, and T is absolute temper-
ature. For V < Vbi, the middle term is close to (kBT/q)(1/d), and the equation
simplifies to familiar ideal diode equation (with ideality factor 1, and saturation
current density J01), i.e.,

Jdark ≈ q
(
Dp

W

n2
i

ND
+
Dn

W

n2
i

NA

)
︸ ︷︷ ︸

J01

[
exp

(
qV

kBT

)
− 1

]
, (7.12)

which is same as an ideal diode injection current [? ]. As we will be able to compare
later, this equation is exactly like the ideal p-n junction diode equation, except the
electron and hole diffusion lengths are replaced by the i-layer thickness. Equation
(7.10) remains valid for V > Vbi, where the equation simplifies to a linear function
of applied voltage

Jdark ≈ q(µnND + µpNA)︸ ︷︷ ︸
σ

V − Vbi
d︸ ︷︷ ︸
E

, (7.13)

as expected in the series resistance limited regime. We must emphasize that this
current is due to intrinsic resistivity of a-Si:H layer, and external series must be
accounted for separately.
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Homework 7.1: Thin film a-Si:H solar cell: dark current

Thin film a-Si:H solar cells (p-i-n) are typically 250-500nm (i-layer) thick. As-
sume, 300nm thick i-layer, NA = ND = 1018cm−3, and ni = 1010cm−3.
In intrinsic a-Si, typically mobilities are as follows: µn = 10cm2/Vs, and
µp = 1cm2/Vs. Assume diffusion length Ln = Lp = 200nm. Calculate the
diffusion coefficients and Vbi. Then find J01 and Jdark(V ) when V < Vbi.

7.4.2 Photocurrent: p-i-n cells

Now let us consider the p-i-n cell under illumination. For simplicity, we assumed a
constant generationG throughout the device. At any depth x, the photo-generated
electrons (or holes) partition into fluxes to right and left. The electrons (or holes)
reach the contact and recombine with holes (or electrons) to yield in the photo-
current Jph—we can calculate the net recombination or collection at either of the
contacts. Therefore, we calculate electron flux towards left n-contact to find elec-
tron contribution of photo-current,

Jph(n) = q

∫ W

0

Gdx
γLR,n

γRL,n + γLR,n
. (7.14)

The hole current is given by,

Jph(p) = −q
∫ W

0

Gdx
γLR,p

γRL,p + γLR,p
(7.15)

Finally, total photocurrent:

Jph = Jph(n) + Jph(p) (7.16)

= q

∫ W

0

Gdx

[
γLR,n

γRL,n + γLR,n
− γLR,p
γRL,p + γLR,p

]
(7.17)

= q

∫ W

0

Gdx

[
γLR,n

γRL,n + γLR,n
− γRL,n
γLR,n + γR,n

]
(7.18)

Here, we have used the fact that γLR,p = γRL,n. The last equation gives a differ-
ent interpretation of Jph. In simply states that the photo-generated electrons are
partitioned into left and right fluxes, and Jph can be calculated by combining the
opposing fluxes. Using the expressions of γ’s at depth x, we find

Jph = q

∫ W

0

Gdx

[
v0e
−E(W−x)/kBT

v0 + v0e−E(W−x)/kBT
− v0

v0 + v0e−E(W−x)/kBT

]
(7.19)

= qGW × 2LD
W

log cosh
W

2LD
(7.20)

≈ qGW
[
coth

W

2LD
− 2LD

W

]
. (7.21)

Here LD ≡ kBT/E = (kBT/q)(W/(V − Vbi)).
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This shows that the photocurrent in an ideal (no bulk recombination) p-i-n cell
is also voltage dependent [2], photocurrent in TFPV cells is fundamentally voltage
dependent, and the only parameters affecting it are total generation and built-in
potential. The reason behind this can be understood intuitively from arrows in
Fig. 7.3(b), which show that photogenerated carriers can either be collected by
electric field (γRL), or jump over the diode barrier and recombine at the wrong
contact (γLR). As the applied voltage increases, the built-in field reduces propor-
tionally, and the fraction of carriers getting to wrong contact increases and the
collection reduces. As the applied bias becomes equal to built-in potential Vbi,
the photocurrent becomes zero, as there is no electric field to separate the photo-
generated carriers. Above this voltage, the electric field inside the device changes
sign, and the carriers flow to opposite contacts, resulting in a positive photocur-
rent. Note that this behavior of the voltage dependent collection of photocarriers
also explains the widely reported dark and light IV crossover in thin film solar
cells [3, 4]. Fig. 7.3(c) shows the calculated dark and photocurrent components, in
relation to the total absorption current qGeffd.

Homework 7.2: Thin film a-Si:H solar cell: photo-current

Reconsider the solar cell in homework 7.1. Assume absorption current qGd =
15mA/cm2. (i) Find Jph(V ). (ii) Calculate JSC and compare to absorption:
qGd. (iii) Find VOC by setting Jph − Jdark = 0. VOC may be hard to calculate
analytically—an estimate could be found from qGd − Jdark = 0 given that
Vbi > VOC .

Although, the closed form expression in Eq. (7.21) is derived for a p-i-n cell;
the photocurrent will always be voltage dependent for any solar cell which re-
lies on electric field assisted collection of photocarriers. Because, in all such cells,
the fraction of carriers going to the wrong contact, will increase with applied bias
(see Fig. 7.3(a)). Since the electric field region in all TFPV cells is either equal to or
comparable to absorber layer thickness, all TFPV cells will exhibit a fundamentally
voltage dependent photocurrent. This has implication on violation of ‘superposi-
tion principle’, as we will discuss later in section 7.7.

Homework 7.3: The p-i-n device with selective contacts

1. Derive the J-V assuming perfect blocking layers for electrons on the right
and blocking for holes on the left of the i-layer.

2. What if we have recombination in the i-layer? [derivation of J02]
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Figure 7.4 (a) Carrier injection from the contacts under dark conditions in p-n device. (b)
and (c) show the flow of photo-generated carriers. The light is incident from the p-side, and
most of the carrier generation is in the p-region. (b) Shows the structure with a blocking
layer for electrons at the p-contact; (c) shows a case when there is no blocking layer. (d)
J − V characteristics of p-n solar cell.

7.5 Physics of p-n solar cells

7.5.1 Dark current: p-n cells

In this section we will derive and study the well known p-n junction cell under
dark. At equilibrium (bias V = 0) the electron density is nL0 = ND in the n-
region and nR0 = n2

i /NA in the p-region. These densities hold in the quasi-neutral
regions upto the edges of the space-charge region, see Fig. 7.4(a). We assume that
there is no recombination in the space-charge region.

Now, the velocity of minority electrons in the p-region is limited by diffusion,
and is equal to Dn/L

∗
n. Here, L∗n = Ln||Wp is the effective diffusion length of

minority electrons. Therefore, the effective velocity of electrons in the right p-
region (see Fig. 7.4(a)) is vR = Dn/L

∗
n. Now the velocity of majority electrons in

left n-region is equal to the thermal velocity, i.e., vL = v0. We can now use the
previously introduced idea of electron partitioning and transmission coefficients
to write the net electron current as,

Jn = qnL,0vL
γLR

γRL + γLR
− qnR,0vR

γRL
γRL + γLR

(7.22)
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Here, transmission coefficients: γLR = vRe
−q(Vbi−V )/kBT and γRL = vL = v0. As,

vL � vR, we can expect (for a range of V ) γRL � γLR. Thus we have:

Jn = qnL,0vL
γLR

γRL + γLR
− qnR,0vR

γRL
γRL + γLR

(7.23)

≈ qnL,0vL
γLR
γRL

− qnR,0vR
γRL
γRL

(7.24)

= qnL,0v0

Dn
L∗n
e−q(Vbi−V )/kBT

v0
− qnR,0

Dn

L∗n
(7.25)

= q
n2
i

NA

Dn

L∗n

(
eqV/kBT − 1

)
(7.26)

Finally, the dark current:

Jdark = Jn + Jp (7.27)

= q

(
n2
i

NA

Dn

L∗n
+

n2
i

ND

Dp

L∗p

)(
eqV/kBT − 1

)
(7.28)

≡ J0

(
eqV/kBT − 1

)
(7.29)

This is the well known diode equation for p-n junction. Note that, by assuming
finite diffusion lengths Ln, Lp, we implicitly assume recombination in the quasi-
neutral regions.

7.5.2 Photocurrent: p-n cells

Let us assume we have a thick p-n junction cell. The light is illuminated from the
right (p-side), and most of the absorption and photo-generation is in the p-region.
To simplify, we assume generation rate of G in the p-region and no generation in
the n-region. The photo-carriers generated close to the junction are quickly sepa-
rated by the field in the space-charge region—the collection probability exponen-
tially decreases as exp(−x/L∗n) away from the junction. Thus the photo-current
can be written as,

Jph = q

∫ Wp

0

Gdxe−x/L
∗
n (7.30)

= qGL∗n

(
1− e−Wp/L

∗
n

)
(7.31)

Assuming a blocking layer as shown in Fig. 7.4(b), the electrons cannot be
wrongly collected through the p-contact. Therefore, with a blocking layer,

Jph =

{
qGWp, for Ln �Wp

qGLn, for Ln �Wp

(7.32)

Here, we can see that, we collect all the photo-carriers from the p-region for large
diffusion length (Ln � Wp). However, for small diffusion length Ln � Wp, only
carriers within the diffusion length Ln from the junction can be collected. The rest
of the electrons recombine in the p-layer.
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Figure 7.5 (a) Carrier injection from the contacts under dark conditions in HJ device. (b)
J − V characteristics of the HJ solar cell.

However, without the blocking layer, the relation requires some explanation.
For Ln � Wp, only carriers within the diffusion length Ln from the junction can
be collected. The rest of the electrons can either recombine in the p-layer or at the
contact. Thus we end up with the same result: Jph = qGLn for Ln � Wp. On the
other hand, for large diffusion length (Ln � Wp), half the carriers go towards the
junction, while the other half go towards the p-contact and recombine. This results
in half the collection compared to the case with the blocking layer. Therefore, the
photo-current without blocking layer is,

Jph =

{
qGW/2, for Ln �W

qGLn, for Ln �W
(7.33)

7.6 Physics of Heterojunction solar cells

Heterojunctions (HJs) can redefine solar cell behavior by introducing complicated
physics in its operation. Solar cell technologies such as HIT cells, CIGS, CZTS,
OPVs, perovskite (depending on transport layers) PVs have HJs which can effect
the devices both under dark and light conditions. In this section, we will consider
a simple HJ solar cell where a very thin highly n-type buffer layer forms a HJ
with the p-type active layer, as shown in Fig. ??. The buffer layer has a large
bandgap, thus it blocks all hole transport. This configuration actually depicts the
CIGS structure.

7.6.1 Dark current: Heterojunction Solar cells

For the typical CIGS structure in Fig. ??, let us assume the equilibrium minority
carrier density inside the p-layer at the HJ interface (left edge) is nL0. At the (right)
edge of the space charge region, the electron density is of course nR0 = n2

ip/NA.
The electron velocity in the n-type buffer layer is vL = v0n, and that in the quasi-
neutral region of p-layer is vR = Dn/L

∗
n = vDp. Now, we should expect the

electron transmission γLR from p- to n-layer to be exponentially suppressed by
the band discontinuity/barrier ∆ in the conduction band at the HJ interface. The
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transmission coefficients: γLR = vRe
−q(Vbp−V )/kBT and γRL = vLe

−∆/kBT =
v0ne

−∆/kBT .
As before, the electron current:

Jn = qnL,0vL
γLR

γRL + γLR
− qnR,0vR

γRL
γRL + γLR

. (7.34)

Under equilibrium, the electron fluxes cancel each other, i.e., Jn(V = 0) = 0.
Therefore,

qnL,0vL
γLR

γRL + γLR
− qnR,0vR

γRL
γRL + γLR

= 0 (7.35)

or, nL0v0nvDpe
(−qVbp+∆)/kBT −

n2
ip

NA
vDpv0n = 0 (7.36)

or, nL0 =
n2
ip

NA
e−(−qVbp+∆)/kBT (7.37)

Finally at any bias V , using the expression for nL0, we write,

Jn = qnL,0vL
γLR

γRL + γLR
− qnR,0vR

γRL
γRL + γLR

(7.38)

= q
n2
ip

NA
vLvR

(
eqV/kBT − 1

) e−∆/kBT

γLR + γRL
(7.39)

= q
n2
ip

NA

 1
1

vn0e(q(Vbp−V )−∆)/kBT
+

1

Dn/L∗n

(eqV/kBT − 1
)

(7.40)

= q
n2
ip

NA

 1
1

vems
+

1

Dn/L∗n

(eqV/kBT − 1
)

(7.41)

= q
n2
i

NA
veff

(
eqV/kBT − 1

)
(7.42)

Here, vems = vn0 exp[(q(Vbp − V ) − ∆)/kBT ] is the HJ limited emission velocity.
And, because of the blocking layer: Jp = 0 (assuming no recombination in the
space charge region).

Finally, the dark current:

Jdark = Jn + Jp (7.43)

= q
n2
i

NA
veff

(
eqV/kBT − 1

)
(7.44)

≡ J0

(
eqV/kBT − 1

)
(7.45)

Note that, as ∆ → 0, veff ≈ Dn/L
∗
n. In such a case the structure reduces to a one

sided p-N+ junction.
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7.6.2 Photocurrent: Heterojunction solar cells

Total photocurrent (γRL,p = 0):

Jph = q

∫ xp

0

Gdx

[
γRL,n

γRL,n + γLR,n
− γRL,p
γRL,p + γLR,p

]
+ q

∫ W

xp

Gdx e−(x−xp)/Ln (7.46)

= q

∫ xp

0

Gdx

[
v0ne

−∆/kBT

v0ne−∆/kBT + (Dn/L∗n)e−E(xp−x)/kBT

]
+ q

∫ W−xp

0

Gdx e−x/Ln (7.47)

7.7 Principle of superposition

The conventionally known principle of superposition states that the net current
out of an illuminated solar cell at bias V is the sum of short circuit current (photo-
generation, J∗ph(G) = JSC(G)) and the dark (recombination) current:

Jtotal(V ) = JSC − Jdark(V ) (7.48)

Therefore superposition assumes the following:

1. The photo-generation carrier collection is bias independent and equal to short
circuit current (Jph(G,V = 0) = JSC(G)).

2. Current injected from the contacts contributing to recombination is equal to
the dark current (i.e., Jinj = Jdark).

The classical superposition principle thus relates the solar cell net current to that
under dark. Jtotal, JSC and Jdark can be found through I-V measurements. In
classical c-Si solar cells (p-n devices), equation (7.48) works well, as all the above
stated assumptions hold. However, it is generally not valid for thin film solar cells
(typically p-i-n devices), such as a-Si solar cells, where Jph is voltage dependent.

As we have seen in this chapter, only the p-n junction solar cell photo-current
showed bias independence—all other solar cell structures discussed in this chapter
violate this constraint, and therefore the conventional superposition does not hold.
Under certain conditions, it is possible to obtain a more accurate description of
Jtotal by incorporating the voltage dependence of Jph as

Jtotal(V ) = Jph(G,V )− Jdark(V ) (7.49)

This is the same basic equation (7.2) we have used to discuss J-V in this chapter.
The second constraint in the superposition principle is not as intuitive. It as-

sumes that the injection current is the same as the dark current, independent of
generation. This approximation fails in solar cells when the diffusion length is
small, or if there is a significantly large additional charge distribution generated
under illumination. The diode injection current under dark and at low intensi-
ties show the same behavior, i.e., Jinj(G,V ) = Jdark(V ) for low G. However,
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high enough photo-generation can change the band-bending and relative carrier-
distribution compared to dark. This will result in a generation dependent injection
current at given bias V .

HIT cells (an example of HJ-cell) show generation dependent diode injection, as
well as, bias dependent photo-collection—thereby violating both the constraints in
the superposition principle. Therefore, solar cell J-V can be more appropriately
written in the following form:

Jtotal(G,V ) = Jph(G,V )− Jinj(G,V ) (7.50)

In words: the solar cell current is the ‘superposition’ of photo-collection and injec-
tion current found at the specific bias and illumination.

Homework 7.4: Frozen Potential Approach to isolate Photocurrent and In-
jection Currents

Download the following documents to see how one can isolate the effects of
injection current at low voltages:

1. Jim Moore (2014), “Sentaurus Resources for Frozen Potential Analysis of
Solar Cells,” https://nanohub.org/resources/21561.

2. J.E. Moore, S. Dongaonkar, R.V.K Chivali, M.A. Alam, M.S. Lundstrom
“Correlation of Built-In Potential and I–V Crossover in Thin-Film Solar
Cells”, IEEE Journal of Photovoltaics July 2014.

7.8 Performance Parameters for Solar Cells

Once the complete J-V characteristics of a solar is obtained, one wishes to calcu-
late the key parameters of interest, such as maximum efficiency (η) and the voltage
(Vmp) and current (Imp) at which the efficiency is maximized. In turn, these quan-
tities are related to open circuit voltage (Voc) and short circuit current (Isc), and the
fill factor, (FF ≡ VmpJmp/ (VocIsc)).

The maximum efficiency is obtained by talking the voltage derivative of Pout =
Jtotal(V )×V and setting the resultant expression to 0. Since Jtotal(V ) is a complex
function of V , in practice it may be easier to plot Pout(V ) and determine the max-
imum. For a p-n junction solar cell however, Jph and J0 are voltage independent,
making it easier to derive expressions for maximum power output.

Homework 7.5: Maximum power point voltage is related to open-circuit
voltage and short circuit current

The power delivered by a solar cell, Pout = V I , is maximized at I = Imp and
V = Vmp. For a p-n junction solar cell, show that vmp = voc − ln(vmp + 1)

https://nanohub.org/resources/21561
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and imp = 1 − exp(−(voc − vmp)), where normalized voltage vmp ≡ qVmp
nkBT

,
voc = Voc

nkBT
and imp ≡ Imp/Isc.

Solution. Recall that Pout = Jtotal × V = [Jph − J0(exp(qV/ηkBT ) − 1)].
Calculate dP/dV to derive the pair of relationships.

Homework 7.6: Calculation of the solar cell parameters

A solar cells has n = 1.58, Voc = 0.747V , and Iph = 38mA with an area of
1cm2. Find the maximum power-point voltage and current. Also calculate
the fill factor.

Solution. Insert the numerical values to the expressions in the previous HW
to calculate the relevant quantities.

7.9 Conclusions

In this chapter, we have calculated the J-V characteristics three types of solar cells
(e.g. p-i-n, p-n, and heterojunction) based on an intuitively simple ”transmission
over a barrier” approach. This approach also explains how the three types of solar
cells differ in essence. For example, we find that the dark currents depends expo-
nentially on the applied voltage, but the prefactor differs significantly among the
cells. Also, the photo-currernt in p-i-n and heterojunction cells are voltage depen-
dent, while that of the p-n cells are voltage-independent.

In this chapter, we have focussed on solar cells made of inorganic semiconduc-
tors (e.g. Si, GaAs, CIGS). In fact, there is fourth type of solar cell called organic
photovoltaics (OPV) that operates slightly differently. In the next chaper, we will
discuss the physics of carrier transport in organic solar cells.

Given the J-V characteristics, it is easy to calculate the maximum power point
and the efficiency of the solar cell. The efficiency is somewhat lower than the
thermodynamic efficiency calculated in Part 1 of the book.
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CHAPTER 8

ORGANIC SOLAR CELLS

8.1 Introduction: Bulk Heterojunction Solar Cells

The fourth and final type of solar cell to be considered is called bulk heterojunc-
tion (BHJ) solar cell. Instead of having a heterojunction only at the contacts, as
discussed in the previous chapter, the heterojunctions are inserted within the bulk
of the film. This BHJ design strategy is used in solar cells that have an organic
semiconductor (e.g. PPV, P3HT, DTBT, PCP, PTB7, etc.) as the photon absorber.
These organic solar cells (OPV) are cheaper and easier to make than inorganic
solar cells, such as Si or GaAs. In order to understand why a BHJ principle is es-
sential for OPVs but not for Si solar cells for example, we will need to understand
the concept of excitons and how a heterojunction can slice open an exciton into
free electon and hole pairs.

8.2 Exciton involves a pair of an electron and a hole that diffuse together

On a photon is absorbed, the energy is used to create a pair of electron and hole.
Since electron is negatively charged and a hole is positively charge, they will be
attracted to each other through Coulomb force. In fact, the Coulomb force makes
the pair orbit each other just like gravitational force makes the planet go around
the sun. The energy that binds the pair (E1) and the radius of the orbiting pair (rB)
are given by

Physics of Solar Cells.
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BHJPHJ VHJ

(a) (b) (c)

Figure 8.1 Different types of excitonic solar cells: (a) Planar heterojunction cell. (b) Vertical
heterojunction cell. (c) Distributed bulk heterojunction cells.

(a) (b) (c)

𝑟𝐵

Figure 8.2 (a) A single semiconductor excitonic cell is geometrically similar to a p-i-n
solar cell. (b) The excitons are generated throughout the volume of the cell. (c) An exciton
can be viewed as a "hydrogen atom" with positive and negative charges orbiting each other.

E1 =
m q4

32π2~2ε20κ
2

= 13.6× 1

κ2

m

m0
eV (8.1)

rB =
4πε0~2

m q2
κ = 0.53× κm0

m
A. (8.2)

Here, q is the electronic charge, κ is the dielectric constant of the material, m0 is
the free electron mass. The second part of each equation is written in terms of an
hydrogen atom, where a free electron orbits a proton in the free space (κ = 1) with
free electron mass (m0), just as in exciton a free electron orbits a hole in a solid
(κ > 1) with an effective mass m.

First, let us consider a ”hypothetical” silicon solar cell with κ = 10 and m =
0.1m0. The excitons in silicon has a binding E1 ∼ 13.6 meV and the radius rB =
5.3 nm. The atoms themselves vibrate on average with the energy kBT = 25 meV
at room temperature (T = 300K). This energy is sufficient to immediately dis-
sociate the exciton into free electrons and holes. This is why we did not discuss
excitons in the previous sections.

Next, let us consider a solar cell made of an organic material, with κ = 3 and
m = 0.1m0. Now Eorg1 = 151 meV and rB = 1.5nm. The electron and hole orbit
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Figure 8.3 (a) Donor and acceptor semiconductors create an heterojunction at the interface.
(b) Excitons created within one diffusion length of the interface can be dissociated by the
heterojunction. (c) Spatial profile of excitons generated within the donor semiconductor.

much closer to each other, and the binding energy is too strong to be dissociated
at room temperature. Now the excitons are stable and they will diffuse around
together as a charge neutral particle. The potential energy associated with the
electric field in a solar cell, qEmax × rB = VbirB/W is too small to perturb the
pair. As they wander around, sooner or later the electron will recombine with the
hole, and the photon absorbed will have produced no external current. A single
semiconductor OPV therefore is characterized by low Jsc and poor η.

8.3 Physics of Planar Heterojunction Cell

Now consider a absorber that consists of two organic semiconductors stacked on
top of each other. The materials have similar bandgaps, but their electron affinities
(ξ1, ξ2) are different, which produces an energy band-diagram shown in Fig. xx.
Here, ∆Ec = ξ1 − ξ2. The ∆Ec transition occurs within a fraction of a nm (�
rB), over a lengthscale that is smaller than the size of the exciton. If ∆EC > E1

any exciton that reaches the junction will pulled apart into free electron and hole.
The electron will go goto the material where its energy is lower, while hole will
be transferred to the companion material where it finds lower energy. Since the
electrons and holes are separated into different materials, they cannot recombine,
even if the material is defective. In short, OPV uses BHJ to dissociate excitons and
suppress recombination so as to produce high Jsc.

If the excitons are generated uniformly in one of the two semiconductors, then
the exciton current is given by

Jex
qG

= lex[1− e
W

4lex ] (8.3)

where lex =
√
Dexτex is distance an exciton with diffusion coefficient, Dex travels

before recombination, defined by the rate constant τex.
For a thick absorber (W/2 � lex), Jex = qGlex, i.e., only the excitons generated

within the diffusion distance away from the junction can be converted into free
electron and hole pairs, the rest recombine without producing any current. A thin
absorber (W/2 � lex) can harvest half the excitons Jex = qGW/4 while the other
half is lost to the contact.
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Figure 8.4 (a) Band diagram and flux components of a planar heterojunction solar cell.
(b) Voltage-dependence of the current components.

8.3.1 Photocurrent can be calculated by flux balance argument

Let us now focus on the electrons produced by the junction. Holes can be treated
the same way.

As we have seen already that for any electron produced inside a semiconductor
the fraction of the electrons collected by the contact is given by:

Jph
Jex

= [
γL,n

γL,n + γR,n + γrec
− γL,p
γL,n + γR,n + γrec

] (8.4)

An electron at the junction has two choices. The electrons can drift down the
potential energy profile to be collected by the contact

γL,n = µnE(0) = µn
Vbi − V
Wn

Here we assume that the electric field E(0) drops linearly across the the device.
We will examine the assumption later. The second option for the electron is to
recombine with the holes right across the barrier. The direct recombination is
proportional to the product of electron and hole concentrations at the interface,
WJBn(0)p(0); while the indirect recombination is proportional toWJn(0)/τ where
WJ is the width of the junction, and τ is the recombination time. Taken together

γrec = WJBn(0)p(0) +WJn(0)/τ ∼WJ(Bn0 + τ−1)n(0) ≡ S n(0)

Here, we have assumed that n(0) ∼ p(0), a reasonable assumption if they have
similar mobilities and Wn ∼ Wp. And the surface recombination velocity S =
WJ(Bn0 + τ−1) depends on n(0), the interface concentration. Finally, we note that
γR,n = 0, because the large ∆Ec prevents the electrons from ever being collected
by the right contact. Similarly, the holes cannot be collected by the left contact, i.e.,
γL,p = 0.

Taken together,

Jph
Jex

=
µnE0

µnE(0) + S
(8.5)

where the electric field at the junction is given by, E(0) = µn
Vbi−V
Wn

and the surface
recombination velocity S.
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Figure 8.5 (a) Energy band-diagram to calculate the dark-current. (b) The dark current
computed by the approximate analytical formula compares well numerical results, once
the series-resistance effect is accounted for. (c) The energy band-diagram to calculate the
light-current. (d) The exact results differ from the analytical results.

The photocurrent is voltage-dependent, because with increasing V , the junction
recombination increases because the weaker electric field cannot pull the electrons
away from the junction.

Equations 8.5 must be solved iteratively, because Jph determines n(0) which in
turn determines S. We can obtain an explicit solution by writing the flux balance
equation, namely,

Jex = qWJ [Bn(0)2 + n(0)τ−1 + n(0)µnE] (8.6)

which states that the electron produces by the excitons will either lost be direct
(first term) or trap-assisted (second term) recombinations, or drift to the contacts.
Solving for n(0), and realizing that Jph = qn(0)µE, we find

Jph =
−VT +

√
v2
T + 4BJex

2B
vT (8.7)

where vT = µE + τ−1.

8.3.2 Discussion

The analytical theory just described captures several essential aspects of the pho-
tocurrent in an OPV. For example, the theory explains the increase in the photo-
current as a consequence of charge separation that suppresses bulk recombination.
The voltage-dependent photo-current is also explained as a competition between
interface recombination and drift-dominated charge collection.

Unfortunately, the theory does not capture the low FF observed in the exper-
iments. Organic semiconductor has very low mobility, which limits charge col-
lection.We assumed that µn is high enough so that Jph ∝ E. This assumption is
incorrect. As we will see in the next chapter, for a semiconductor with low mo-



116 ORGANIC SOLAR CELLS

V=0.0

V=0.6

0 10 20 30 40 50 60 70 80 90 100
-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

E
n
e
rg

y 
0 10 20 30 40 50 60 70 80 90 100

0

1

2

3

4

5

6

7

8

9
x 10

4

V=0.6

V=0.2

V=0.4

E
-f

ie
ld

 

Position

(a)

(b)

(c)

(d)

WJ

Voltage

C
u
rr

e
n
t

JphJdark

JT Jexact

Figure 8.6 (a) The energy band-diagram to calculate the light-current. (b) The exact results
differ from the analytical results. (c) Non-linear drop of potential across the junction. (d)
The junction electric field is reduced because low-mobility organic semiconductors cannot
sweep away the charges sufficiently fast.

bility, electrons begin to pileup close to the junction, which reduces the field and
suppresses charge collection.

Homework 8.1: Single carrier transport is described by Space-charge lim-
ited theory

The flux balance equation flux relates Jph in terms of Jex

Jex = qWJ [Bn(0)2 + n(0)τ−1 + Jph] (8.8)

Calculate the space-charge limited current Jph in terms of the initial concen-
tration n(0). Note that Jph = qn(0)µE(0), therefore E(0).

Homework 8.2: Numerical simulation accounts for space charge effects
explicitly

A planar HJ solar cells is composed of two organic semiconductors, P3HT
(donor) and PCBM (acceptor). Both semiconductors are 100 nm thick, and the
cathode and anodes are also 100 nm thick. The exciton diffusion length (Lex)
is 10 nm in both materials. The electron and hole mobilities are: µn = 10−5

cm2/V.s and µp = 10−6 cm2/V.s.

Use web-enabled device simulator OPVLabs posted at https://nanohub.
org/resources/opv/about to calculate the following: Light J-V character-
istics, dark J-V characteristics, electron and hole concentration profiles, elec-

https://nanohub.org/resources/opv/about
https://nanohub.org/resources/opv/about
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tric field distribution within the device. Does the I-V characteristics appear to
have a very different shape compared to the cases discussed in this chapter?
Explain.

8.3.3 Dark current can be calculated by elementary arguments

Let us now calculate the dark-current. When the diode is forward biased, electrons
and holes are injected from the respective contacts. Since the electrons and holes
co-exist only at the junction, therefore

Jdark = qγ(n(0)p(0)− n2
i,0)δint (8.9)

where ni,0 is the intrinsic carrier concentration at the interface and δ is the width
of the interface. The electron and concentrations the junction (i.e. n(0) and p(0))
are respectively related to to the respective concentration at the contacts (i.e. nL
and pL) as follows: n(0) = nLe

−qVnkBT = nLe
− qEWnkBT p(0) = pLe

− Vp
kBT pLe

− qEWpkBT .
Inserting the relations in 8.9 and realizing that E(Wn +Wp) = Vbi − V we find

Jdark = qγ[nLpRe
−q(Vbi−V/kBT ) − n2

i,0]δint (8.10)

Since Jdark(V = 0) = 0 in equilibrium, therefore nLpRe−(qVbi)/(kBT ) = n2
i,0 and the

dark current simplifies to

Jdark = qγn2
i,0(e−q(Vbi−V/kBT ) − 1)δint (8.11)

For the case just discussed, the electrons and holes recombine directly without
the assistance of any trap, therefore the ideality factor n = 1. For trap-assisted
recombination, n = 2.

8.4 Physics of Vertical Heterojunction Cell

Since the excitons are charge neutral, it makes little difference if the heterojunc-
tions used to separate them are parallel or perpendicular to the field. In a verti-
cal heterojunction cell, the excitons are dissociated in respective electron and hole
channels. Once separated, the move in their respective channels, without any pos-
sibility of recombination with the other charge carrier. The only recombination
occurs at the interface. The physics of charge collection is similar to that of planar
heterojunction cell.

Vertical heterojunctions, however, have an important advantage. Recall that
Wn ∼Wp ∼ lex. In parallel heterojunction cells discussed in the preceding section,
the contacts has to be placed very close to the junction. Keeping the junctions
parallel over large area is a challenge. Instead, in the vertical array, the excitons are
dissociated parallel to the contacts, but the free electron and holes are transported
in the vertical direction. The film thickness is no longer determined by the exciton
diffusion length.

Consider a set of vertical cells arranged in a checker-board pattern. The dimen-
sions of the cells are shown in Fig. xxx. The finger density is NF = 1/(2S2), the
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Figure 8.7 (a) Ultra-thin PHJ solar cell. (b) Vertical heterojunction solar cells. (c) A 3D
cartoon for the checkerboard like structure of VHJ cells. (d) The energy band diagram
explains how electrons and holes are transport in parallel channels.

volume of a finger is VF = W S2. The fraction of charge collected per finger is

F (S) ∼ 4S ×
√
lex/2S

2 = 2lex/S (8.12)

And the total number of exciton dissociated is

Jex = qG× VF × F (S)×NF ∼ qG×Wlex/S (8.13)

As the electron and holes are transferred to the respective channels, and as they
drift to towards their respective contacts, we can write the the flux equations as
follows

Jph
Jex

=

∫ W

0

dx
γL,n

γL,n + γR,n + γrec
− γL,p
γL,n + γR,n + γrec

(8.14)

If we could ignore the interfacial recommbination γrec = Bni(x)pi(x)4SWJ ,
where ni and pi are interface concentration of electrons and holes, then the result
is easily integrated (as in Eq. xx, Sokel and Hughes, JAP, 53, 11, 1982)

Jph
Jex

= W
2LD
W

log cosh

(
W

2LD

)
. (8.15)

Likewise the dark current is given by

Jdark = A
µn(V − Vbi/W
eq(V−Vbi)/(kBT )

(
eqV/(kBT )−1

)
(8.16)

Vertical cells highlight the relationship between geometry and performance.
Excitons are harvested more efficiently in cells with higher surface to volume ra-
tio, namely cells with smaller S. On the other hand, interfacial recombination
increases with S. Therefore, the cells must have an optimum dimension for opti-
mum performance.
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8.5 Physics of Bulk Heterojunction Cells

In practice, bulk heterojunction cells actually considered by the device physicists
involves a combination of planar and vertical heterojunctions. To prepare these
cells, one mixes two types of organic semiconductors in a solvent. The self-affinity
of the organic semiconductors is higher than their affinity to each other, therefore
when the solution is heated, the polymer begins to segregate into donor-rich and
acceptor-rich regions. Once the polymer columns rich a desired thickness, heating
is removed, the contact are attached, and the cells are ready for perform as a solar
cell.

Although BHJ cells look very complicated, the essential physics is exactly the
same as in planar or vertical cells. The complete numerical solutions show that
typical BHJ cells perform as well as the vertical bulk heterojunction cells, see Fig.
8.8.

Voltage

C
u
rr

e
n
t Ordered BHJ

Typical BHJ

Bi-Layer

Figure 8.8 Comparison of light I-V characteristics of PHJ (Bi-layer), VHJ (ordered), and
bulk-HJ excitonic solar cells.

8.6 Conclusions

In this chapter, we have derived the J-V characteristics of an organic solar cell. Al-
though the cell functions differently compared to inorganic solar cells, we can use
the same ”transmission over the barrier” formulation to calculate the dark and the
light currents. Once again, we find that the dark current depends exponentially on
the applied voltage, but with a prefactor defined by the physics of OPV. We also
find that the photo-current collection depends on voltage. We have assumed that
superposition principle holds, that the total current can be calculated by adding
the dark and light currents at each voltage. This is not always true, because the
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photogenerated carriers may make the potential profile very different under light
compared to dark. If so, web enabled numerical simulation tools (e.g. OPVLabs)
can be used to calculate the the I-V characteristics.

In deriving the J-V relationships, we have assumed that the electrons and holes
must drift/diffuse against a potential barrier. This is indeed the case for an ideal-
ized diode. In practice, the cell fabrication process may sometimes locally destroy
the junction and the carriers can flow through these localized spots called shunts.
Shunts is a universally present nonideal effect that reduces the efficiency of a solar
cells by increasing the dark current. We will discuss the physics of shunts in the
next chapter.



CHAPTER 9

PHYSICS AND UNIVERSALITY OF SHUNT
DISTRIBUTION

9.1 Introduction: parasitic shunt current

In the previous two chapters, we have explained the physics of p-n, p-i-n, hetero-
junction, and organic solar cell, and calculated the corresponding dark (Jdark) and
light (Jph) currents. However, expereimentally consistently show that the measured
dark current deviates significantly from the ideal dark current both (J theorydark ≡
J0

[
eqV/kBT − 1

]
) at low forward and reverse biases, as seen in Fig. 9.1(a). This

deviation from theoretically calculated dark current Jdark is generally attributed
to an extrinsic parasitic shunt current, and Idark is represented as sum of Itheorydark

and ISH :
Idark = Itheorydark + ISH(V, T ) (9.1)

In this chapter, we will explain the electrical aspects of shunt conduction as well
as the statistical nature of this magnitude fluctuation.

9.2 Shunt current and shunt paths

9.2.1 Four features of the shunt current

First, Fig. 9.1(b) shows that one we subtract Itheorydark from the J-V characteristics,
the shunt current is symmetric with respect to voltage, i.e., |ISH(V )| = α|ISH(−V )|,
with α ∼ 1. An automated tool for dark IV analysis utilizing this symmetric shunt
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Figure 9.1 (a) Plot of measured dark current for four nominally identical a-Si:H cells
(symbols), showing excess leakage current in reverse and low forward bias region, which
varies significantly for each cell, and deviates from the expected exponential diode current
(line). (b) Plot of |Idark| vs. |V | showing symmetric shunt current (crosses) overlaps the
measured forward current (squares) for the same 4 cells. The deviation from expected
Idiode (black line) at low biases is highlighted. (c) Cleaned forward current obtained after
subtraction of the symmetric shunt current (circles) shows the expected exponential behavior
(compare with line). (d) Empirical CDF comparing the calculated ideality factorsncalc before
(squares) and after (circles) subtracting the shunt component, showing that cleaned ncalc
values are closer to the expected value of 2 (red line).

subtraction scheme is available on nanoHUB [? ]. Second, unlike Itheorydiode , the shunt
current at low biases fluctuates significantly from cell to cell, even when all cells
are processed identically [? ? ? ]. Third, the log-log plot in Fig. 9.1(c) shows that
ISH(V ) ∼ V β , with β = 1 − 3. If β = 1, the shunt current can be modeled using
a parallel parasitic ohmic shunt resistance RSH [? ? ]. Since RSH = dISH/dV ∼
V β−1, therefore shunt resistance is generally voltage-dependent (non-ohmic) [? ?
]. Fourth and finally, one can measure Idark at various temperature, and then sub-
tract off voltage symmetric ISH to show that αT = ISH(T1)/ISH(T2) ∼ 1 − 3.
Compared to the exponential temperature sensitivity of Itheorydark , the shunt cur-
rent is weakly temprature sensitive. Indeed, an analysis of hundreds of solar cells
demonstrate the validity of the four properties of shunt current: α ∼ 1 for voltage
symmetry; ISH varies by 2-3 orders of magnitude; β = 2− 3 for nonlinear voltage
dependence, αT = 1− 2 for weak temperature sensitivity.

Homework 9.1: pvanalyzer can extract relevant shunt parameters

In this homework, we will use an web-enabled software to extract diode and
shunt current parameters from dark IV.

1. Login to nanohub.org . . . Go to the link: https://nanohub.org/
resources/pvanalyzer

2. Download the user manual posted at

https://nanohub.org/resources/11075/download/
PVAnalyzerManual.pdf

https://nanohub.org/resources/pvanalyzer 
https://nanohub.org/resources/pvanalyzer 
https://nanohub.org/resources/11075/download/PVAnalyzerManual.pdf
https://nanohub.org/resources/11075/download/PVAnalyzerManual.pdf
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3. Let us generate a set of dark JV data using this simple formula: J(V ) =
J0(exp(qV/kT )− 1) + V/Rsh. You can use excel, matlab, or any program
of your liking to generate the data.

4. Now launch the PVanalyzer and follow the instructions to run analysis
on your data. Try different sets of values for Rsh—check the plots and
the output log. How accurately does the PVanalyzer estimate the shunt
resistance?

9.2.2 Space-Charge-Limited Model for Shunt Current

The symmetry, power law voltage dependence, and weak temperature depen-
dence of ISH , suggest that the most likely mechanism for shunt conduction is a
Space-Charge-Limited (SCL) current [? ]. SCL current occurs in a Metal-Semiconductor-
Metal (MSM) structure, when both metal work functions are close, and allow only
one carrier to be injection in the semiconductor, as shown in Fig. 9.2(a). In such
cases the buildup of injected charge from the contacts modifies the internal electric
field, and results in a non-Ohmic current, so that IidealSCL ∝ V 2 [? ]. For materials
with shallow, exponentially distributed, traps the expression for SCL current de-
pends on the density of shallow traps, and is written as [? ],

ISCL = εµc(γ)A
V γ+1

L2γ+1
. (9.2)

Here, ε is the material permittivity, µc is the carrier mobility,A is the cross-sectional
area, and L is the film thickness. The parameter γ is a function of trap distribution
inside the bandgap, and is usually between 1-2 [? ? ]. The expressions for SCL cur-
rent in a defect free semiconductor (Mott-Gurney Law) [? ], and for semiconductor
with exponential distribution of shallow traps [? ] are derived in Appendix ??. It
is easy to see that Eq. 9.2 can qualitatively capture the features of ISH discussed
earlier. The expression is symmetric in voltage, and the measured power exponent
β ≡ γ + 1 is also in the expected range. Finally, note that the weakly temperature
activated mobility µc is the only temperature dependent term in Eq. 9.2 [? ? ? ];
which means that this equation can also capture the observed weak temperature
dependence of ISH . Therefore, we can write the shunt current in thin film cells,
using the non-Ohmic relation

ISH = ISH0
V γ+1

L2γ+1
abs

; (9.3)

where ISH0 denotes the shunt current magnitude depending on shunt defect area,
and Labs is the absorber layer thickness of the solar cells. In the following discus-
sions, we will explain how the above mentioned expression for shunt current is
derived, and the physics behind it.

9.2.3 Formation of SCL Shunt Paths

In addition to explaining the shunt phenomenology, the SCL picture can also help
in understanding the physical origin of ISH . In case of a-Si:H cells, the most likely
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Figure 9.2 (a) Symmetric MSM structure for SCL conduction showing single carrier (hole)
injection. (b) Proposed localized parasitic p-i-p structure in otherwise ideal p-i-n structure.
(c) Dark IV from the 2D simulation showing that the shunt (red), and diode (blue) dominate
in different voltage regimes to give the total dark current (green). Quiver plots contrast
localized current distribution in shunt dominated regime at low biases (i), with the uniform
diode current conduction at higher biases (ii).

mechanism of shunt path formation is through contact metal diffusion into i-layer
[? ]. Aluminum is known to diffuse inside a-Si:H matrix at relatively low temper-
atures [? ? ], and it can counter dope the n-a-Si:H layer p-type [? ]. The schematic
in Fig. 9.2(b) shows one such possibility where a local metal incursion from the
top contact results in a parasitic p-i-p path in parallel to the bulk p-i-n solar cell.
Such a structure can form if the metal from top AZO contact diffuses past the thin
(∼10 nm) n-layer, or due to absence of n-doping locally. We can use 2D device
simulations to explore the effect of such a parasitic path. Fig. 9.2(c) shows the sim-
ulated dark IV obtained by simulating the 2D structure in Fig. 9.2(b). Note that this
structure with a local p-i-p path readily reproduces the qualitative features of mea-
sured dark IV, with the shunt and diode dominated regions. We can gain better
insight into the current transport, by looking at the quiver plots of current density
in Fig. 9.2(d). At low forward bias and at revers bias (Fig. 9.2(d)(i)), almost all cur-
rent flows through the p-i-p region, because the diode current through the bulk is
small. This current shows the SCL behavior expected from its symmetric structure,
with only holes being injected in i-layer. As we increase the forward bias, the expo-
nential diode current, through bulk p-i-n region takes over (Fig. 9.2(d)(ii)). These
conduction paths are according to the observed shunt and diode like character-
istics in Fig. 9.2(c). Besides providing the physical insight into shunt formation,
Fig. 9.2(d) also shows that the shunt and diode current components are spatially
isolated. Therefore, a computational simplification can be made by simulating 1D
p-i-p shunt and p-i-n diode separately, and adding their respective contributions.
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9.3 Understanding the SCL current

We have explained how a 1D model of p-i-p can characterize the shunt separately
in the diode. In this section we will discuss the physics of SCL current in a 1D met-
al/ semiconductor/ metal (MSM) device structure. This will essentially describe
the shunt current.

9.3.1 Ideal, trap-free semiconductor: Mott-Gurney Law

In this section, we derive the SCL current in a defect free ideal semiconductor after
[? ]. The analytical solution can be obtained using the following assumptions

1. The semiconductor layer has no fixed or trapped charges (intrinsic and defect
free).

2. Both contacts can inject/extract only one carrier (holes in this case).

3. The electric field at the injecting contact is always zero (E(0) = 0).

4. The applied bias is large, so that diffusion current can be neglected.

Consider the device as a parallel plate capacitor with total bound charge of

Qb = CV, (9.4)

where, the capacitance C = εA/L is characterized by the permittivity ε, thickness
L, and area A of the semiconductor layer. We assume that the carriers (i.e., holes
in this discussion) traverse at zero-initial velocity from the contacts through the
semiconductor as free charge Qf ≈ Qb. The holes travel at average velocity v =
µpEav , where the average electrical field is Eav = V/L. Here µp is hole mobility.
Therefore, the travel time of holes between the contacts is,

τ =
L

v
=

L2

µpV
(9.5)

Finally, the steady state SCL current density is

JSCL =
1

A

Qf
τ

= µpε
V 2

L3
. (9.6)

A closer look at the band diagram in Fig. 9.3(a) reveals that the electric field is
non-linear through the film thickness. This means, for both parallel plate capacitor
and Eav approximations, we should use some ‘effective-L’ which is slightly smaller
than the actual value of L. A more detailed derivation (see homework 9.2) yields:

JSCL =
9µpε

8

V 2

L3
, (9.7)

which is known as the ‘Mott-Gurney Law’ [? ].
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Figure 9.3 (a) Band diagram of an MSM structure with single carrier (hole) injection
setup, showing the change in potential due to injected charge. (b) Schematic showing the
exponential trap distribution (band tails) near the valence band edge.

Homework 9.2: Derivation of Mott-Gurney Law

With the assumption set for trap-free device, the steady state semiconductor
current is,

JSCL = qµppE , (9.8)

and
dE
dx

=
qp

ε
. (9.9)

Here, JSCL is the steady state SCL current, µp is hole mobility, E is the electric
field, p(x) is the hole concentration, ε is the semiconductor permittivity, and q
is electron charge. Using Eq. 9.8, we can write p = JSCL/qµpE , and substitute
it in Eq. 9.9 to obtain

dE
dx

=
JSCL
εµp

1

E
. (9.10)

This can be rearranged, and integrated from the injecting contact to an arbi-
trary point x inside the semiconductor, using the assumption (3) above to get∫ E

0

EdE =
JSCL
εµp

∫ x

0

dx, (9.11)

which gives the electric field inside the semiconductor as

E(x) =

√
2JSCL
εµp

√
x. (9.12)

The band diagram in this situation is shown in Fig. 9.3(a), which demonstrates
the situation under single carrier (hole) injection. Finally, we write the electric
field in terms of the potential inside the semiconductor as E = −dφ/dx and
integrate across the semiconductor layer thickness L to write

−
∫ V

0

dφ =

√
2JSCL
εµp

∫ L

0

√
xdx, (9.13)
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which when integrated and rearranged yields the SCL current expression as

JSCL =
9µpε

8

V 2

L3
, (9.14)

which is known as the ‘Mott-Gurney Law’ [? ].

9.3.2 With Exponential Distribution of Shallow Traps

In this section, we analyze the a semiconductor with exponential distribution of
shallow traps near the given by

Nt =
Nt0
E0

exp

(
EV − E
E0

)
, (9.15)

as shown schematically in Fig. 9.3(b), where E0 denotes the characteristic energy
of trap distribution. In presence of traps, we need to account for trapped as well
as free charge in the Poisson equation, and an analytical solution can be obtained
for the following additional assumptions

1. For the hole traps all states above EF are assumed to be positively charged.

2. In the region of interest the Poisson equation is dominated by the trapped
charge.

This correction to the Mott-Gurney Law was first reported in [? ], but we use the
approach outlined in [? ] to derive the relevant expression. In this scenario the
number of charged traps at a given position can be calculated as

pt(x) =

∫ ∞
EV

Nt0
E0

exp

(
EV − E
E0

)
dE. (9.16)

Note that the upper limit of integration is assumed infinite, because in typical
materials E0 � Eg , where Eg is the semiconductor band gap. This integration
yields

pt(x) = Nt0 exp

(
EV − EF

E0

)
, (9.17)

and the free carrier density is given by the usual Maxwell-Boltzmann statistics, so
that the free carrier density

pf (x) = NV exp

(
EV − EF
kBT

)
. (9.18)

These relations allow us to write

pf (x) =
NV
Nγ
t0

pt(x)γ , (9.19)

where γ = E0/kBT . For now, we do not have any variation in pt, pf along the
layer thickness x. Similar to the previous section, we can assume that the holes
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are injected from the bound charges Qb = CV of the parallel plate capacitor. The
trapped and free carrier densities therefore can be written as follows:

pt =
1

q

Qb
LA

=
CV

qLA
=

εV

qL2
,

pf = NV

(
pt
Nt0

)γ
= NV

(
εV

qNt0L2

)γ
. (9.20)

Now, by setting the hole velocity to v = µpE = µpV/L, we will have:

JSCL = qpf × v = qµpNV

(
ε

qNt0

)γ
V γ+1

L2γ+1
. (9.21)

A more detailed analysis (see HW. 9.3 below) shows the full expression of the SCL
current in presence of shallow traps as (Mark-Helfrich (MH) law)

JSCL = qµpNV

(
εγ

qNt0

)γ (
2γ + 1

γ + 1

)γ+1
V γ+1

L2γ+1
. (9.22)

Specfically, our approximate analysis missed the constant γγ×
(
(2γ + 1)/(γ + 1))γ+1

)
.

Homework 9.3: SCL current in presence of shallow traps

Now using assumption (2) above we can write the Poisson and continuity
equations as

dE
dx
≈ qpt(x)

ε
, (9.23)

and
JSCL = qµppfE . (9.24)

Then, using the relation between trapped and free charge we can get

dE
dx
≈ qNt0

εN
1/γ
V

p
1/γ
f =

qNt0
ε

(
JSCL
qµpNV

)1/γ

︸ ︷︷ ︸
Θ

1

E1/γ
, (9.25)

where the constants are collected as Θ. Rearranging the terms and integrating
from 0 to arbitrary point x inside the semiconductor we get∫ E

0

E1/γdE = Θ

∫ x

0

dx, (9.26)

which gives the electric field as

E = −dφ
dx

=

(
γ + 1

γ
Θ

) γ
γ+1

x
γ
γ+1 . (9.27)

This is then integrated over the semiconductor layer thickness L to obtain the
applied voltage as

V =

(
γ + 1

γ
Θ

) γ
γ+1 γ + 1

2γ + 1
L

2γ+1
γ+1 . (9.28)
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Finally, substituting the value of Θ from above and rearranging, we obtain the
full expression of the SCL current in presence of shallow traps as

JSCL = qµpNV

(
εγ

qNt0

)γ (
2γ + 1

γ + 1

)γ+1
V γ+1

L2γ+1
. (9.29)

9.3.3 Scaling law for SCL conduction

In the precious discussions, we have neglected any spatial distribution of the traps.
In case of spatially distributed traps, we can write:

pt(x) =

∫ ∞
EV

Nt(E)S(x)dE (9.30)

where, Nt(E) and S(x) represent the energy and the spatial distribution functions
of the traps. In such cases L will be replaced by effective Leff , which accounts for
inhomogeneous spatial distribution of of free and trapped carriers. Leff carries
information from both Nt(E) and S(x). It can be shown [1] that JSCL− V relation
always follow the following scaling law:

JSCL
Leff

= f

(
V

L2
eff

)
. (9.31)

In general, in (1) trap-free, (2) single level trap, (3) exponentially distributed traps,
and (4) Gaussian distributed traps cases have the following form for JSCL:

JSCL
Leff

= C∗

(
V

L2
eff

)γ
. (9.32)

For uniformly distributed traps, however, we would have,

JSCL
Leff

= C∗1

(
V

L2
eff

)
exp

(
C∗2

V

L2
eff

)
. (9.33)

The universal relationships are valid assuming field independent carrier mobilities
and negligible carrier diffusion. Assuming diffusion, the following expression will
hold [2]:

V ≈ 2

3

(
2J

εqµ

)1/2

L3/2 − 4.68

(
kBT

q

)2/3(
J

2εqµ

)1/6

L1/2. (9.34)

The first term of course yields the Mott-Gurney equation, while the second term
incorporates the diffusion effect.
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Figure 9.4 Extracted characteristic slope of band tailsE0 is∼40 meV for 61 devices, which
is very close to the valence band tail slope in a-Si:H, as expected from the p-i-p shunt
hypothesis.

9.3.4 SCL current in a-Si:H cells

SCL conduction is a result of single carrier injection in the semiconductor layer
[? ? ]. In case of a-Si:H cells, the proposed model for shunt formation sug-
gests metal incursion from top contact, causing p-type counter-doping, and for-
mation of a p-i-p shunt, as shown in Fig. 9.2(b) [? ]. Therefore, in a-Si:H cells,
only holes are injected in the shunt region, and will determine ISH . We can indi-
rectly establish the dominance of hole transport in ISH by examining the voltage
power exponent β = γ + 1. In materials with exponentially distributed shallow
traps (Nt = (Nt0/E0) exp((EV − E)/E0)), it has been shown that the parameter
γ ≈ E0/kBT , where E0 is the characteristic energy of the exponential trap distri-
bution, and EV is the valence band edge. This feature of SCL current has previ-
ously been used to characterize the shallow band-tail states in a-Si:H [? ]. Using
this approach, we calculate the characteristic energy E0 from the measured ISH of
61 cells (Fig. 9.4), and find it to be ∼40 meV. This value is very close to the valence
band tail slope in a-Si:H, suggesting that ISH is mainly a hole current. Note that
the characteristic slope of the valence band tail in a-Si:H is∼40 meV, as opposed to
the conduction band-tail slope of ∼20 meV [? ? ]. This affirms that the SCL shunt
current is primarily caused by injection of holes in the i-layer, in accordance with
the of the p-i-p shunt hypothesis [? ].

9.4 Experimental validation of the Universal non-Ohmic Shunt Conduction

We have seen that parasitic shunt current in a-Si:H cells is likely to be caused by
local metal incursion through the thin n-layer. This situation can potentially arise
in all TFPV cells, owing to similarities in their structure and processing. All TFPV
cells have a thin (∼10–100 nm) emitter layers deposited on the absorber to create
the solar cells [? ]. Moreover, the deposition of absorber as well as emitters are
done at low temperatures over large area substrates [? ? ], leading to surfaces [? ],
and voids [? ] or grain boundaries [? ] in the material. Because of this, local shunt
formation through metal incorporation through pinholes in emitter, or through
contact metal diffusion, is quite likely.
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Figure 9.5 (a) Schematics showing the likely shunt formation in a-Si:H, OPV and CIGS
cells, due to contact metal diffusion through emitter. (b) From the localization of shunt
current, we can separate the shunt and diode current paths, simplifying the 2D picture in
part (a). (c) Simulations combining the 1D shunt in parallel to a diode for all 3 cell types,
can reproduce the measured voltage and temperature dependencies, using typical material
parameters.

9.4.1 V and T dependence of shunt current

Fig. 9.5 shows the schematic representation of local shunt paths formed due to
metal incorporation through thin emitter layers for 3 different TFPV technologies.
For a-Si:H we have seen that such local shunts give rise to local SCL shunt currents
(Fig. 9.2(d)). Using this current localization, we can separate the diode and shunt
current paths for all 3 types of cells, as shown in Fig. 9.5(b), and simulate the diode
and shunt independently. Fig. 9.5(c) shows that such a 1D simulation of shunts
and diodes separately, readily reproduces the observed voltage and temperature
dependencies for all 3 TFPV technologies, without requiring additional fitting param-
eters [? ]. This not only establishes the universal SCL features for shunt current in
these different technologies, but also illuminates the possible cause of shunt for-
mation in these cells. A detailed discussion and validation of universality of shunt
characteristics can be found in [? ].

9.4.2 L Dependence of Shunt Conduction

In Sec. 9.1, we showed that shunt current varies significantly from one cell to the
next. Understanding and accounting for this variability in shunt magnitude is
essential for properly exploring the physics of shunt current. An important pre-
diction of SCL shunt current model discussed in Sec. 9.2 is power law thickness
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Figure 9.6 ISH0 vs. Labs plots showing the scatter plot of individual cell ISH0 values
(black crosses) for (a) a-Si:H and (b) OPV cells. The overlaid box-and-whisker plots show
the median (circles), inter-quartile range (blue bars), and min/max data values (whiskers)
for each Labs. The inverse power law (red line) holds true for mean of ln ISH0.

dependence (ISH ∝ L−2γ−1). We now present statistically robust data that validates
this prediction.

It is apparent from the SCL current expression in Eq. 9.3 that ISH scales in-
versely with semiconductor layer thickness (Labs) as a power law [? ]. Two dif-
ferent cell technologies are compared: (i) a-Si:H devices with i-layer thicknesses
140 nm, to 1120 nm, and (ii) OPV cells with absorber thicknesses ranging from 50
nm to 250 nm. The distribution of extracted ISH0 values are shown in a box-plot in
Fig. 9.6, along with the raw data of all ISH0 values (symbols). Here, each cross rep-
resents the ISH0 of separate cell; and the box plot shows that the geometric mean
of the ISH0 distribution for each absorber thickness follows the inverse power-law
behavior [? ? ]. This trend is statistically robust for both a-Si:H and OPV cells, and
therefore affirms the second major prediction of the SCL shunt model.

9.5 The shunt magnitude distribution is log-normal, while the shunt loca-
tions are statistically random

Shunt formation in solar cells is a universal challenge for achieving reproducible,
good quality, cell performance. Therefore, shunt formation has been studied ex-
tensively in literature, and many physical phenomena responsible for shunt for-
mation like, edge effects [? ], material properties [? ], or pinhole formation [? ]
have been identified. These efforts, however, have either focused on the empirical
processing aspects [? ], or have been used to identify individual shunt locations
[? ? ? ? ? ], so that the nature of that defect region can be explored in detail.
These have been used for identification of pinholes, or surface roughness related
defects, as well as locations of hotspot formation [? ? ? ]. In this section, we use a
combination of these electrical and optical characterization techniques to identify
the statistical nature of shunt formation in solar cells.
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9.5.1 Shunt Magnitude Distribution

We saw in Fig. 9.6 that |ISH | varies over many orders of magnitude, from cell
to cell. However, the mean of ln(ISH) shows the expected power-law thickness
dependence. This observation suggests that the statistics of shunt formation may
be described by a log-normal distribution. The cumulative probability for log-
normal distribution is given as[? ],

FX(ISH0;µ, σ) =
1

2

[
1 + erf

(
− ln ISH0 − 〈ISH0〉√

2δISH0

)]
. (9.35)

On rearranging this we can write

−
√

2erf−1 (2FX − 1)︸ ︷︷ ︸
Y

=
ln ISH − µ̂

σ̂︸ ︷︷ ︸
X̂

, (9.36)

Note that if ISH0 follows a log-normal distribution, the scale variable X̂ should
exhibit standard normal (N (0, 1)) behavior. This can be checked using a quantile-
quantile (QQ) plot, which shows the quantiles of data vs. theoretical quantiles
from a hypothesized distribution. This means that if ISH0 is indeed distributed
log-normally then the plot with quantiles of scaled variable X̂ (see Eq. 9.36), vs.
theoretical quantiles of N (0, 1) distribution would give a straight line. Here, µ̂
and σ̂ are the maximum likelihood estimates (MLE) of the mean and standard
deviations of ln(ISH0), respectively.

Fig. 9.7 shows that the QQ plot of X̂ vs. theoretical quantiles ofN (0, 1), shows a
very good agreement with the hypothesized log-normal behavior, for all four tech-
nologies. The line shows that the best fit to scaled variable X̂ for all technologies
is a N (0, 1) distribution, as expected for a log-normal distribution of ISH0. Note
that since X̂ is on a log scale, this agreement with hypothesis actually extends over
orders of magnitude in ISH0 values [? ].

Based on the statistical analysis, we can be sure that the magnitude of shunt
current follows a log-normal distribution for all four TFPV technologies. It is a
remarkably universal trend, especially considering the substantial differences be-
tween these technologies, ranging from cell structures, materials, fabrication pro-
cesses, and even the variety of sources of these data sets.

9.5.2 Spatial Shunt Statistics

It is possible understand the spatial distribution of shunts through various imag-
ing techniques, such as Dark Lock-In Thermography (DLIT) [? ], Electro-luminescence
(EL) [? ], Photo-luminescence (PL) [? ]. These methods allow us to identify the
physical location of shunt defects on the cell surface. In this section we analyze
the statistics of shunting, using imaging data from literature. This analysis pro-
vides an independent check for the shunt statistics obtained from electrical mea-
surements.

In order to analyze the spatial aspects of shunt statistics, we will use data from
DLIT imaging [? ]. The DLIT technique takes thermal images of solar cells, when
subjected to pulsed reverse bias under dark conditions. As bulk diode is “off” in
reverse bias, only shunt paths conduct significant current, and the resultant local
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Figure 9.7 QQ plots for X̂ values for four different TFPV cells (symbols) show very good
fit to the theoretical standard normal quantiles (red line) for (a) a-Si:H, (b) OPV, (c) CIGS, and
(d) CdTe technologies. For all technologies, the MLE of mean µ̂X , and standard deviation
σ̂X of the scaled variable X̂ are 0 and 1, respectively, with standard errors of these estimates
shown in insets.

(a) (b) (c)

Figure 9.8 (a) Original grayscale reverse DLIT image from [? ] showing the bright shunt
spots scattered across the cell surface. (b) The size of each bright spot can be calculated from
this modified binary image which identifies the spots in black. (c) The location (centroid)
of each spot (red stars) and some of their pairwise distances (lines) are also available, from
the binary image.

temperature rise due to Joule heating can be imaged using thermal imaging [? ].
In this technique the local shunt paths appear as bright spots distributed across
the cell surface [? ? ].

Fig. 9.8(a) shows a DLIT image for a-Si:H submodule from [? ], showing the
bright spots at shunt locations. The image allows us to estimate the distribution of
spot sizes. Another important statistic identifiable from the image is the location of
these shunt paths. We define the shunt location as the centroid of each bright spot,
shown with red stars in Fig. 9.8(c). We can then calculate all their pairwise dis-
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Figure 9.9 (a) Normalized spot size distributions for DLIT images of a-Si:H [? ], CIGS [? ],
and mc-Si [? ] solar cells, from literature show same log-normal behavior. Normalized spot
size is defined asNpixel,spot/Npixel,image. (b) The distribution of pairwise distances between
spot locations, for same three images normalized to unit square (bars), closely follows the
PDF obtained from a CSR process in a unit square (line), given in Eq. ??.

tances, shown with lines in Fig. 9.8(c). We show next that these size and position
statistics show robust, technology independent, trends.

9.5.2.1 Validation of Log-normal Statistics Fig. 9.9(a) shows the distribution of
spot sizes obtained from a DLIT images of a-Si:H [? ], CIGS [? ], and even multi-
crystalline Si [? ]. Remarkably, the spot size distribution shows identical log-
normal behavior for all technologies (Eq.9.36), despite the fact that these are fabri-
cated using entirely different materials, processes, and structures. Moreover, note
that the spot sizes are proportional to the local heat generation, which in turn is
proportional to the local shunt current magnitude [? ]. Therefore this log-normal
spot size distribution correlates very well with log-normal magnitude of shunt
current observed in electrical measurements on a-Si:H cells. Having seen the em-
pirical evidence for shunt magnitude distribution, we explore the statistics of their
locations next.

9.5.2.2 Position Statistics Fig. 9.9(b) shows the probability density of the pair-
wise distances between the centroids (Fig. 9.8(c)), for all three cell types. This
position statistics is also very similar for all cell types, and follows the PDF of
a Complete Spatial Randomness (CSR) process [? ]. This is a strong indication of
uncorrelated shunt formation, which means that the formation of individual shunt
paths does not affect the probability of shunt formation in its immediate vicinity [?
]. This uncorrelated nature of shunt formation has very significant consequences
for the gap between cell and module efficiencies, as discussed in following sec-
tions.
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Figure 9.10 (a) Schematic of parasitic shunt formation due to local metal incursion,
resulting in parasitic MSM path for a-Si:H case, showing the shunt and diode current paths.
Top view of solar cell with local shunts as seen in DLIT images, with the spots distributed
on the surface. (b) Simulated grain structure for the top TCO layer, with the grains having
high shunt formation probability highlighted in red.

9.5.3 Origin of Universal Shunt Statistics

Based on the discussion in previous sections, we can arrive at the possible cause
for these universal statistical features of shunt conduction in solar cells. It has been
previously reported that shunt resistance in multi-crystalline silicon solar cells also
shows a log-normal distribution [? ], which we now show extends to TFPV as well.
This remarkable universality of the statistics of shunt formation in solar cells leads
us to believe that a common mechanism may underlie this behavior. It is well
known that grain size (area) distribution in polycrystalline films is log-normal [?
], regardless of the material of choice. Moreover, we note that while all TFPV cells
use different absorber materials and processing techniques, the materials and de-
position methods for contact layers are relatively similar (e.g., evaporation of TCO
or metal layers), shown schematically in Fig. 9.10(b). In addition to this, the uni-
versal phenomenological SCL model of shunt conduction in TFPV cells also points
to the role of contact layers in shunt formation [? ]. This is also reinforced by the
fact that interlayers, most notably in OPVs [? ] and CIGS [? ], are used for reduc-
tion of parasitic shunting (see Fig. 9.10(a)). Therefore, it is likely that the universal
log-normal shunt statistics may be linked to the universal log-normal grain size
distribution of metal/TCO layers (see schematic in Fig. 9.10(c)). A similar link
may also be possible for multi-crystalline silicon, where shunt formation in mc-Si
cells has been linked to impurity precipitates [? ? ]. A similar statistical analysis
of ISH0 in other technologies, including mono-crystalline silicon, will help in nar-
rowing down the possibilities in this regard. While more work is needed to estab-
lish this link quantitatively, we believe that the log-normal grain size distribution
can be a good starting point for exploring the origin of this universal log-normal
nature of shunt statistics.

9.6 Conclusions

We have now completed the discussion on one of the non-idealities of the diode,
i.e., shunts. The space-charge-limited model describes the electrical characteristics
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of shunts and provides insights into the possible statistical log-normal distribution
of shunt current for any PV technology.

The second important parasitic component in solar cells is external series re-
sistance, which arises from the finite size of the cells. Because of this, the current
must flow a certain distance before reaching the terminals, and the finite resistance
of the contact layers then causes extra output power loss. This series resistance is
in addition to the intrinsic resistivity of the semiconductor layers under high for-
ward bias. We will discuss this loss mechanism and designs to minimize the loss
in the following chapter.
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