
PART IV

RELIABILITY AND
CHARACTERIZATION OF
SOLAR CELLS

We concluded Part III of the book by explaining how the efficiency of a solar
farm depends on technology choice, module and farm configurations, and geo-
graphical location. A solar farm may be highly efficient, but it may still not be
cost effective: the modules may be too expensive, difficult to clean, and/or de-
grade rapidly when exposed to the heat and humidity of the local environment.
Therefore, we need to define a metric that balances the dual requirements of high
efficiency and low cost.

The unit cost of electricity (COE) produced by solar farm is calculated by taking
the ratio of the cost of installing and running the solar farm (C(Y )) divided by the
energy it produces (E(Y )) over its lifetime of Y years. In other words,

COE =
C(Y )

E(Y )
(14.33)

The lifetime Y of the solar farm depends on how well the modules are made and
the environment it is exposed to. In the deserts of middle East, gradual yellowing
of the polymer (as its molecules are broken in UV light) reduces light received by
the cell, which in turn reduces the power output. In hot and humid environment
of South-east Asia, the interconnect may corrode over time, and Joule heating in
the increasing series resistance would reduce the output power. Therefore, under-
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standing the physics of degradation is important, because it will help us design
modules with longer lifetime Y and reduced COE, so that solar energy becomes
cheaper than energy produced by burning coal or gasoline.

The total energy output E(Y )
(

=
∫ Y

0
P (t)dt

)
depends on the lifetime Y and

the instatenous power-output P (t) that varies with multiple time-scales. When a
cloud shadow passes by, P (t) dips only for a few minutes. The daily variation
in P (t) due to variable solar intensity (due to overcast sky or smog-filled day) is
difficult to predict even a few days in advance because weather forecasting is im-
precise. As the module is soiled and cleaned, P (t) varies in a saw-tooth form over
the time-scale of weeks. And then comes P (t) reduction over seasons and years,
as the encapsulants yellow, glass-cover and/or backsheet crack, and metal inter-
connects corrode. In this part of the book, we will focus on the slow loss of P (t)
over weeks to years due to climatic condition at a given location. These processes
are not overly sensitive to daily spikes in temperature or humidity (weather), and
therefore are more predictable.

We will begin the discussion in Chapter 15 with simple model of cost of solar
energy. The cost model will demonstrate the importance of reliability and lifetime
of solar modules. In subsequent chapters, we will discuss four types reliability
issues that define the lifetime (Y )of solar cells, as follows.

1. A reversible reliability issue reduces the energy output of a solar farm, but does
not damage it permanently. For example, gradual accumulation of dust, sand,
or soil (soiling) reduces power-output, however, unlike polymer yellowing
due to UV exposure, the power of a soiled module can be restored by periodic
cleaning. A soft, temporary shadow by a cloud gliding overhead will reduce
power, but will not damage the cells irreversibly. We will discuss these topics
in Chapters 16 and 17 of the book.

2. Metastable damages ,such as potential induced degradation (PID), light-induced
degradation (LID), hot-spot formation, etc. include a class of processes may
recover (somewhat) once the stress is reduced. We will explain the processes
clearly in Chapters 19-21 of the book.

3. Permanent degradations reduce the power output permanently. Eventually
the power can be restored only by replacing the module. These processes in-
clude electrochemical corrosion of the metallic lines and stress/electromigra-
tion induced failure in solder bonds, which are reflected in increasing series
resistance, stress- and corrosion-induced delamination and UV-induced yel-
lowing of the polymer encapsulant that reduce light transmission, glass micro-
cracks due to seasonal variation in temperature-induced stresses in the mod-
ule, partial shadow degradation is another mechanism reflected in the shunt
leakage. These topics are discussed in Chapters 22-23.

4. Other extrinsic reliability issues, such as, failure of bypass diode or reliability
of the DC to AC inverters (that converts the DC energy produced by solar
cells to AC energy suitable for gird) are also important. In this book, we will
not discuss these topics in any detail.

Chapter 24 explains how each module is carefully tested to ensure that the mod-
ules are well made, and the rates of degradation are slow enough ensure antici-
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pated lifetime. In this regard, Chapter25 explains how the degradation mecha-
nisms collectively define the intrinsic lifetime of a solar farm. This intrinsic life-
time can only be achieved by a well-made module, ensured by a sophisticated and
rigorous qualification tests, as explained in Chapter 24. Nonetheless, there are al-
ways surprises when a module is placed for the first time in a new location. We
conclude the book in Chapter 26 by highlighting the growing importance of in-
verse modeling to determine the prevailing modes of degradtion and the residual
lifetime of an existing solar farm. The information gives the operator an oppor-
tunity to plan ahead and the manufactuers an opportunity to tailor their module
design for the local conditions.





CHAPTER 15

LEVELIZED COST OF ELECTRICITY
HIGHLIGHTS THE IMPORTANCE OF
EFFICIENCY AND RELIABILITY OF SOLAR
MODULES

15.1 Introduction: COE is a simple, but an important concept

The cost of electricity (COE for short) allows comparison of the price of an unit of
energy produced from various sources (e.g., wind, coal, gas, etc.) COE is defined
as the cost of an unit of energy, expressed in $/kWh. Specifically, the cost of a unit
of solar energy (COE) is given by

COE =
C(Y )

E(Y )
(15.1)

where C(Y ) is the cost of operating the cells for Y years and E(Y ) is the energy
generated during that period.

15.1.1 A solar farm requires significant investment: An analysis of C(Y )

The cost of installing a solar farm (numerator of Eq. 15.1) has several components:

C(Y ) = Csys + Com(Y )− Crv(Y ). (15.2)

First, there is an the onetime fixed cost to install the system (Csys). The term can
be decomposed into module cost Cmod and fixed and variable balance-of-system
costs, CBOS,F and CBOS,V , , so that

Csys = NmodCmod +NmodCBOS,V + CBOS,F (15.3)

Physics of Solar Cells.
By M. A. Alam and M. R. Khan
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The variable BOS cost, CBOS,V , includes the wires, support, land, etc. needed to
install the system. This cost is proportional to the number of modules, Nmod, as
well. The cost of permits, monitoring, central inverter are fixed BOS cost, CBOS,F
that is essentially independent of the number of modules. Figure 15.1 shows how
various cost components have changed in recent years.

The second term of Eq. 15.2, (Com(Y ) ≡
∫ Y

0
comdt), reflects all the costs incurred

for operation and maintenance of the farm during its lifetime, based on the yearly
rate of com. Third and finally, there is a residual value (rv) of the modules and
equipment to be recouped when the farm is decommissioned. As shown in Fig.
15.2, the C(Y ) increases (almost linearly) with time due to the recurring cost of
maintance and operation.
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Figure 15.1 The cost components of modules installed from 2009 through 2016. Each
column consists of (from bottom to top) module cost, variable BOS costs for inverters that
connect the modules to the electrical grid, hardware that connect the module to each other,
labor needed to install the modules, and finally cost of land and tax needed to house the
farm.

Homework 15.1: New module installation Cost, normalized to the power
produced

Consider a c-Si module with η = 20%. It takes 100 dollars to manufacture the
module (size 1 m2) and it is sold with 5% profit. If the BOS cost 100 $/module,
calculate the installation cost per module and cost per watt for this technology.

Solution: The module cost, including the profit, is 105 dollars. If the variable
BOS cost is also 100 dollars and fixed BOS cost is negligible, then by Eq. 15.3,
Csys/Nmod=205 $/module. To calculate the cost per watt, we first calculate the
power output of the module, which is P0 ≡ I0η = 1000 Wm−2× 0.2 = 200 W .
Therefore, the installed cost to generate one watt of power is, csys/P0 =
205/200 = 1.025 $/W.
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15.1.2 A solar farm cannot produce energy forever: The physics of E(Y )

The energy output E(Y )
(

=
∫ Y

0
P (t)dt

)
given by the dominator of Eq. 15.1 ini-

tially increases (almost linearly) with time, but its rate of increase begins to satu-
rate as corrosion, delamination, etc. begin to degrade the efficiency and power-
output, P (t), of the module. For a yearly efficiency degradation rate of d, E(Y ) is
obtained by summing up the contributions over the years,

E(Y ) = P0 + P0(1− d) + P0(1− d)2 + · · ·

= P0

Y−1∑
k=0

(1− d)k = P0
1− (1− d)Y

d

Here, P0 is the new module power output per year, expressed in kWh/year.
Figure 15.2 shows that Com(Y ) and E(Y ) both increase with Y . If the farm did

not degrade (d → 0), the term (1 − (1 − d)Y )/d → Y , so that E(Y ) = P0Y would
increase linearly with time. COE would keep decreasing until it reached a plateau
when Com(Y )� Csys, and we could forever get low-cost energy just for the price
of maintenance.

Unfortunately, E(Y ) begins to saturate over time due to degradation (d), be-
cause an old farm is less efficient than a new one. In time, the integrated cost of
maintenance and operation (Com) will increase faster than the energy produced by
the farm and COE will begin to rise. Once the COE exceeds a threshold, the farm
is dismantled and replaced with more efficient (and hopefully less expensive) new
generation of modules.
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Figure 15.2 Both the cost of operating a solar farm (C(Y )) as well as the energy output

from the farm (E(Y )) increase with time. However, E(Y )
(

=
∫ Y

0
P (t)dt

)
saturates due to

reduction of P (t) due to various types of degradations. Therefore, COE decreases initially,
reaches a plataue, and then turns-around. The shape is explained in the text.

15.2 LCOE is similar, but slightly more complicated concept

There is an important limitation of COE. A dollar today is worth more than a dollar
tomorrow. This gradual decrease of the worth of money is called the ”discount
rate”, r . Therefore, COE must be corrected for this discount rate and all the future
costs must be collapsed into a single figure so that an apples-to-apples comparison
is possible. The following formula captures the effect of discount rate (r):
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LCOE =
C(Y )

E(Y )
=
Csys +

∑Y
k=1 com(k)(1 + r)−k − Crv(1 + r)−Y∑Y

k=1 P0(1− d)k(1 + r)−k
(15.4)

where com(k) is the yearly maintenance cost for the k-th year, so that Com(Y ) =∑Y
k=1 com(k). The cost incurred at the k-th year has been reduced to the present

value by accounting for the discount rate (1 + r)k , because the value of the dollar
is reduced by a factor (1 + r) every year.

Less obvious, however, is the scaling of the energy output (in the denominator
of Eq. 15.4) by the same ”discount rate” factor. Does it mean the a watt today
is different from a watt in the future?! This is indeed the case. If you continue
to sell an unit of energy for c $/watt, the present value of the revenue (R) must
account for the fact that future earnings are not as valuable as present earnings.
Therefore, R(Y ) 6= c

∑Y−1
k=1 P0(1 − d)k, but rather R(Y ) = c

∑Y−1
k=1 P0(1 − d)k(1 +

r)−k Therefore, the present value of the energy output will have to be scaled by the
discount factor as well. A banker determines r; befriend a banker!

Homework 15.2: Energy output with constant degradation and discount
rates

Integrate the demoninator of Eq. 15.4 to Calculate the total energy output of
a solar farm, assuming that the degradation and discount rates are constant.
Express the results in terms of location-specific average solar energy, I0, as
well as the efficiency, η, of the module. Find and plot an analytical expression
for LCOE(r, d, η, I0). How does the result compare with that E(Y ) curve in
Fig. 15.2?

Solution: Integrating the denominator of Eq. 15.4, we find

E(Y ) = I0η

[
1− ((1− d)/(1 + r))

Y

1− (1− d)/(1 + r)

]
(15.5)

Homework 15.3: Calculation of LCOE: An example

A city has on average 6 hours of sunlight a day for 200 days a year at an
intensity of 1000 W/m2. Assume that a 20% efficient module costs 1 $/watt
to procure and an additional 0.50 $/watt to install (including the balance
of system cost). The module size is 1 m2 and each module produces 200W.
Assuming Y = 25 years, calculate the LCOE for the installed system. For
simplicity, neglect the residual value and the maintenance cost, as well as
degradation and discount rates.
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Solution: Let us assume that the system has a single module of 200 W. Over
25 years, the module will produce:

E(Y = 25) = (6× 200× 25)× (1000× 0.2)/1000 = 6000 kWh of energy.

For the 200 W module

Csys = 200 W× 1.5 $/watt = 300 dollars.

The LCOE by Eq. 15.4 is 300/6000 kWh = 0.05 $/kWh. Since we did not
account for discount rate, here LCOE is the same as COE.

15.3 Learning Curves can be used to project future LCOE

, If we plan to install a solar farm sometime in the future, it is natural to expect
that the module prices will fall further. We do not know exactly what the prices
would be, but we can use the historical data judiciously to anticipate the future
prices. Figure 15.1 shows the historical LCOE of farms installed in various years.
Interestingly, both the module cost and the BOS cost have declined rapidly, albeit
with different rates. We can learn from this trend and project the LCOE of the
farms that will be installed in 2020, for example.

As the PV industry expands,Nmod installed across the world will increase grad-
ually over time. Additional research and development will improve manufactur-
ing yield and produce more efficient cells. The unit price of the raw materials
will fall as manufacturers buy in large quantities. Simply put, learning to produce
more modules itself reduces the unit cost of solar modules, that is, Cmod(Nmod).
Empirically, the idea applies to many industries, e.g. Moore’s law for ICs, Wright’s
law for planes, etc.

Assume that Nmod(0) is the number of modules produced in year Y0 and f(0)
is the new modules installed during Y0, before our analysis begins. Let us define
the yearly growth rate of new installation (g) in a way that f0 × (1 + g) is number
of new modules added during the first year, f(0) × (1 + g)2 is the number of new
modules added just in the second year, and so on. Therefore, the total number of
modules after X years (relative to Nmod(0)) is given by

NR ≡
Nmod(X)

Nmod(0)
= 1 + f0

X∑
k=1

(1 + g)k (15.6)

Let us define a quantity called ”learning coefficient” (qm) which indicates the
percentage reduction inCmod when theNR is doubled, written in the form 1−qm ≡
(2)log2(1−qm). Therefore, the fractional reduction in Cmod(Y ) due to increasing NR
is given by

Lm(Y, qm, g) ≡ Cmod(X)

Cmod(0)
= NR

log2(1−qm) (15.7)

There is a similar reduction in CBOS,V (e.g. wiring, racking, etc.) as the demand
for these items increases with Nmod(Y ), but industry-specific learning would be
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Figure 15.3 Modules and BOS have different learning coefficients. The system cost is
obtained as a sum of the two costs.

slightly different, qBOS . Taken together, the cost of a new module after X years
will be

Cmod(X) = Cmod(0)× Lm(X, qm, g) (15.8)
CBOS,V (X) = CBOS,V (0)× LBOS,V (X, qBOS , g) (15.9)

One obtains the qm and qBOS by analyzing the historical data, and then use the
parameters to project into the future.

Homework 15.4: Learning curves can be used to predict future LCOE

For a simple analysis of the historical data, assume that in 2006, Cmod(0) = 4.2
$/watt, CBOS,V (0) = 0.8 $/watt , and CBOS,F was negligible. In 2006 alone,
40% new modules were added, i.e., f0 = 0.4.

1. If the price of modules dropped from 5 $/watt in 2006 to 2 $/watt in 2012.
use the learning curve to show that the historical data is well represented
by qm = 0.22 and qBOS,V = 0.1.

2. Use the historical data to project the price at the end of 2017, but with
somewhat lower rate of average growth, g = 0.4.

3. How many years will it take for the system cost to reduce below 1 $/watt?

Solution: For the first part, it is easy to verify that (all costs are in dollars per
watt)

Cmod(X = 6) = 4.2× (1 + 0.4× (

6∑
k=1

1.6k))log2(1−0.22)) = 1.50

CBOS,V (X = 6) = 0.8× (1 + 0.4× (

6∑
k=1

1.6k))log2(1−0.1) = 0.50

So that Csys = 2.00 $/watt.
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For the second part,

Cmod(X = 11) = 4.2× (1 + 0.4× (

11∑
k=1

1.4k))log2(1−0.22)) = 1.00

CBOS,V (X = 11) = 0.8× (1 + 0.4× (

11∑
k=1

1.4k))log2(1−0.1) = 0.42

So that Csys = 1.42 $/watt. These numbers are realistic.

Regarding the third part, verify that the cost is expected to fall to 1 dollar per
watt by 2020.

15.4 Conclusions: LCOE is an important but imperfect measure of cost
effectiveness of solar cells

Over the years, various institutions have posted a number of LCOE calculators
online. Since they use slightly different models for fixed vs. variable costs, include
additional details, such as taxes and incentives, and use different databases for
weather information and cost estimates, the LCOE estimates may differ consider-
ably. Equally important, one cannot guarantee future discount (r) or degradation
(d) rates, for example. Therefore, the projected LCOE must be accompanied by
an uncertainty range. And, one must assess model assumptions carefully before
using the LCOE for decision making.

An LCOE estimate help decision making in three important ways. First, it al-
lows one to make an economic decision regarding the viability of solar energy at
a specific location of the world (compared to other sources of energy). Second, it
allows policy makers to structure innovative financing, tax credit, etc. so that the
initial investment is protected. Third, and finally components of LCOE identify
the elements that must be improved to reduce the overall cost. In other words,
LCOE analysis can support research planning for a particular technology.

An LCOE estimate does not include several important factors, such as the en-
vironmental cost associated with green house gas emission (coal vs. PV, for exam-
ple), discharge of chemicals during the manufacture of a product (acids released in
water/air during manufacture of solar cells), or the cost of accidents (e.g. failure
of a nuclear reactor). Two technologies may have comparable LCOE, but it will be
important to choose one that has more benign environmental impact.

Despite these limitations, LCOE does highlight the importance of a reliable and
long-lived solar farm in making solar energy feasible. In the next eight chapters,
we will discuss the reliability issues that erode the energy output of a solar cell
(with a combined degradation rate, d, see 15.4), and thereby increase LCOE.
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CHAPTER 16

SOILING VS. CLEANING: AN
OPTIMIZATION PROBLEM

16.1 Introduction: How does soiling affect PV energy output

Even if the efficiency remained unchanged, soiling will still prevent a module from
producing the rated power. For example, a module installed in a hot and humid
environment gradually accumulate dust and soil over the glass cover. In cold cli-
mates, periodic snow covers the module. In both cases, the amount of sunlight
reaching the module is reduced, with the corresponding reduction in the power-
output P (t), as shown in Fig. 16.1(a). To restore P (t) → P0, the module will need
to be cleaned periodically. either by sending a person with a bucket and a wash-
cloth or by mounting a cleaning robot. Neither is cheap. Moreover, transporting
water to the desert is difficult and expensive. Under these circumstances, how fre-
quently should you clean so that cost per per watt of power produced (LCOE) is
minimized? In this section, we will answer this question based on the analysis by
J.K. Jones, IEEE JPV, 6(3), 2016.

16.2 What is the cleaning cost to produce an extra Watt of power?

Assume that the power output of a pristine, dust-free module is P0. The time-
dependent reduction in power-output could be expressed as, P (t) ≡ P0L(t), where
L(t) is the fractional time-dependent loss of power due to soiling. If power sells at

Physics of Solar Cells.
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Figure 16.1 (a) Soiling gradually reduces photocurrent and thus the power output, until
the original power is restored either by rain or cleaning. The soiling depends on the season,
among other things. (b) The soiling rates can be calculated by folding back the individual
curves onto a same universal curve based on the days since the last cleaning.

R dollars per watt, the revenue earned until the module is cleaned at time tc is

VS =

∫ tc

0

R(t)P (t)Ls(t)dt. (16.1)

As shown in Fig. 16.1(b) that tc = t− ti, where t is the time since installation, and
ti is last time the module was cleaned.

Figure 16.2 shows the revenue earned (VS , white area) and revenue lost (VL,
dark area) must sum up to the earning capacity of the farm, i.e. RP0tc, therefore,

VL =

∫ tc

0

R(t)P (t) (1− Ls(t)) dt. (16.2)

One must clean the module at a cost ofCs to restore power. Therefore, the marginal
cost to produce one unit of energy is

H(tc) ≡
VL + Cs
VS

(16.3)

16.3 Optimized cleaning is defined by a cost-benefit analysis

If the module is cleaned too frequently (i.e., tc is small), then module would pro-
duce very little energy between successive cleaning (i.e., Vs → 0), but the recurring
cost of cleaning will makeH very large and the cost of energy produced very high.
Yet, if we wait too long tc →∞), the module will cease to produce power, the rev-
enue lost (VL) will mount, and H will become unacceptably large as well. There
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Figure 16.2 Plots of power output as a function of time and cleaning frequency. The
area under the curve is the amount of energy produced, and the gray area is amount of
energy wasted because the module was not cleaned. The periodic jumps of the green curve
indicates that cleaning has restored the power of the original module. (a) Frequent cleaning
produces more energy, but total cleaning cost will add up quickly. (b) Less frequent cleaning
will reduce total energy output, but the cleaning cost is reduced as well. (c) If the cleaning
frequency is too low, the solar cells will not produce any power for long periods of time,
which is not desirable.

must be an optimum somewhere in between, obtained by setting dH/dtc = 0.
With a few lines of algebra to be discussed below, the minimization of H produces
the following condition:

VL + Cc
VS

=
V ′L
V ′S

=
Ls

1− Ls
(16.4)

Once the form of LS is specified, the implicit equation can be solved for tc.

Homework 16.1: Calculus review, just in case!

Derive Eq. 16.4].

Solution: Recall that if F (x) = G(x)
H(x) , then the quotient rule says

F ′(x) =
G′(x)H(x)−G(x)H ′(x)

H(x)2
.

Also recall that F (x) =
∫ x

0
g(t)dt, then F ′(x) = g(x). Using these equations,

show that

d

dtc
H(tc) =

d

dtc

(
VL + Cc
VS

)
=
V ′LVS − (VL + Cc)V

′
S

V 2
S

= 0 (16.5)
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where V ′L ≡ dVL/dtc = R P0L(tc) and V ′R ≡ dVS/dtc = RP0(1 − L(tc)).
Inserting these relationship in Eq. 16.5 produces the desired result.

Homework 16.2: Optimized Cleaning for Exponential Soiling

The empirical soiling function is given by: LS(t) = 1 − e−(at), where the lo-
cation specific soiling constant (a) is obtained by fitting the field data shown
in Fig. 16.1(b). Show that the optimum cleaning time tc is defined by the
following relationship

Cc
RP0

= tc +
eatc − 1

a
. (16.6)

Solution: Since Ls(t) = 1− e−at, therefore from Eq. 16.4 we find

VL + Cc
Vs

=
Ls

1− Ls
= eatc − 1

so that

Cc = VS (eat − 1)− VL (16.7)

VL(tc) =

∫ tc

0

R(t)P (t)Ls(t)dt = RP0

(
tc +

e−atc − 1

a

)
and

VS(tc) = RP0

(
1− e−atc

a

)
Inserting these expressions for Vs and VL in Eq. 16.7, produces the desired
result.

Homework 16.3: Free cleaning by rain!

We did not include cleaning by rain in the preceding analysis. If periodic
rainfall reduces the number of cleanings per year from P (≡ 1/tc) to M , argue
that one can still use Eq. 16.7 by simply scaling the cost, Cc by M/P .
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16.4 The soiling parameter a depends on a number of variables

The parameter a in the empirical soiling function LS(t) defines the rate at which
soiling erodes the power output of a solar cell. The parameter depends primarily
on two factors: (1) the type of soil or snow that have accumulated over the module
(and its interaction with wind, moisture, temperature), and (2) the configuration of
the modules and the farm (including the tilt angle, ground clearance, row spacing,
etc.)

The ability of sand/silt/clay particles to stick to the surface is a prerequisite for
its ability to affect the module power output. Once the module is tilted beyond a
critical angle, gravity overcomes the friction between the particles and glass cover,
and the dust is swept away. Various factors, such as particle shape, moisture, etc.
increase stiction, and the corresponding critical angle.

Naturally, soiling is increased closer to the equator where the modules must
be placed parallel to the ground to maximize collection of sunlight. At higher
latitudes, accumulation of snow offers a challenge. Since the module angles are
high, snow accumulates at the bottom of the module, and reduce short-circuit
current. It must be possible to find a location-specific tilt angle to maximize the
energy output by requiring less frequent cleaning (increasing tc).

Simply because a particle has attached to the module tilted below the critical
angle does not imply that it will block sunlight completely, see Fig. 16.3. After all,
sand/silt/clay all share a refractive index of n ∼ 1.5, similar to the glass cover of
the module. Also, the particle size (s) of the sand, silt, and clay particles ranges
from 100 µm to 1-2 mm, 4-100 µm, and 1-4 µm, respectively. These particles are
much larger than the solar wavelengths of interest, namely 0.3-1.5 µm. Therefore,
the light scattering is relatively weak and independent of the wavelength. Actu-
ally, calcium, iron, aluminum, and sodium-related impurities with (s � λ) are
embedded within the sand/silt/clay. These particles absorb/reflect light depend-
ing on the wavelength and gives sand its characteristic color. Although scattering

𝜃𝐴𝑂𝐼𝜆

(a) (b) (c) (d)

Figure 16.3 (a) A pure silica particle is a weak scatter of light. (b) Impurities included
within sand dramatically increase the reflection and absorption. (c) The light transmission
depends on wavelength and angle-of-incidence. (d) Moisture dissolves the particles
together, which are cemented together as water evaporates. These particles completely
blocks sunlight from reaching the solar cell.
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of light by impurities embedded into a sand particles on top of a glass cover is
difficult problem, one can make a simple estimate:

I = I0
1 + cos2(θ)

2R(θ)2

(
2π

λ

)4(
n2 − 1

n2 + 1

)
(s/2)6 (16.8)

where R(θ = 0) = 0.3 − 0.4mm is the distance between the particle and the solar
cell (separated by the glass cover), s = 0.01− 0.1µm, and λ = 0.3− 1.5µm.

As explained in the homework below that the reflectance increases rapidly un-
til the critical density ρc =10-20 g/m2, is reached; the reflecance saturates there-
after. At low densities, reflection and absorption adds up to ∼ 10% across the
entire wavelength range of 0.35-1.1 µm. At high densities, reflection and absorp-
tion increase from (∼ 40%) at of 0.35-0.40 µm. and saturates close to (∼ 90%) for
λ > 0.55µm. Moreover, the reflection and absorption depends on the angle-of-
incidence (AOI), increasing sharply beyond a critical angle. No wonder, there is
dramatic loss of photo-current under heavily soiled condition.

Homework 16.4: Raleigh derived the essence of Eq. 16.8 using a simple
dimensional argument

Show that the scattering must depend on very high powers of the size of the
particle and the wavelength.

Solution: It is reasonable to assume that the amplitude of the scattered light
Es is proportional to the the amplitude of the incident light Ei, the volume of
the particle, V = 4/3πs3, the wavelength of light λ, and the distance between
the particle and the solar cell, R. In other words, Es = Eif(V, λ,R). The
function f(V, λ,R) must be dimensionless:

f = V αλβRγ = L3αLβLγ = L0T 0M0,

therefore β+γ = −3. Note that α = 1 and γ = 1, because light intensity from a
source falls of as 1/R2, therefore, Es ∝

√
Is ∝ 1/R. As a result, β = −2. Taken

together,

Es ∼
EiV

Rλ2

. With V ∼ s3,

I = C × I0
1

R(θ)2

1

λ4
s6

. Comparison with 16.8 shows that

C =
1 + cos2(θ)

23
(π)4n

2 − 1

n2 + 1
∼ 5− 10

depending on θ and n.
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Homework 16.5: The weight of a monolayer of sand

If average size of sand particle is 10 µm, and specific density (ρ) of sand is
1500 kg/m3, then show that wmono =20 g/m2 sand provides a monolayer
coverage over the module. If particles of sizes 0-4, 4-8, 8-16, 16-32, and 32-64
µm occurs in equal proportion, find the weight of a monolayer of sand that
will cover the module. Finally, show that the area not covered by dust is
given by 1− (w/wmono)

Solution: The number of particle with radius ri that occupies a fractional area
f(r) is given by

N(ri) =
f

πr2
i

and the mass of a single particle is

m(ri) =
4

3
πr3
i × ρ

Therefore the weight of single monolayer of sand is

wmono =
∑
ri

m(ri)×N(ri) =
∑
ri

4

3
f(ri)riρ

For the first part of the problem, ri = 10 × 10−6 m, and f(ri) = 1, W = 19.95
g/m2. For the second problem, i = 5, f(ri) = 0.2, and r1 = 2, r2 = 6, · · · .
The monolayer coverage density is comparable to the first part. Both these
densities are comparable to the critical density of 10-20 g/mm2 beyond which
reflection/absorption increases dramatically.

Homework 16.6: Origin of the exponential soiling model: Nonlinear Light
blocking by accumulated dust

If w is the weight of randomly placed dust particles on a module, then show
that the area not covered by dust is given by Af 6= 1− w(t)/wmono, but rather
Af = e−w(t)/wmono . This is why the light transmission and short-circuit cur-
rent decreases nonlinearly with accumulated dust coverage.

Solution: It is important to realize that dust accumulation is random sequen-
tial absorption process. Therefore, the probability that a new particle lands in
an unoccupied area (and thereby reduce Af ) is given by

dAf
dN

= −πr2Af , therefore Af = e−πr
2N(t) = e−N(t)/N0 = e−w(t)/wmono .
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where N is the number of dust particle (per square cm) that have accumu-
lated since the last cleaning, and N0 =

(
πr2
)−

1 is the number of dust particle
needed for monolayer coverage. If the soiled region suppresses light com-
pletely (an imperfect assumption, see Fig. 16.3, we find that fractional light
lost is given by

LS(t) ∝ 1−Af = 1− e−πr
2N(t)

If N(t) = b t, where b is the location, season, and tilt-specific constant, then
a = πr2b interprets the origin of exponential soiling model discussed above.

16.5 A number of technologies have been developed to clean solar farms

Equation 16.7 suggests that tc can be increased by reducing a by tilt angle opti-
mization, for example, for a specified Cc. The cost of cleaning can be reduced by a
number of ways. For example, cleaning robots that spans the module height and
are mounted on the far end of the row of modules can slide across the rows to clean
the module either by water or pressurized air. The cost of the robots must now be
included in Csys discussed in the LCOE, see 15. Anti-soiling coatings (with al-
ternate stripes of hydrophobic and hydrophilic regions) may allow more efficient
cleaning with less water. Self-cleaning arrays of electrodes, with the lines are al-
ternatively charged with positive and negative polarity as the particles are pulled
away by dielectrophoretic forces have been tested, especially missions to Mars or
the moon. The viability of these techniques for large scales system remains an
open question and an interesting research problem.

Tilt angle

+ - +

Electrode Coating

-

Figure 16.4 Soiling reduction strategies include increased tilt angle, dry cleaning, and
soil-resistant coating.
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16.6 Conclusions: Optimized cleaning maximizes cost-effective energy out-
put of a solar cell

In this chapter, we have discussed how soiling erodes the power output of a so-
lar module, and how one must optimize the cleaning frequency to maximize the
energy output of a such a system. Fortunately, the effect is reversible, that is, the
output returns to the pristine values once the modules have been cleaned (unless
the use of hard water or exessive mechanical pressure leave behind permanent
scratches on the glass cover).

In the next chapter, we will discuss the reliability issue of shadow degrada-
tion: the reduction of short-circuit current when a shadow blocks the sunlight. In
principle, Shadowing and soiling both produce reversible power loss, because the
original power can be restored when the panel is cleaned, or the shadow is re-
moved. Unfortunately, under extreme conditions, a shadow may permanently/ir-
reversibly damage a module, just as careless cleaning may leave behind scratch
marks to reduce the power output permanently. .
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CHAPTER 17

A TRANSIENT PARTIAL SHADOW MAY
CAUSE PERMANENT DAMAGE

17.1 Introduction: The danger of a partial shadow

The power output of a solar module depends on intensity of sunlight incident on
it. If a soft semi-transparent shadow covers the module completely, it causes a
temporary (reversible) dip in power output. Once the shadow is removed, the
power is restored and the module operates as if nothing had happened.

Sometimes, however, a shadow may block illumination to parts of a module, as
shown in Fig. 17.1. These partial shadows may arise from clouds overhead, a fallen
leaf, a nearby building, or a neighboring solar panel. Naively, one may think that
shadowing one of the N−subcells in a module would reduce the total power to
(N − 1)Pcell. Thus, for typical N ∼ 50− 100, the power loss would be negligible.

In practice, even a small partial shadow may cause dramatic power loss in this
series connected system. More importantly, power dissipation within the shad-
owed subcell may become so high and the region so hot that the cell may be dam-
aged permanently. In the worst case, a fire may start. Interesting, this reliability
issue was first understood not in a solar farm on the ground, but in NASA satel-
lites orbiting the earth. As the narrow shadow of the satellite boom bisected the
solar wings, the power dropped precipitously. Indeed, the satellite could be lost if
the situation remained unresolved. In this chapter, we will discuss the physics of
partial shadowing and the ways to mitigate its effects.

Physics of Solar Cells.
By M. A. Alam and M. R. Khan
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Simulation IR image

Temperature (oC)
40 65

(a) (b)

Figure 17.1 (a) A partial shadow, marked by the white region, blocks illumination to parts
of a solar module. (b) Both numerical simulation and experimental results show that the
regions next to the shadow becomes extremely hot, which may severely damage the solar
cell.

Si module Thin-film module

(a) (b)

(c)

Rs

Rsh

Jph

Figure 17.2 (a) Series connected c-Si solar module with six subcells (N = 6). (b) Series
connected thin-film solar module, also with 6 subcells. (c) Each subcell may be represented
by a current source (Jph), a diode, and a shunt resistance (Rsh). A series resistance, Rs,
connects a pair of subcells. The figure shows a string of four subcells.

17.2 A module is optimized for shadow-free operation

In chapter ??, we determined the optimum number of series connected subcells
(N ) that would minimize the series-resistance loss of the module, see Fig. 17.2.
The optimization assumed that the module is uniformly illuminated – a partial
shadow was not anticipated.
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Under uniform illumination, a subcell is defined by its operating point, Vmp,1
and Imp,1 ≡ Imp, see Fig. 17.3(a)). Therefore, Vmp of a N -cell module is given by:

Vmp(N) = N (Vmp,1 −∆(N)) (17.1)

where ∆ is a small thermodynamic correction (= TD
TS

N−1
N+1 (ESJ − β−1), plus the

voltage drop due to series resistance. Also, note that the same photo-current, Imp,
flows though the N series connected cells of a module. The photo-current is ap-
proximately given by

Imp ∼ Iph = AsubcellJ0 [1− βEG,max] (17.2)

With Equations 17.1 and 17.2 for Vmp and Imp, the module power-output is

P
(i)
out = Vmp(N)× Imp ' Vmp(N)× Iph (17.3)

The superscript i represents the initial power output of the module, before the
arrival of the shadow.

𝑉𝑚𝑝,1

V

𝑉𝑚𝑝(𝑁)

V

𝑉𝑚𝑝(𝑁 − 1)

Shaded 

cell

V

𝑉𝑚𝑝 𝑁 − 𝑉𝐵𝐷

𝐼𝑚𝑝

𝑉𝐵𝐷

(a)

(b)

(c)

Figure 17.3 (a) The composite I-V characteristics of a series-connected module (N =
4, p = 0) is obtained by adding – at each current level to ensure current continuity – the
voltages of the four individual sub-cells. (b) The dark I-V characteristics of a fully shaded
subcell (dashed line) is defined by its breakdown voltage, VBR. The I-V characteristic of
the remaining three, fully-illuminated subcells is also shown. (c) The integrated response
of shadowed module (N = 4, p = 1) – obtained by adding up voltages at each current level
– explains the reduction of the operating voltage.

17.3 A shadow decreases the power output dramatically

When a sub-cell is fully shadowed, it loses its photo-current. Since the other sub-
cells continue to produce photo-current, the shadowed subcell is forced into re-
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verse breakdown (VBD) to ensure current continuity. Assuming p out ofN subcells
are shadowed, the voltage

Vmp(N, p) = (N − p)(Vmp,1 −∆(N − p))− pVBD (17.4)

In other words, the module not only loses the voltages of the cells shadowed (first
term on the righ), but also the voltage needed to put the shadowed cells into break-
down (second term on the right). Since VBR � Vmp,1, it is clear the module voltage
output will reduce dramatically, which in turn will be reflected in the reduced final
power-output of the partially shadowed cell:

P
(f)
out = Vmp(N, p)× Imp

= Iph × [Vmp(N − p)− pVBR]

∼ P
(i)
out − p(Vmp,1 + VBR)Iph (17.5)

The term propotional to p indicates the magnitude of the power loss due to shad-
owed cells. The corresponding loss of efficiency is given by

δη

η0
≡ P

(i)
out − P

(f)
out

P
(i)
out

∼ p

N

(
1 +

VBR
Vmp,1

)
(17.6)

One expects the p/N factor intuitively, because p of the N cells are shadowed and
have stopped producing power. The second factor involving the ratio of the break-
down voltage to the maximum power-point voltage (with VBR � Vmp,1) reflects
the series-connection of the module, which amplifies the effect of the shadowed
cells. The formula suggests that the efficiency-loss due partial shadowing could
greatly reduced by reducing VBR, a topic we will return to at the end of the chap-
ter.

Homework 17.1: Efficiency loss due to partial shadowing: A numerical
example

A 20% efficient c-Si module consists of 72 cells. The cells are asymmetrically
doped with donor doping of 1018 cm−3 and acceptor doping of 5×1016 cm−3.
Use Eq. 17.6 to Calculate the efficiency loss if 3 cells are shaded. Assume that
Vmp,1 = 0.6V .

Solution Here, N = 72, p = 5, and Vmp,1 = 0.6V . To calculate VBR, we recall
that a reversed biased diode breaks either by Zener tunneling or by Avalanche
multiplication. The exact expressions for the breakdown field (EBR) are com-
plicated. For an one sided p-n junction (as is the case here), a simplier empiri-
cal equation suffices:

EBR =
4× 105

1− 0.33log(N/1016)
V/cm
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where N = 5 × 1016 cm−3 is the doping of the lower-doped side. The corre-
sponding breakdown voltage is

VBR =
κsε0E

2
BR

2qN
∼ 10 V.

Therefore, the efficiency loss is δη = 20 × (3/72)(1 + 10/0.6) = 14.7 %. In
other words, the module has lost two-thirds of the output power with only
3 cells (out of 72) shaded! No wonder partial shading is such an important
consideration.

Homework 17.2: The power output of a partially shaded tandem cells is
easily derived

Re-derive Eq. 17.6 where each of the N-series connected cells is actually a
M -junction tandem cell. Use the following information from Chapter ?? to
complete the derivation: For a M-junction optimized tandem cell, the maxi-
mum power-point voltage is given by

Vopt(M)

M
= Eg,avg

(
1− TD

TS

Eg,P
Eg,avg

)
− kBTDln

(
ΩD
ΩS

)
(17.7)

and
Imp(M) ∼ 2Imp,SJ

M + 1
(17.8)

Jdark(V ) = qΩDe
−Eg,avg/kBTDeqV/NkBTD . (17.9)

When N of these cells are connected in series for form a module, then

Vmp(M,N)

N
= Vopt(M) (17.10)

17.4 Semitransparent shadows produce a complex I-V characteristics

The shadows are seldom so opaque that it would blocks the sunlight completely.
The direct sunlight may be blocked, but the scattered light will still illuminate (at
a reduced intensity α) the subcells under shadow. In this case, the Eq. 17.4 is
modified slightly, as follows.

Figure 17.4(a) shows I-V characteristics of the fully illuminated subcell. The I-
V characterististics is obtained by adding the voltages at each current level. The
dashed line in Figure 17.4(b) is the modified I-V characteristics for a partially il-
luminated subcell with semitransparent shadow. Here, the short-circuit current
has been suppressed by α. Figure 17.4(c) shows that the full I-V charactestics of
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Figure 17.4 (a) The composite I-V characteristics of the fully illuminated module. (b)
Dashed line is the I-V charactestics of a partially illuminated subcell – the other cells are
fully illuminated. (c) The composite I-V is obtained by adding the subcells voltages at each
current. At low currents, the partially illuminated cells can support the current: the I-V
characteristics resembles that of an fully illuminated module, and the module operates at
point B on the right. At higher currents, the partially shaded cell must go into reverse
breakdown and the I-V characteristics resembles a module with fully-shadowed subcells.
The module now operates at point A. Depending on the number of subcell shadowed, one or
the other of the operating points (indicated by open circles) provides the maximum power
output.

the module is obtained by summing the voltages of the shaded and the unshaded
cells.

The composite I-V characteristics has two plataus, αIph and Iph, with the tran-
sition voltage, Vt. For I < αIph, the partially shaded cell can support the current
and the output voltage (and the operating point, A) is high. For Iph < I < αIph,
the shaded cells must go into reverse breakdown to support the current needed.
The voltage is now reduced and the operating point moves to B. It is easy to see
that the two-platau curve transitions between the I-V characteristics of a fully illu-
minated module (α = 1, Fig. 17.3(a) and that of a module with a few fully-shaded
subcells (α = 0, Fig. 17.3(c)).

Which of the two operating points – A or B – would produce more power? If
the number of partially shaded cells, p is less than a critical number pc, then the
module produces maximum power if the shadowed cells are allowed to break,
and the power-output (associated with A) is given by

P
(f)
out = Iph × [Vmp(N − p)− pVBR], (p < pc) (17.11)



PARTIAL SHADOWS CAUSE IRREVERSIBLE DAMAGE 233

In this case, the efficiency loss is similar to that fully shaded subcell discussed in
the preceding section, see Eq. 17.6.

On the other hand, when p > pc, the output power may increase if the all the
subcells operate at the forward bias, limited by the current produced by the shad-
owed subcell (point B), as follows:

P
(f)
out = αIph × Vmp(N). (p ≥ pc) (17.12)

The module would now operate at point A to maximize power output and the
efficiency loss is given by

δη

η0
= 1− α. (17.13)

In either case, the power loss is significant.
In this section, we have discussed the case where a semitransparent shadow

(0 < α < 1) covers a cell fully (area Acell). A second senario is also possible: a part
of the cell (A1) may be covered by a semitransparent shadow of one magnitude
(α1), while the remaining part (A2 ≡ Acell − A1) may have covered with a semi-
transparent shadow of a different magnitude (α2). The loss of the photo-current
can be represented by an effective shadow

α ≡
∑
i αiAi
Acell

Interesting, we will see later in Chapter 22 that the effects of metal grid corrosion
on cell performance can be understood as a semi-transparent shadowing problem,
with α1 = 0 for the corroded section, and α2 = 1 for the uncorroded section. Thus,
the I-V characteristics of a module with a few corroded cells can be interpreted by
the multi-plateaued characteristics shown in Fig. 17.4.

Homework 17.3: The expression for pc is obtained by comparing efficiency
formula

Equate the efficiency loss formula for p < pc (Eq. 17.6) and p ≥ pc (Eq. 17.13)
to derive an expression for pc.

17.5 Partial Shadows cause irreversible damage

It is important to observe that the ”‘lost”’ power, Plost = Iph × pVBR is dissipated
within the p fully shadowed subcells. Recall from Chapter 6 that temperature of
the cell will rise by

∆TD ∼
Plost
2h

,

where h is the convection heat transfer coefficient. The self-heating will accelerate
the bond dissociation and shunt formation rates:



234 A TRANSIENT PARTIAL SHADOW MAY CAUSE PERMANENT DAMAGE

RD = As e
−EA/(kBTD+∆TD),

where EA is the activation energy for creating a defect and As is an empirical pref-
actor. These recombination centers due to broken bonds will irreversibly increase
diode recombination current and shunt leakage, i.e.

Rsh = Rsh(t = 0)

[
1 +

∫ ts

0

RD dt

]−1

,

where ts is the total time a module experiences shadowing.
This increase in the dark current (due to junction leakage and shunt forma-

tion) will reduce the efficiency of the solar cell. This is exactly what happened
in Fig. 17.1(b). This discussion has important implications for partial shadow-
ing discussed in the preceding section: It may be preferable to operate at point
B to avoid self-heating in reversed biased diodes, even if point A produces more
output power from the module, see Fig. 17.4

17.6 Strategies to mitigate the effect of partial shadows

There are two ways to reduce the detrimental effect of partial shadows: by using a
bypass-diode to reduce VBR of a crystalline silicon solar cell (see Eq. 17.6), or, use
the special geometry to reduce the possibility of creating a α = 0 shadow over the
entire subcell.

17.6.1 A bypass diode reduces partial shadow degradation in a c-Si solar
cell

The detrimental effect of partial shadowing can be reduced significantly if we
could reduce VBD without sacrificing the forward-bias performance of the so-
lar cells. A number of cell designs have been proposed that achieves this goal
with various degrees of success, but they have not been commercially adopted.
Commercially, a bypass diode is connected to a subcell with reverse polarity so
that the bypass diode is reversed biased and turned-off during normal operation
(see Fig. 17.5(a)), but turns on once the corresponding subcell is shadowed and a
reverse-bias develops across it (forward biasing the bypass diode in the process).
As shown in Fig. 17.5(b), the magnitude of the power-loss is reduced from

P
(f)
out = P

(i)
out − pIph (Vmp,1 + VBR)

to
P

(f)
out = P

(i)
out − pIph (Vmp,1 + Vbi)

where Vbi(� VBD) is the built-in voltage of a silicon solar cell. The expression for
the efficiency loss is now rewritten as

δη

η0
=

p

N

(
1 +

Vbi
Vmp,1

)
(17.14)
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V

𝑉𝑚𝑝 𝑁 − 𝑉𝑏𝑖

Figure 17.5 (a) Each of the c-Si cell is being protected by a bypass diode. (b) Such protection
improves the power output of the solar cells. The shadowed subcells are protected.

Homework 17.4: A bypass diode reduces the efficiency loss significantly

Use Eq. 17.14 to calculate the efficiency loss of the solar cell discussed in
Homework 16.1. Let us assume that ni = 8.3 × 109 cm−3 is the intrinsic
carrier concentration at 25C.

Solution: The turn-on voltage for the diode is given by

Vbi = kBT ln

(
NAND
n2
i

)
= 0.026 ln

1018 × 5× 1016

(8.3× 109)2
= 0.89V.

Therefore, δη = 20× (3/72)(1 + 0.89/0.6) = 2.06%.

The subcell is now protected and the power-loss is greatly minimized, but since
the entire current of the cell Iph = AcellJph is being dissipated into a small-area
bypass diode, frequent shadowing may lead to failure of the bypass diode itself.

Homework 17.5: Diode Self-heating could be a reliability concern

A module consists of 72 Silicon sub-cells, each with an area of 100 cm2. Cal-
culate the thermodynamic power output of the cells. If one of the cells is
shadowed and its current is bypassed by a protection diode (area 1 cm2), cal-
culate power dissipated within the diode, as well as module power loss. Since
the temperature of suspended semiconductor device is given by ∆T = Plost

2h
where h = 5W/cm2/sec, determine the temperature of the diode during these
shadowing events.
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17.6.2 Bypass diodes cannot protect Thin-film solar modules

Unfortunately, the individual subcells in a thin film module are not individually
accessible, see Fig. 17.2(b). Therefore, unlike c-Si solar cells, one cannot use a by-
pass diode to protect individual subcells of a thin-film module. Protection against
partial shadowing is still possible if we observe that ”‘a shadow is often rectan-
gular, but a subcell need not be”. In other words, the subcell geometry can be
modified to reduce the effects of partial shading.

First, let us consider the power loss in a W by L thin film module, composed of
N rectangular subcells of height (L/N ) and width W , see Fig. 17.6. The subcells
are connected in series, with electrodes placed at the top and bottom contacts.
We wish to understand how the power output of the fully-illuminated thin-film
module (Fig. 17.6(a)) changes when a semitransparent (α = 0.5) shadow of size
a Wsh × Lsh is overlayed on the module. A quantitative analysis requires careful
numerical simulation (see the references at the end of the chapter), but the key
results can be understood qualitatively.

Let us consider four cases. First, if the module is shadow-free (Wsh = Lsh = 0;
Fig. 17.6(a)), the module produces its rated power of 800W, indicated by the point
on the bottom left corner (deep red) of Fig. 17.6(e). Second, if the module is fully-
shaded (Wsh = W ;Lsh = L; Fig. 17.6(b)), the light intensity scales by transparency
factor (α = 0.5), and the output power reduces to 400 W, indicated by the point on
the top right corner of Fig. 17.6(e) (deep blue). Third, for a vertical shadow, Fig.
17.6(c), the current of each subcell is reduced, but by equal amount. As a result,
the power reduces linearly from 800W to 400W with the increasing width of the
shadow, as indicated by the horizontal arrow in Fig. 17.6(e) that goes from the
top left corner (deep red) to the top-right corner (deep blue). Finally, for the full
horizontal shadow in Fig. 17.6(d), we already know from the analytical results in
Sec. 16.4 and Fig. ?? that the current in the partially transparent shadowed cells
(αIph) control the module output. The module output reduces precipitously even
if p � N , as discussed in Homework 16.1 Indeed, as indicated by the vertical
arrow on the right edge of Fig. 17.6(e), the power output is immediately reduced
to the lowest level (400 W) even if only a few subcells are shadowed (p ∼ 4 − 5,
corresponding to Lsh ∼ 4 − 5cm). Other shadows interpolate among these four
extreme limits, see the diagonal arrow in 17.6(e).

It is clear from the discussion above that even a very thin shadow of length
(Lsh → 0), but width (Wsh = 0.7 − 0.8W ) will significantly reduce the power
output of the module. What can we do to improve the shadow tolerance of thin-
film solar modules? We will discuss an interesting geometry-based strategy in the
next section.

Homework 17.6: Understanding the role of vertical shadows in a traditional
thin-film solar cell

Assume that a CdTe subcell has the dimension of W = 1m, and L = 1cm. A
module consists of 120 series-connected subcells, with a total power output of
800W. Calculate the loss of power for a vertical shadow of Lsh = 1.20 m and
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Figure 17.6 (a)A fully illuminated module. (b) A partially shadowed module. (c) The
narrow vertical shadow covers the full length of the module. (d) A narrow horizontal
shadow covers the full width of the module. (e) The power output obtained from numerical
simulation. The arrows correspond to the subfigures (a), (b), (c) and (d). See the text for
details.

Wsh = 3 cm. Does any of the subcells go to reverse breakdown? (Ans. No)
How does the output voltage change as a function of Wsh? (Ans. The output
voltage does not change with Wsh.)

Homework 17.7: A numerical simulation tool can help develop additional
insights

Use the simulator PVPanelSim https://nanohub.org/resources/
pvpanelsim to simulate the shading performance of a 10cm by 10cm CdTe
thin film module subdivided into 25 elements, each represented by its own
compact model consisting of a photo-current source, a diode, a shunt resis-
tance and a series resistance. Starting from the bottom left, shade increasingly
larger fraction of the module to create a plot similar to that of Fig. 17.6. How
can you simulate the shading response of a tandem cell using PVPanelSim?

https://nanohub.org/resources/pvpanelsim
https://nanohub.org/resources/pvpanelsim
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17.6.3 Spiral-shaped subcells improves shadow performance

You may recall from Chapter 10 10 that a module composed of spiral-shaped sub-
cells (Fig. 17.7 (a)) improves power output by decreasing the series resistance loss.
Since the shadows are typically rectangular, the spiral shapes ensure that the the
worst case shading scenario, namely, the shadow covering the width of the mod-
ule (see Fig. 17.6(d)) can only occur for very large shadows. Fig. 17.7(b) shows
that the module retains its maximum power for a broad range of shadows. Only
for very large shadows covering nearly the the entire module (Lsh → Lmodule, and
Wsh → Wmodule), we see a significant loss of output power (top right corner of
Fig. ??(b)). The idea of module geometry solving a partial shadowing problem is
intriguing, but the manufacturability of such modules remain an open question.

Figure 17.7 (a) A module composed of spiral subcells. (b) Plot of the power-output in
response to shadows of size Wsh × Lsh

17.7 Conclusions: A module must be designed for shadow tolerance

Shadow degradation emerged as a reliability concern for early satellites that re-
lied on solar energy to power its electronics. Engineers worried about permanent
damage to cells as the shadow of the boom cut across the long wings of the solar
module. One had be careful, otherwise the entire mission may be destroyed. In
this chapter, we have seen that the shadow degradation arises as a consequence of
the series connection of subcells in a solar module. The series-connection reduces
series resistance, but increase susceptibility to shadow degradation, with dramatic
loss of power output. Similar to soiling, frequency shadowing reduces power out-
put and increases LCOE of the specific installation. The self-heating related to
shadowing increases junction and shunt recombination. As well see in the next
chapter that these hot-spot associated with these ”weaker diodes and stronger



CONCLUSIONS: A MODULE MUST BE DESIGNED FOR SHADOW TOLERANCE 239

shunts” not only reduce overall power output permanently, but also accelerate
other degradation modes.

For c-Si solar cells, bypass diodes provide an effective strategy to mitigate the
effects of partial shadowing. One must however ensure that the diodes themselves
are reliable and would not fail due to current crowding and self-heating. Mitigat-
ing shadow degradation in thin-film solar cells is more difficult. Several groups
have explored the options of monolithically integrating bypass diodes, engineer
devices with very low breakdown voltage, and modify the geometrical shapes of
the subcells. Creating shadow-robust modules as well as the methodology to iden-
tify the worst-case shading scenario remain interesting topics of ongoing research.

In the next chapter, we will discuss ”photo-degradation of solar cells.” It ap-
pears that even if a shadow never touches a module, the module will still degrade
due to energetic photons incident on it.
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CHAPTER 18

DANGEROUS HOT SPOTS ARE CAUSED
BY WEAK DIODES AND STRONG SHUNTS

18.1 Introduction: The origin of hot-spots in solar modules

In the last chapter, we understood how the non-uniform illumination due to par-
tial shadowing leads to localized power dissipation (hotspots). The output is re-
duced and other degradation modes are accelerated. We will see later in Chapter
22 that hotspot may also form when c-Si grids are delaminated and the photocur-
rent cannot be collected. It is important to reduce hotspot formation due to partial
shadowing and corrosion.

Unfortunately, hotspots can form even when the illumination is uniform (so
that the current sources are all the same), but the diodes and shunt resistances are
spatially non-uniform. Many groups have shown that diode built-in voltages (and
thus the dark current and photoluminescence efficiency) varies from one position
to the next across the module. In fact, we have already seen in Chapter 9 that the
shunt resistances are highly localized and their magnitudes are broadly (Weibull)
distributed. In Chapter 9, we focused on the loss of cell efficiency due to these
variable shunts.

In this chapter, we will explain the danger posed by hotspots around the most
conductive shunts (strong shunt) and/or diodes with smallest low turn-on voltage
(weak diodes). Our analysis applies to both intrinsic hotspots (due to processing
nonuniformity) or extrinsic hotspots (created as a consequence of partial shading,
corrosion, or potential induced degradation). Let us begin with weak diodes and
then we will discuss strong shunts.

Physics of Solar Cells.
By M. A. Alam and M. R. Khan
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18.2 Process non-uniformity creates weak-diodes

Each cell in a thin film solar cell is typically 300-400 nm thick, 1 cm long, and 1 m
wide. The films are deposited by a big deposition chamber where various reac-
tant gases swirl, find nucleation points on the surface, and gradually build-up the
layer. A small variation in deposition temperature or non-uniformity in reactant
flow will lead to variability in the film thickness. Local variation in composition
could create atomic configurations that act as recombination centers for the elec-
trons and holes. The thinner films reduces photo-current, Jph, while the recombi-
nation increases dark current, Jdark. Taken together, these regions are defined by
lower Voc = (kBT/q) ln (1 + Jph/Jdark). In a well controlled manufacturing pro-
cess, there will be relatively few spots with very low Voc. In this section, we will
follow Karpov et al. PRB, 2007 to show that even a few weak spots can signif-
icantly reduce the power output of the solar cell. Both shunts and weak diodes
reduce cell performance: weak diodes affect the Voc, while the shunt affects the
entire I − V characteristics, including the fill-factor. The shunts are identified by
measuring the dark current in the reverse bias.

18.3 Light IV characteristics can be expressed in a diode-like form

Recall that the net-current density into the solar cell is given by the superposition
of dark and light currents, namely

I/A = J0(eqV/kBTD − 1)− Jph(V ) (18.1)

At Voc, I = 0, so that Jph(Voc) = J0(eqVoc/kBTD −1) ∼ J0 e
qVoc/kBTD . Therefore, the

dark-current prefactor is related to the photocurrent: J0 = Jph(Voc)e
−qVoc/kBTD .

Inserting it back to Eq. 18.1, we find

I/A ∼ Jph(Voc)(e
q(V−Voc)/kBT )− Jph(V )

∼ Jph(Voc)(e
q(V−Voc)/kBTD − 1) (18.2)

Equation 18.2 is derived by assuming that Jph(V ) ∼ Jph(Voc), that is, the pho-
tocurrent is voltage independent. We know that the assumption is not be correct
for thin-film solar cells. The equation however reproduces the correct limits: I = 0
at Voc, and I ∼ −A× Jph at V = 0.

Homework 18.1: The exact expression for the total current is easily derived

Derive an expression for the total current in terms of photocurrent (similar to
Eq. 18.2), but without assuming that the photocurrent is voltage independent.
Explain the difference between the two expressions at V ∼ Voc.
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Figure 18.1 (a) Side view of a thin-film solar cell, hypothetically divided into segments
with radius l. The segment marked by the red-line has higher than average defect
concentration. (b) The representation of each region with an equivalent circuit consisting of
a photo-current source and a diode. For simplicity, we have omitted the shunt and series
resistances. The defective region is marked by a "weak" diode, a diode that turns on at a
lower Voc,W , The weak diode sinks currents generated by neighboring "normal" diodes. (c)
A perspective view showing that a weak diode (of size l) sinks the photo-current from a
much larger area (of radius L). The dissipated power though the diode will make it appear
hotter than the neighboring region.

18.4 Low-Voc diodes sink photocurrent generated in the neighboring region

For simplicity, let us assume that a solar cell is divided into small segments of
cross-sectional area πl2, see Fig. 18.1. Except for a few weak-diode spots with
Voc,w, the solar cell are presented by a network of diodes with normal Voc, such
that Voc,w < V < Voc, where V is the operating point of the integrated system. Fig.
18.1(c) shows that with Voc,w < V , the weak diode sinks the current produced by
the normal cells with V < Voc with area πL2. Not only does the weak diode fail to
contribute, it steals photocurrent produced by the neighboring region and wastes
them as heat. These hot-spots accelerate various various degradation modes.

To calculate L, we need to balance the current produced by the normal region
with the current lost in the weak-diode (see Fig. 18.1 and 18.3):

πl2 × Jph(Voc,w)(eq(V−Voc,w)/kBT − 1) + πL2 × Jph,w(Voc)(e
q(V−Voc)/kBT − 1) = 0

(18.3)
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Let us also assume that the photo-current generated in the weak vs. normal areas
are the same (i.e. for now we ignore film thickness variation), so that Jph(Voc,w =
Jph(Voc). Also, we can drop the term eq(V−Voc)/kBTD on the right, because Voc,w <
V < Voc. Therefore,

l2 × eq(V−Voc,w)/kBTD ∼ L2. (18.4)
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Figure 18.2 (a) The current of the weak diode is supported by the integrated photo-
generated current of the affected area. (b) The corresponding curves for a strong shunt.

The exponential term in Eq. 18.4 suggests that a weak-diode sinks current from a
much larger area compared to its size (i.e. L� l), see Fig. 18.1 (b) and (c). The size
cannot be arbitrary large, rather it must be defined by the need to support the cur-
rent through a resistive voltage drop associated with the lateral sheet resistance,
Rs. Therefore, .V − Voc,w = α(JphπL

2)×Rs, where α accounts for the distributed
current collection towards the weak diode, as discussed in Chapter 10. Inserting
the relationship in Eq. 18.4, we find

L ∼

√
1

παRs

kBTD
qJph

ln
L

l
(18.5)

The affected area Adark = πL2 is inversely proportional to the photo-current,
Jph = A(1−βEg) and the Rs. Higher resistance insulates the weak-spots from the
neighboring regions by incurring a voltage-drop penalty. Finally, since the diode
resistance Rd ≡ kBTD/qJph, therefore, we can rewrite Eq. 18.5 in an equivalent
form form:

L ≡
√

Rd
παRs

ln
L

l
.

Rd is expressed in Ω−cm2.
We conclude this section with an important observation. Equation 18.5 sug-

gests that the affected region is independent of the ”weakness” of the diode. In
other words, since Voc,w does not enter explicitly in Eq. 18.5, it does not affect
L directly. This unphysical conclusion arises from the approximation that relates
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voltage drop to the current flow. In practice, L will increase weakly as Voc,w is
reduced, because even a small increase of ∆L increase the current collected signif-
icantly by 2πL∆LJph. This increase supports the extra current sunk by a weaker
diode.

Homework 18.2: A simpler, physically transparent derivation of Eq. 18.4

Assume that at the operating voltage V , only the weakest diode within the
hotspot has been turned on. The other diodes are weakly conducting and can
be neglected. Balance the photo current from area πL2 by the current sunk by
the diode (area πl2) to obtain the desired expression.

Solution: The flux balance gives us the expression:

πL2Jph = πl2J0e
qV/kBTD .

Since Jph = J0e
qVoc,w/kBTD , we can use the relationship in the previous ex-

pression to complete the derivation.

Homework 18.3: Equation 18.5 must be solved iteratively.

Calculate the affected size, power-dissipation, and temperature rise of a
hotspot in a CdTe solar cell. Assume that the absorber is 300nm thick, its
subcell size is 1cm, and the series resistance is 10 ohms/square.

Solution:

1. Begin by assuming l = 300 − 500nm, equal to the film thickness, and
Lmax = 0.5cm, half the typical cell-size. Estimate ln(Lmax/l).

2. Use the band-gap of CdTe to calculate the thermodynamic Jph. WithRs =
10 ohms/square, use Eq. 18.5 to reestimate L and Adark = πL2. Iterate
Steps 1 and 2 two or three times to ensure convergence.

3. Calculate the thermodynamic limit for Vmp ∼ Voc for a CdTe cell. The
power dissipated within the hot-spot is approximately given by P =
πL2JphVoc.

4. The hotspot temperature is given by ∆T = P/2h, where h = 5W/K is the
convection coefficient of still air.
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18.5 Strong shunts and weak diodes affect have similar effects on module
performance

A weak diode sinks photo-generated current from the neighboring region. A
highly conductive (strong) shunt does the same. When metal ions diffuse and
destroy a junction. The shunt resistance (RS) is reduced, and therefore the leak-
age current increases significantly. This current is provided by the neighboring
regions, as follows. We assume that in the region affected, the voltage is too low to
turn-on the diodes and leakage current through the normal shunts are negligibly
small. Thus, the photo-generated current from the neighboring area equals the
leakage current though the strong shunt.

Voc − V
RS

=
V

Rsh,w
= αJph(πL2)

so that

Voc

(
Rs +Rsh,w
Rsh,w

)
= αJph(πL2)Rsh,w.

Taken together,

L =

√
1

απ

Voc
Jph

[
1

Rs
+

1

Rsh,w

]
(18.6)

The similarity to Eq. 18.5 is obvious and expected. Figure 18.2 explains the con-
nection geometrically.

18.6 Hotspots are acerbated by the proximity to the electrodes

Equations 18.5 and 18.6 show that the area affected by a hot-spot depends in-
versely with on the series resistance, Rs. If the hot-spot occurs in between the
metal-grid fingers of a c-Si solar cell, or close to the subcell boundary of a thin-film
solar cell, the low-resistivity metal grids increase the area affected dramatically,
with corresponding increase in power dissipation, see Fig. 18.3. Moreover, the
excess heating so close to the metal lines accelerates corrosion and delamination.

18.7 Solution strategies: There are different ways to reduce hotspots

Hotspots may be removed my improving the uniformity of the deposited films or
controlling the uniformity of the doping profile. However, there may be limits to
process improvement for very large modules. In this case, post-fabrication design
strategies that can mitigate the effect of hotspots can be helpful. In this section, we
will discuss two such approaches for hotspot control.

18.7.1 Process improvement addresses the root causes of hotspot forma-
tion

Here, several strategies have been reported to improve the uniformity of the films
deposited, see Fig. 18.4. First, Process Improvements, such an improved tempera-
ture uniformity across the wafer, or chemical annealing that prunes weaker bonds
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Figure 18.3 (a) A 11 × 11 cm−2 thin-film submodule. There are 11 cells connected in
series. (b) The plot of the shunt current (in mA). The red square marks strongest shunt.
The green square marks a somewhat weaker shunt. (c) Corresponding power-generation
(in mW) plot for the submodule. The shunted subcells not only sink power locally (blue),
but the proximity to the metal-lines suppress power generation of the neighboring regions
within the same cell.

during the film growth by He/Ar ions, etc. improve film uniformity and reduce
the number of weak-diodes and strong-shunts. Second, even after the process-
ing is complete, the film can be homogenized by immersing in electro-chemical sol-
vent. The region containing the weak-diodes reacts faster with the solvent and are
etched away. Finally, following contact metal deposition, a electro-luminescence
map can identify the hot spots. A laser ablation can locally remove the regions
containing strong shunts or weak diodes.

T(x,y)

+

-
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Figure 18.4 (a) Spatial control over the process temperature, (b) effective use of electro-
chemical etching, and (c) laser ablation of defective regions can improve the uniformity of
the films deposited.

18.7.2 Striping suppresses the effects of hotspots formed

We know that the proximity to electrodes increases the size of the hot-spots, be-
cause photo-current from a wider region can use the low-resistance electrodes to
reach the weak-spot. Vertical patterning (striping) the electrodes offers an way to
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disrupt this lateral flow photo-current to the weakspot. The top row of Fig. 18.5
shows three different ways the module may be patterned. Full vertical strips iso-
late neighboring subcells regardless the locations of the weakspots. Increasing the
number of stripes localizes the effects of weakspots more effectively, but with the
corresponding penalty for dead area. Partial vertical stripes and localized stripes re-
duce the dead area penalty significantly, provided the shunt locations are known
accurately by photoluminescence imaging, for example. Figure 18.5(e) shows that
striping offers significant improvement, especially for thin-film solar cells, where
the subcells cannot be sorted for current matching.
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–

+
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–
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Figure 18.5 (a) A 11 × 11 cm−2 a-Si thin-film submodule. There are 11 cells in series.
Only three of the 121 subcells are shunted. (b) Vertical stripes prevent lateral conduction
among the subcells of a given cell. The stripes increase the dead area loss. (c) Partial vertical
stripes prevent lateral conduction from the shunted subcells. The dead area is reduced, but
one must know the location of the shunts. (d) Localized striping isolates the shunts, if their
positions are known in advance. (e) The efficiency distribution associated with various
striping strategies. Without striping, an average efficiency is only 7%. Various striping
strategies improve the efficiency towards the shunt-free perfect module (8.9%).

18.8 Conclusions: Hotspots and partial shadowing must be reduced

In this chapter, we have explained why even a relatively few defective regions
reduce the power-output of a solar module significantly. More importantly, hot
spots resulting from non-uniform current distribution accelerate delamination,
corrosion, and electromigration. Obviously, as discussed in Chapter 17, hot spots
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could also be generated due to partial shadowing. This is why improving process-
uniformity and reducing partial shadowing are important considerations for mod-
ern solar cell technology. Even if the cells are perfect and uniformly illuminated,
they will degrade through intrinsic degradation modes. We will discuss these in-
trinsic degradations in the next chapter.
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CHAPTER 19

PHOTO-DEGRADATION OF SOLAR CELLS
DUE TO UV EXPOSURE

19.1 Introduction: Photodegradation of solar absorber, polymer encapsu-
lant, and backsheets are intrinsic reliability concerns

In Chapters 16 and 17, we discussed how soiling and partial shodowing reduce
power output of a solar module. We may think that the power-loss, however sig-
nificant, is temporary. Once the shadow is removed or the module cleaned, the
original efficiency will be restored. Unfortunately, this is not true. Recall that
shadowing increases self-heating and hotspot formation, leading to increasing vi-
bration of the molecules and occasional bond dissociation. These broken bonds
(defects) increases the probability of electron-hole recombination. The correspond-
ing increase in the dark current permanently reduces the open-circuit voltage, and
the power output of the solar cell. The shadow may be long gone, but its memory
persists in broken bonds.

The bonds are broken not only by shadows, but also by light, especially if an
atom within a module absorbs a high-energy photon of the solar spectrum. As
shown in Fig. 19.1, photo degradation may occur in the absorber layer of the solar
cell, the polymer encapsulant that protects the cells from moisture, and the glass-
cover/polymer backsheet that make the cell mechanically stable. To initiate photo-
degradation, the incident photon-energy Eph must be comparable to the bond-
energy E0 of these materials. As shown in Fig. 19.1, the light-induced degrada-
tion (LID) of the absorber layer increases dark (diode) current, photo-induced yel-
lowing of the polymer encapsulants reduces short-circuit (photocurrent) current,
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and cracking of the backsheet leads to moisture ingress and corrosion-induced in-
crease in the series-resistance. Taken together, these irreversible processes reduces
the cell efficiency and farm output permanently. The bonds are strong and high-
energy photons relatively few, therefore photo-degradation proceeds slowly. Over
the module lifetime of 25-40 years, even a slow degradation leads to substantial
power loss.

Ethylene-Vinyl-Acetate
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yl-A
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tate

Polymer

SiO2 glass network

(a) (b)
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Figure 19.1 (a) A module consists of a glass-cover, an encapsulant (typically EVA), a solar
absorber, and a backsheet, all held together by a metal frame. (b) Glass is composed of a
random network of SiO2 bonds. Each Si defines a tetrahedra with the oxygen atoms in the
corner. Each oxygen atom is shared between a pair of tetrahedra. (c) Each strand of the
EVA polymer consists of alternate segments of Ethylene (n-molecules) and vinyle-acetate
(m-molecules). High-energy photons can break the bond between vinyle and acetate. The
broken bonds absorbs visible light and gives the degraded polymer a yellow or brown
color. The polymer backsheet is also susceptible to degradation by high energy photons.
(d) Typical bond-energies associated with the various materials within the solar module.

Homework 19.1: Photodegradation is also called UV-degradation

Explain why UV-photons are necessary for photo-degradation of solar cells.
Recall that the least energetic ultraviolet photons have wavelength of 400 nm
(3.1 eV). Compare the bond-energies in Fig. 19.1(d) to appreciate why UV-
photons are necessary for bond dissociation.

19.2 A Phenomenological Model for UV Degradation

Let us assume that (I(t), in kW/m2) is the time-dependent sunlight intensity inci-
dent on a module. Only a fraction of the incident photons (fuv) is energetic enough
to break bonds. The defect density (Duv , per m3) created by UV photons depends
on the average bond dissociation efficiency (σ) of UV photons. In other words,
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Figure 19.2 The photo-induced degradations are reflected in, for example, in increasing
dark current (Jdark) associated with bond-dissociation in the active layer and/or in gradual
reduction in short circuit current (Jsc) associated with the yellowing of the encapsulant.
The Yellowing is quantified by the yellowing index, YI.

Duv(t) =

∫ t

ti

σ I(t) fuvdt (19.1)

Here, t is expressed in hours, and ti is ”incubation period”.

Homework 19.2: High energy photons in a solar spectrum

Calculate the number of photons in the UV spectrum. Assume that approx-
imately 5.5% of the AM1.5 light has UV frequency (280-400nm, 3.2-4.8 eV
range), i.e., fuv ∼ 0.055.

Solution: If all the electron-hole pairs generated by photons could be col-
lected, then I(t) = 1000 W/m2 of sunlight would produce 70 mA/cm2 of
current. Therefore 1000 × 0.055 = 55 W/m2 of UV flux would produce
IUV (t) = 70 × 0.055 = 0.385 A/m2 current. The number of UV photon is
therefore given by

Nuv = Iuv/q = 0.385/1.6× 10−19 = 2.40× 1018 m−2.

Therefore, the maximum number of bonds broken per second cannot exceed
this number. In practice, far fewer bonds will be broken, because only a frac-
tion (σ) of these high energy photons are absorbed by the polymer encapsu-
lant.

When the UV light breaks polymer bonds, the film gradually turns brownish
yellow and the light transmission (and therefore the photocurrent, Jph is gradu-
ally reduced. Beer-Lambert law says that of light transmission through a material
(e.g. EVA) containing spatially uniform defect density DUV decays exponentially
with film thickness tEV A, expressed in m and the absorption cross-section (γ) ,
expressed in m2. In other words,
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∆Jph(t)

∆Jph,∞
= 1− e−γ tEVA Duv (19.2)

where ∆Jph is the photocurrent-loss at time t, while ∆Jph,∞) is maximum loss
after prolonged exposure. On the right hand side.

Homework 19.3: Time-dependence of UV-degradation

Using Eq. 19.1 and 19.2, show that the initial power loss due to time-
independent UV exposure is given by

∆P (t)

∆P∞
' kp(t− ti) (19.3)

where kp ≡ σ γI0fuv is the time-constant for UV degradation.

In addition to loss of photo-current, UV light also appears to degrade the surface
of the solar cell, and increase the surface-recombination current (and the dark cur-
rent, see Fig. ), i.e.

∆J02(t) ≡ J02 − J02(t = 0) = (mt)k (19.4)

m ∼ 2 and k = 0.25 − 0.5. In other words, the degradation process very quickly
initially, but then saturates at a later time.

The phenomenological theory described above is often used to characterize the
UV-degradation of a solar module and the parameters are derived from measure-
ment. The simple theory however cannot answer a number of important ques-
tions. For example:

What fraction of solar spectrum is responsible for photo-dissociation of poly-
mer molecules? In other words, how should one calculate fuv?

Why does UV-degradation depends only weakly on temperature? Does other
variables, such as RH, play a role in defining UV-degradation?

What the origin of strong wavelength dependence of UV-degradation?

How should we explain the existence of the incubation period (ti) in some
encapsulant, but not in others?

Why does the photocurrent loss saturate?

We will discuss a simple physical theory that can answer these questions bet-
ter. Incidentally, UV exposure also increases the brittleness of glass cover and the
polymer backsheet, although the processes have not been described by simple em-
pirical equations. The theory described below applies to these degradation modes
as well.
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19.3 Number of photons with energies above E∗ can be obtained from
Black-body radiation

Two understand the rates of the photo-degradation process (and calculate fuv), we
must first calculate the number of high-energy photons with E > E∗.

Nph =

∫ ∞
E∗/h

N(f, T )df (19.5)

where E(≡ hf , h is the Plank’s constant), N(f, T ) is the number of photons of
frequency f contained within the solar spectrum, namely

N(f, T ) ≡ 2f2

c2
1

ehf/kBT − 1
.

Therefore

Nph = σ1

∫ ∞
x0

x2

ex − 1
dx (19.6)

where σ1 ≡ 2c
(
kBT
hc

)3
and x0 = E∗

kBT
. For x0 � 0, the integrant simplifies to x2e−x,

so that

Nph = σ1exp(−x0)(x2
0 + 2x0 + 2) ∼ σ1x

2
0exp(−x0)

Therefore,

Nph(E > E∗) ∼ 2kBTS
h3c2

E∗2e−E
∗/kBTS (19.7)

Note that T = TS reminds us that the photons are arriving from the sun. Equa-
tion 19.7 shows that the number of high-energy photons decreases rapidly with
increasing photon energy. Equation 19.7 suggests that the number of high-energy
photons with E > E0 decreases exponentially with E0, therefore stronger bonds
are exponentially harder to dissociate than weaker bonds.

19.4 Yellowing of Polymer Encapsulant

19.4.1 Why do we need an Encapsulant

We know that a solar module must be first encapsulated by a thin polymer layer
and then sandwiched between a glass front cover and backsheet backcover. All
these pieces are then held together by a metal frame. The polymer layer protects
against moisture diffusion that may otherwise seep through any gaps between the
frame and the glass, or though any cracks in the glass/backsheet. Also, the glass
and cells are not separated conformally over a large module. Therefore, if the glass
was assembled directly on top of the solar cell, isolated contact points will localize
stress and fracture the cell. Polymer encapsulant redistributes the stress point to
improve the mechanical performance of the system. In this regard, a polymer
encapsulant is similar to a shoe sole which protects our feet from the sharp stones
on the road by redistributing the localized stress over the larger region.
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19.4.2 Chemical Composition of encapsulants

The polymer encapsulant must be transparent to sunlight, with bandgap E >
3 − 4 eV . Commercially poly (ethylene-vinyl acetate) (PEVA or EVA for short),
has been a encapsulant of choice for many years. As shown in Fig. 19.1, EVA is a
copolymer of ethylene and vinyl acetate. The last H of the acetic acid (CH3COOH)
combines with the first H of Vinyl (H-CH-CH-) to make Vinyl acetate (CH3COO-
CH-CH -.. -CH-CH- ...) and so on. Once the Etylene comes along (C2H4), the
C double bond opens up, and the new chain (CH3COO - (CH-CH)- CH2-CH2- ...
CH2-CH2) keeps repeating. Any of the C-H, C-O, C-C bonds may break through
photo-excitation. The bonds broken by UV-light will now absorb light in the vis-
ible range, and the film will turn yellow or brown over time. The loss of light
transmission (with the corresponding loss of short-circuit current) is proportional
to the number of bonds broken, expressed in terms of yellowing index (YI).

19.4.3 Mathematics of polymer degradation

To calculate the number of broken bonds (NBB) in a solid exposed to sunlight,
let us begin by assuming that the solid contains N0 number of bonds with bond
energy E0. The probability that that a bond has an energy E is given by the Boltz-
mann distribution, namely,

NB(E) =
N0

kBTD
e−E/kBTD (19.8)

where TD is the cell temperature. To break such a bond at exclusively by photo-
excitation, the bond must first absorb a photon of energy E∗ ≥ E0 − E. There are
Nph(E > E∗) such photons in the solar spectrum, given by Eq. 19.7.

Therefore, the rate of generation of broken bonds is given by two components,
self-dissociation RD and photo-dissociation, RS , i.e.,

dNBB
dt

= RD(E > E0) +RS(E ≤ E0) (19.9)

With time-independent rates, the number of broken bonds increases linearly with
time.

The first term involves self-dissociation by thermal excitation, so that any bond
that has aquired an energy E > E0 has the near unity probability (kD) of being
dissociated. The number can be calculated as follows

RD =

∫ ∞
E0

kDNB(E)dE = kD
N0

kBTD
e−E0/kBTD (19.10)

In equilibrium, the principle of detailed balance (which we used in Chapter ?? to
calculate the thermodynamic efficiency of solar cells) requires that given sufficient
time the dissociation and reformation rates must balance each other. We assume
that the probability of such reformation is low and does not occur within the time
window of interest. At typical TD ∼ 350◦ K and E0 ∼ 2 − 4eV , only a few bonds
will break over the lifetime of the solar module. The activation energy of such
bond-dissociation, obtained as a slope of NBB vs. (kBTD)−1, is E0, as expected.
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Figure 19.3 The bonds of EVA can be described by a parabolic potential well, with
binding energyE0. In equilibrium with the device temperature TD , the bonds have different
vibration energy E. If a bond at energy E absorbes a photon that pushes it over the the
energy barrier, the atoms may be displaced far from its equilibrium position, and the bond
may be permanently broken.

The second term of Eq. 19.9 describes photo-assisted dissociation rate and is
given by the following (convolution) integral:

RS(E < E0) =

∫ E0

0

kSNB(E)Nph(E0 − E)f(E0 − E)dE. (19.11)

SinceNB(E) decreases withE, butNph(E0−E) increases withE, the temperature
dependence is suppressed. The f(E0 − E) is the location-specific atmospheric
transmission coeffient of photons with energy E∗ ≡ E0 − E. For example, only a
very small fraction (¡5%) of the UV photons with (E∗ > 4.43) eV actually reaches
a roof-top solar module, but a much larger fraction is incident on the solar wings
of a satellite/space-craft. For now, let us set f = 1. Inserting Eq. 19.8 and 19.7, the
integral simplies to

RS =
N0

kBTD

2kBTS
h3c2

e−E0/kBTS

∫ E0

0

(E0 − E)2e−βEdE

where β ≡
[
(kBTD)−1 − (kBTS)−1

]
. The integral evalutes to

RS = kS
N0

kBTD

2kBTS
h3c2

e−E0/kBT

[
E2

0

β
− 2E0

β2
+

2

β3

]
(19.12)

The explicit expression connects all the fundamental variables related to photo-
dissociation of bonds into a single expression.

Homework 19.4: Equation 19.12 has a simple physical interpretation

Equation 19.12 can be interpreted as follows. There are N0 bonds with energy
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E0 each with an small amount of vibration energy kBTD. All these bonds will
be broken by photons with energy (E∗ > E0, Eq. 19.7). Therefore, the dissoci-
ation rate could be simply written as the product of the number of bonds and
the number of photons energetic enough to break the bonds:

RS ∼ KsN0
2kBTS
h3c2

e−E0/kBTS (E0)2.

You should convince yourself that this is the first term of Eq. 19.12, provided
E0 � kBTS and TS � TD, so that β ∼ (kBTD)−1. Can you explain where the
second and third term come from by realizing β−1 → 0 when TD → 0?

Homework 19.5: Equation 19.12 can be used to predict the temperature
dependence of UV-degradation

Assume that a solar cell is tested at 50, 75, 100, and 125◦C. Assuming theE0 =
3.5eV , TS = 5700◦C, determine the degradation rates for these temperatures.
For simplicity, absorb all the unknown constants in a prefactor Aeff . Plot the
log −Rs vs. 1/(kBTD) curve and show that the activation energy E0 could be
determined approximately by the slope of the line.

19.4.4 Photo-degradation is accelerated by UV intensity, but not by sample
temperature

It is clear from Fig. 19.1 that direct photo-dissociation of bonds with energy E0 >
3− 5 eV require high-energy photons (as in the Ultra-violet part of the solar spec-
trum with wavelength range of 10-400nm, or 3-12 eV). The number of high energy
photons are so small (especially after it has been filtered by the ozone layer) that it
takes years of exposure to normal sunlight to turn a polymer brown or yellow.

To test the quality of the polymer within a short time, one must accelerate the
degradation process. Special UV sources such as Xenon Arc Lamp and Metal Hal-
lide lamps are used to increase the intensity (by 3 fold and 30 fold, respectively)
and accelerate the degradation rate. After 1 to 2 weeks of exposure, the samples
are taken out and their yellowing index measured (YI). The corresponding loss of
light transmission is given by ∆L.

Solar cells are expected to operate at various regional temperatures, TD. To
predict the temperature-dependent degradation, YI is measured (see Fig. 19.4)
for a fixed duration t0 of UV exposure and at a fixed temperature, TD., and the
experiment is repeated for multiple TD. Assuming that

∆L ∼ Aeff e−Eeff/kBTD ,

is a simplified version of Eqs. 19.12 and 19.4, we can respectively calculate Eeff
and Aeff from the slope and the intercept of the plot ln(∆L) vs. (kBTD)−1 . With
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these polymer-specific empirical parameters, the degree of yellowing of a module
can be predicted at arbitrary location of the world with arbitrary UV-intensity.

𝑌𝐼 = (100/𝑌) ∗ (1.274641506 𝑋 − 1.057434092 𝑍)
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Figure 19.4 (a) The broken bonds gives the polymer an yellow/brown color. (b) The
degree of yellowing can be quantified my measuring the wavelength spectrum of the emitted
light, then decomposing them into red, green, and blue by respectively multiplying it with
the three color spectrums: x(λ) for red, y(λ) for green, and z(λ) for blue. The X,Y,Z values
so obtained are normalized to 1, i.e. x ≡ X/(X + Y + Z). (c) Typical examples of x, y, z
values associated with a color. (d) Yellowing index is calculated based on an agreed upon
formula, such as ASTM E313.

Defined as such, the activation for self-dissociation (see Eq. 19.10) isEeff ∼ E0).
Thus, a strong temperature dependence could be expected, but the term itself is
small and it does not contribute much to yellowing. On the other hand, Eq. 19.4
suggests that the photo-dissociation is essentially independent of TD, therefore
Eeff ∼ 0, and Aeff ∝ RS . In fact, Eq. 19.12 do depend on temperature, but the
dependence is weak, a conclusion supported by experiments which find Eeff ∼
0.1− 0.25 eV.

Thus, the strong location dependence of yellowing arises not from the local
temperature, but by the location-specific, wave-length dependent filtering of the
high energy photons. For example, the annual UV dose in Florida is 80 kWh/m2,
while that of Arizona is 93 kWh/m2. However, since the degradation is (essen-
tially) temperature-independent, one cannot increase the sample temperature to
significantly shorten the test-time of a newly developed polymer encapsulant.

Homework 19.6: Interpretation of experimental data

Figure 6 of the paper ”PVLife: An Integrated Model for Predicting
PV Performance Degradation over 25+ Years” by M. A. Mikofski et
al. (DOI: 10.1109/PVSC.2012.6317932) http://ieeexplore.ieee.org/
stamp/stamp.jsp?tp=&arnumber=6317932. contains experimental re-
sults regarding UV-degradation at two temperatures and various wave-
lengths. Show that that the data can be interpreted by Eeff ∼ 0.12 − 0.25eV .

http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6317932
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6317932
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How does the results compare to the theoretical results from Homework 19.5.

19.5 Solution strategies: Techniques to reduce encapsulant yellowing

There are three ways to improve UV-robustness: remove the UV-spectrum before
they reach the UV-susceptible bonds, remove the bonds susceptible to UV, or add
UV-quencher molecules that relax photo-excited polymer molecules.

19.5.1 Filter high-energy photons before it reaches the encapsulant or the
absorber

As examples of the first strategy: By mid-1990s, a number of groups have demon-
strated that glass containing Cerium Oxide blocks sunlight above 3.2 eV (380nm).
Unfortunately, as shown in Fig. 19.5, when the Ce-glass is first exposed to sun-
light, its optical transmission is degrades significantly. Therefore, although Ce-
gass suppresses EVA yellowing, the light transmission does not imprve signifi-
cantly. Hence, the technology has not been widely adopted.

Figure 19.5 (a) Ce-doped glass absorbs the high-energy photons and protects the
polymer underneath. (b) The improvement is reflected the stable, time-independent light
transmission through the system. Very weak bonds when the glass is first exposed to light;
hence the initial drop in transmission.



SOLUTION STRATEGIES: TECHNIQUES TO REDUCE ENCAPSULANT YELLOWING 261

19.5.2 Use stronger polymers

The second strategy involves replacing EVA by silicone, a more UV-stable poly-
mer. Silicones are constructed from inorganic-organic monomers, and is described
by the chemical formula [R2 SiO]n, where R is an organic group such as an alkyl
(methyl, ethyl) or phenyl. Another way to understand the structure of Silicone is
to compare with silica glass. In a silica glass, each silicon atom is bonded to four
oxygen atoms in a tetra-hedral configuration. In Silicone, two of the Si-O bonds
are replaced by Si-R bonds, where R is an organic compound, such as CH3. The
pair of R molecules do not connect to others, therefore [R2SiO becomes an unit of
one-dimensional polymer chain, similar to EVA.

19.5.3 Add photo-Stabilizer molecules

Not all polymer molecules absorb UV light; only the molecules with the right ab-
sorption gap (known as chromophores) do. When UV-quenchers are added, the
photo-excited choromophores can transfer the excess energy to these molecules.
The chromophores are therefore not broken as frequently. So long the additives
themselves do not discolor the polymer, the relative simplicity of the approach
makes it an attractive approach. The technique is not a panacea, because the
quenchers themselves degrade following repeated absorption of excess energy.
Once the ”guardian” molecules are gone, the chromophophores are no longer pro-
tected and the natural degradation of the polymer resumes.

Homework 19.7: The time dynamics of Quencher stabilized polymers can
be described by a time-delay

If the rate of quencher molecule degradation is kq and that of polymer degra-
dation is kp, then the differential equations that describe their time-dependent
concentrations are given by

dQ/dt = −kqQ (19.13)
dNBB/dt = −kp(Q0 −Q)NBB (19.14)

where Q0 is the initial quencher concentration. If none of the polymer bonds
are initially broken (i.e. NBB(t = 0)), then calculate the time-evolution of
NBB(t) and ∆P (t).

Overall, the challenge has been to develop cost effective alternatives to stan-
dard and field-tested glass-EVA combination, such that the increased cost is com-
pensated by increased energy yield over the years. One final comment before we
conclude this section. In this chapter, we have explained how UV-photons de-
grade the polymers through photo-dissociation of molecules. However, this is not
the only way the polymers can degrade. The molecules can also dissociate and
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polymers can brown by chemical reaction with the moisture – a topic we will re-
turn in Chapter 22.

19.6 The Backsheet polymer is also damaged by UV radiation

As shown in Fig. 4.2, the backsheet provides the structural rigidity for the mod-
ule, just as the glass cover does for the frontside. Unless it is a bifacial solar cell,
the backsheet need not be transparent. Therefore, stronger polymers such as PET(
poly-ethylene-terephthalate), PVF (Polyvinyl fluoride) or PVDF (polyvinylidene
fluoride) are common choices. Although the bond energies are somewhat differ-
ent, but the physics and mathematics of photo-dissociation of bonds (as discussed
in Sec. 17.3) are essentially the same. For example, backsheet degradation of-
ten begins with photo-dissociation of the ester bonds. This step initiates a chain
reaction called Norrish reactions, the detailed physics of which is still being inves-
tigated. As the bonds break, one measures the degradation by the same YI, as we
did for EVA. The UV-robustness of the backsheet can be improved by incorporat-
ing additives that suppresses UV absorption by the polymer. A laminated stack of
PVF-PET-PVF also appears to be relatively more resistant to UV degradation.

Backsheet degradation affects the cell performance indirectly. Obviously, the
yellowing or cracking of the backsheet do not affect the short-circuit current. How-
ever, backsheet cracking reduces the mechanical strength and increases moisture
penetration, leading to hydrolysis of the polymer and faster corrosion of the back-
contacts. We will discuss the topics of mechanical integrity and moisture penetra-
tion in Chapters 23 and 22, respectively.

19.7 Conclusions: UV degradation affects absorber materials as well

In this chapter, we have focussed on the UV-degradation of encapsulant and back-
sheet. We have explained why the degradation depends linearly on UV inten-
sity, but is relatively insensitive to device temperature. We have also emphasized
that a number of strategies have been developed to improve UV-robustness of
these materials, but the cost effectiveness of the proposed approaches remains an
open question. Our focus on the encapsulant and the backsheet do not imply that
the absorber itself do not suffer from UV-radiation damage. In fact, UV related
degradation has been reported for many absorbers, including c-Si modules. The
c-Si bonds are strong, but a continuous UV-radiation do lead to defect generation
and increased dark current. The encapsulation by UV-resistant EVA reduces UV-
degradation of the absorber material. Instead, the absorber material is far more
susceptible to degradation from visible light for which the encapsulants offer no
protection. We will discuss this (visible) light-induced degradation of absorbers in
the next Chapter.
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CHAPTER 20

LIGHT INDUCED DEGRADATION IN
SOLAR CELLS

20.1 Light-induced degradation has been known since the 1970s

Second law always wins – all materials must eventually fall apart. Exposure to
sunlight accelerates the degradation. In fact, the photons need not have high ener-
gies; even visible photons can do considerable damage. This was illustrated most
dramatically when Staebler and Wroknsky reported in the 1970s that a-Si cells lose
20-30% of their output power just after a few hours of light socking, see Fig. 20.1.
This light-induced degradation received wide-spread attention becuase thin-film
a-Si solar cell appeared promising as a low cost alternative to c-Si solar cells. Even-
tually, researchers realized that even c-Si is not exempt from light-induced degra-
dation. In this chapter, we will discuss the physics of light induced degradation
in a-Si and c-Si solar cells. The degradation in a-Si layers continues to be rele-
vant, because they are used as passivation layers for silicon-heterojunction solar
cell technology.

20.2 Physics and Mathematics of LID in a-Si solar cells

20.2.1 a-Si:H is passivated by Si-H bonds

To understand the LID degradation, we need to understand the atomic structures
of amorphous vs. crystalline silicon.
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Y. Nakata, et al., JJAP, 1992

T. Shimizu, JJAP, 2004

Figure 20.1 (a) Experimental evidence of the rapid degradation of a-Si solar when exposed
to sunlight. (b) The degradation depends on time as a sublinear power law, i.e. t1/3. The
cells are not encapsulateted by EVA or covered by glass.

In c-Si, each Si atom is connected four of its equidistant neighbors in a tetra-
hedral structure. These tetrahedras fit within a diamond unit cell (with 8 atoms).
The motif is repeated to make a crystalline solid – the atomic structure is stable and
relaxed because the all the atoms are stabilized/separated by the same distance.

Each Si atom in a-Si is also connected to four of its neighbors. The tetrahedras,
however, are connected with random orientation. Despite the randomness, Polk
in 1971 showed that a 3D a-Si can in principle have all the bonds satisfied (albeit
with twisted bonds). The strain of the system can be relaxed if some of the bonds
allowed to break and the broken bonds are passivated by atomic Hydrogen, see
Fig. 20.2(a). With all the bonds satisfied, either by Si-Si or Si-H bonds, a-Si can
serve as a high-quality solar absorber.

Homework 20.1: Euler’s Rule and Maxwell’s Constraints characterize the
geomery of solids and defects

Review Lectures 4 and 5 of the series posted at https://nanohub.org/
resources/16560. to explain that an amorphous material can be defect
free, and how the addition of Hydrogen reduces the strain in otherwise defect
free a-Si system.

Once the LID degradation was reported by Staebler and Wroknsky, many re-
searchers immediately implicated the photo-dissociation of weak Si-H bonds as
the root cause of the degradation. Subsequently, Stutzmann et al. used the electron-
spin resonance experiment to demonstrate that the number of Si-H bonds broken
at anytime t is given by

NBB ∝ N2n
ph t

n (20.1)

where n = 1/3. The increase in the defect density is reflected in the corresponding
decrease in efficiency shown in Fig. 20.1. Unlike Eq. 19.9, the NBB increases

 https://nanohub.org/resources/16560.
 https://nanohub.org/resources/16560.
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Figure 20.2 (a) A schematic diagram of a-Si (viewed from the top) with randomly arragned
Si-Si and Si-H bonds. The Si-H bonds are weaker than Si-Si bonds. (b) The H atoms are
release on bond photo-dissociation. They may either return to passivate the dangling bonds,
or may be permanently lost in the form of H2. (c) The numerical solution of Eqs. 20.2 and
20.3 produce the same time exponent as is observed in experiments.

sublinearly with time and light intensity. In the next section, we will develop a
physical model to explain these dependencies quantitatively.

20.2.2 A model for light-induced degradation

Several models have been proposed to explain LID, also known as Staebler-Wronski
effect [T. Shimizu, JJAP, 2004; R. Biswas, PRL, 2000, 2002]. We will use a simple
model based on Hydrogen-kinetics that explains the key experimental observa-
tions.

Briefly, the H-model suggests that the rate of free hydrogen generation (dNH/dt)
due to photo-dissociation is determined by three processes, see the middle box in
Fig. 20.2(b) and Eq. 20.2. The first term on the right of Eq. 20.2 describes the num-
ber of hydrogen released when energetic photons break Si-H bonds (NBB). This
term is proportioal to the number of photons responsible for bond-dissociation
(Nph) and the initial concentration of unbroken Si-H bonds (N0). Once released
from Si-H bonds, the mobile hydrogen atoms (density, NH ) will now diffuse in
the volume of the material, until they either restore some other broken Si-H bonds
(second term, Eq. 20.2), or combine with each other to form stable H2 molecules
(the third term, Eq. 20.2). One assumes that the H2 molecules will never again
dissociate into atomic H and participate in bond passivation.

dNH
dt

= kFNph(N0 −NBB)− kBNBBNH − 2kcN
2
H (20.2)
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Here, kF ,KR, kc are rate constants for forward dissociation, repassivation, dimer-
ization, respectively. As we will see later that the characteristic time-exponent of
LID does not depend on these rate constants!

Photons (Nph) break Si-H bonds in two different ways. First, sufficiently en-
ergetic photons from the sun can directly break Si-H bonds. Second, photons
may initially excite electron-hole pairs. The energy released from recombination
of these photogenerated carriers may also break Si-H bonds. Obviously, the two
different rate constants kF characterize the direct and the recombination-assisted
processes.

Next, let us calculate the rate of broken bonds by accounting for the forward
photo-dissociation and reverse bond restoration processes (see the left box in Fig.
20.2(b)):

dNBB
dt

= kFNph(N0 −NBB)− kBNBBNH (20.3)

One can solve Eq. 20.2 and 20.3 self-consistently to find the number of defect
generated as a function of time. In practice, numerical simulation provides some
insights that can be used to obtain an analytical solution of the coupled equation.

First, the efficiency degrades significantly even with NBB � N0, therefore the
first term of Eq. 20.2 can be simplified to kFNphN0. Second, three fluxes on the
right of Eq. 20.2 nearly balance each other out, so that dNH/dt ∼ 0, so that

kFNph(N0 −NBB)− kBNBBNH − 2kcN
2
H = 0 (20.4)

Inserting Eq. 20.4 into Eq. 20.3, we find

dNBB
dt

= 2kcN
2
H (20.5)

Also, the third term in Eq. 20.4 is much smaller than the first two terms, so that
kFNphN0 ∼ kBNBBNH , or

NH = (kF /kB)N0NphN
−1
BB (20.6)

Inserting Eq. 20.5 into Eq. 20.6, we find

dNBB
dt

= 2kc

(
kFN0Nph

kB

)2

N−2
BB (20.7)

Integrating the differential equation results in the following expression:

NBB = 6k
1
3
c

(
kFN0Nph

kB

) 2
3

t
1
3 . (20.8)

The equation suggests that NBB increases rapidly as soon as a a-Si module is
exposed to sunlight, but the rate of growth slows markedly once the initial degra-
dation is over, see Fig. 20.2. The rate is initially high because NH and NB are so
low that repassivation of broken bonds (given by the kBNBBNH term) is small.
With time, the densities increase, and so does the repassivation. This counter-
balancing effects of generation and repassivation reduces the overall rate of NBB
dramatically. Eventually, NBB → N0 over a prolonged period of light soaking.
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Homework 20.2: There is an interesting correlation among densities of H2

molecules, mobile atomic H and broken-Si-H bonds

Show that following an initial rise in the NH concentration, Eq. 20.6 sug-
gests that NH ∝ t−1/3. Can you explain the result by calculating the time-
dependent increase in H2 molecules.

Homework 20.3: The correlation between the density of broken bonds and
efficiency loss of an a-Si solar cell

Explain how the power-law increase in the density of broken Si-H bonds (Eq.
20.8) is directly reflected into power-law loss of efficiency observed in the
experiments (Fig. 20.1 and Eq. 20.2). Do you expect the relationship to hold
for other types of solar cells as well?

Solution: Recall that the photo-current in a-Si p-i-n solar cell is given by
Jph ∝ µEτ , where µ is the mobility,E is the electric field, and τ is the recombi-
nation lifetime of the intrinsic a-Si layer. Since the carrier lifetime τ−1 ∝ NBB ,
therefore Jph ∝ B−1

BB ∼ t1/3. The performance of p-n and heterojunction solar
cells are characterized by a more complicated functional relationship between
the defect density and cell efficiency. Thus the simple relationship is not ex-
pected to be valid for other cells.

Many groups have explored processing improvement to suppress LID in a-Si
solar cells. One interesting approach involves chemical annealing of a-Si film grown
in successive layers. Here, chemical annealing allows pruning of the weaker Si-H
bonds (and thus change the chemical microstructure) by using He ions. Following
2-3 nm of film deposition, the layer is annealed for a minute by a plasma flux of He
ions (or other inert ions, such as Ar). The deposition-anneal cycle is repeated until
the desired thickness is achieved. The improvement in LID has been attributed
to the improvement of the a-Si microstructure and to the removal in weaker SiH
bonds by the ion .

20.3 Crystalline silicon cells suffer from LID too

Light induced degradation is most pronounced in a-Si cells, but N+-p c-Si solar
cells also suffer from light-induced degradation. Obviously, Si-H bonds do not ex-
ist in the bulk of the c-Si, therefore the physics of LID in c-Si is somewhat different.

Recall that Boron is used as the dopant for the p-base of the cell. During the
crystal growth by Czochralski (Cz) method, oxygen is incorporated into the sub-
strate as well. Sunlight releases these loosly bonded atoms, which can then diffuse
through the crystal and eventually bind to form a boron-oxide defect site, which
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increase recombination of photogeneraed carriers. Therefore, although the kinet-
ics of defect generation is different compared to a-Si LID, but the end result is the
same: following a prolonged light exposure, the performance of c-Si cells decrease
due to increasing recombination associated with boron-oxides defects.

Once the basic mechanism is understood, it is easy to suggest various solutions.
For example, LID is reduced in a p+-n solar cell. Other methods of crystal growth
(e.g. Float zone) reduces the oxygen content, the precursor for LID. Or, one can
replace Boron by Gallium as the p-dopant to oviate Boron-oxide formation. These
methods do reduce LID, but they are more expensive and therefore may not be
commercially viable.

Homework 20.4: A mathematical model for LID for c-Si

Write three rate equations respectively for mobile boron concentration (NB),
mobile oxygen concentration (NO) and the concentration of boron-oxygen
complex (NBO). Solve the kinetic equations either numerically or analytically
to explain how the time kinetics of c-Si LID differs from that of a-Si LID.

20.4 Conclusions: Photodegradation affects all the components of a solar
module

Light induced degradation is a fact of life. One must account for these degrada-
tion to calculate the total energy output from a solar farm over its lifetime. There
are technical solutions to reduce the degradation rate, but the solution must be
inexpensive.

In this chapter, we have focused on LID in a-Si and c-Si solar cells. Other types
of cells are also not immune, for example perovskite solar cells show significant
instability under light exposure as well. Despite the superficial similarities, how-
ever, the physics of LID differs significantly from one solar cell technology to the
next. The solution strategies therefore must be specifically tailored for the cell
technology as well.

B02

B

(a) (b)

Figure 20.3 (a) A n+-p cell, light passes through thin n-layer, and generates electron-hole
pairs in the p-layer. The energy released from the recombination of these carriers dislocates
the B dopants. (b) Boron oxides create mid-gap states. Bulk recombination associated with
these defects increase the dark current, and reduces efficiency of the cell.
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Sunlight damages the cells directly by photo-dissociation, but the indirect ef-
fects are equally important. First, the increase in the temperature accelerates vari-
ous thermally-activated degradation mechanisms exponentially. Second, the photo-
dissociation of EVA produces acetic acid, an important precursor to corrosion. Fi-
nally, photo-degradation may itself be catalyzed by moisture ingress. In Chapter
22, we will discuss the reliability challenges associated with corrosion of metal
contacts, hydrolysis of EVA, etc. Before we do so, we wish to discuss an important
reliability issue involving potential induced degradation.
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CHAPTER 21

POTENTIAL INDUCED DEGRADATION IS A
SERIOUS RELIABILITY ISSUE

21.1 Introduction: PID is a reliability problem with a long history

A solar farm produces DC electricity, but a typical electrical grid carries AC elec-
tricity, see Fig. 21.1. An electronic device called an ”inverter” converts DC elec-
tricity to AC electricity. The inverter works best at high voltages, therefore, a set
of solar modules are connected in series to increase the output voltage, Vmax, to
several hundred volts, before the DC voltage is inverted to grid-compatible AC
electricity.

In the 1980s, when the first solar farms were being installed in various parts of
the world, engineers were alarmed to find that the last of the module of the series
(e.g. M3 in Fig. 21.1) mysteriously lost 50%-90% of the rated power within a few
months of installation. The phenomenon was named ”Potential Induced Degra-
dation (PID)” because the power loss depends on the magnitude of the highest
voltage of the system, Vmax. Other factors that appeared to affect PID are: operat-
ing temperature, T , and percent relative humidity [RH%], and the time duration t
the module is exposed to high voltage.

21.2 An empirical formula summarizes the experimental observations

Empirically, the time-dependent power-loss ∆P (t > ti) is characterized by an
onset delay (ti), a rapid rise, an an asymptotic saturation at ∆P∞, as shown in Fig.
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Figure 21.1 (a) A solar farm is connected to the grid by an inverter. The frames of each
module is grounded. (b) The module with highest voltage experiences a significant power
loss. The power loss depends on voltage, temperature, and relative humidity.

21.1(b). In other words, the following logistic function describes the the power-
loss as a function of time:

∆P (t)

∆P∞
=

[
1 +

(
∆P∞

∆P (ti)
− 1

)
e−(t−ti)RD

]−1

. (21.1)

Here, ∆P (ti) and ∆P∞ are the initial and saturation power losses, respectively.
Finally, degradation constant (RD) is empirically given by

RD = AV ne−EA/kBT [RH%]B , (21.2)

suggesting that the rate increasing moisture content (RH), ambient temperature
(T ), and the maximum voltage (V ) the cell is exposed to. Here, n = 1−2, EA is the
activation energy, B is the humidity constant. Over the years, PID experiments
have shown that the constant A depends on the type-of solar cell (n+-p vs. p+-
n), the resistances of various layers that make up a module, namely, the glass
cover, encapsulation, and the anti-reflection coating, etc. The goal of this chapter
is to explain the essential physics of PID (namely, how its dependence on voltage,
temperature, time, cell type, etc.) and techniques to control it.

Homework 21.1: The lifetime is correlated to the degradation constant, RD.

Assume that the module is presumed to have failed when ∆P (tMTF )
∆P∞

= 0.5.
Calculate an expression for tMTF .

Solution: Inserting ∆P (tMTF )
∆t∞

= 0.5 in Eq. 21.1, and using Eq. 21.2, we find
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tMTF = ti +R−1
D ln

(
∆P∞

∆P (ti)
− 1

)
∝ V −neEA/kBT [RH%]−B (21.3)

In other words, the mean-time-to-failure depend inversely on the voltage,
temperature, and relative humidity, as expected.

Homework 21.2: Empirical PID equation can be used to compare relative
PID degradations in various climatic conditions

A research group reports that when a Si module is stressed at 1000V, its initial
PID power-loss is given by a variant of Eq. 21.1

∆P (t)/∆P∞ = CV 2ne−2EA/kBT [RH%]2Bt2 (21.4)

with the following parameters: C V 2n = 2 × 10−8, EA = 0.88eV , B = 7.12,
and t is expressed in hours.

Explain that the quadratic time dependence in Eq. 21.4 as an approximate
Taylor series expansion of Eq. 21.1. Using these parameters, calculate the
relative PID power-loss of the same module and at the same voltage stress
following 10 years of operation in a hot and humid climate (e.g., T = 40◦C,
and RH=70%) vs. a cold/dry environment (e.g., T = 30◦C, and RH=20%).

In this chapter, we will answer the following questions related to empirical Eq.
21.1.

1. Why does PID depend on voltage, temperature, and relative humidity? What
are the physical interpretation of n, EA, and B?

2. Why is the PID power-loss is primarily correlated to shunt formation?

3. Why is the PID power-loss is primarily correlated to shunt formation?

4. What determines the onset delay (ti) and maximum power degradation (P∞)
of the process?

5. PID occurs close to the metal frames. What effect does it have in terms of lo-
calized self-heating (hotspot formation) and increased degradation of a solar
module?

6. How should we reduce or suppress PID degradation?
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21.3 PID occurs when the modules are connected in series and the frame
is grounded

Let us focus on the cells within the module M3 in Fig. 21.1, which has been re-
drawn in Fig. 21.2. A c-Si module is composed of a number of series-connected
c-Si cells, each producing 0.6-0.7v, as in Fig. 21.2 (a). Similarly, a thin-film module
are divided into smaller cells ( 0.5-1 cm wide) and reconnected in series to com-
plete the module, as in Fig. 21.2 (b). In both cases, the series-connection reduces
the resistive loss during current collection. Also, in both cases, the output voltage
is given by Vm ≡ Vf − Vi ∼M × Vmp, as shown in Fig. 21.2(d). If K such modules
are connected in series, the output voltage of the string is:

Vmax = K Vm = K M Vmp. (21.5)

To see if Vmax is positive or negative, consider a typical crystalline solar cell with
p-type substrate and n+ emitter, shown in Fig. ??(d). If the substrate is grounded,
the n-side of the of the forward-biased cell (operating at Vmp, for example) will
develop a negative voltage. Once these negative voltages are added up, Vmax
becomes a large negative quantity, say -500 to -600 volts. Obviously, the opposite
is true for a cell with n-substrate, and p-emitter: Vmax is now positive, +500 to
+600V, for example. Fig: rel-whyPID
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Figure 21.2 Series connected cells in a (a) c-Si module (M = 12) and (b) thin-film module
(M = 5). (c) Each p-n+ cell of the module can be represented by the diode of the specified
polarity. (d) The series connection allows the (negative) voltage to build-up with respect
to the frame. The voltage difference between grounded frame and the last cell of the last
module is Vmax.

Homework 21.3: Number of Cells and Modules to be connected in series
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Consider a module with 96 p-n+ c-Si solar cells M = 96). The maximum
power-point for each cell is given by: Vmp = 0.57 V and Imp = 5.98 A.

Calculate the output voltage of each module.

What is the minimum number of modules needed (K) to make Vmax ≥
600 V ?

If the 96 subcells are arranged in a 12 by 8 configuration, determine the
voltages of cells that reside at the perimeter of the 7th module.

An important feature of a solar farm is that the metallic frame of the modules is
always grounded, as shown in Fig. 21.2. Therefore, the cells in the last module de-
velops very high voltage (Vmax) relative to the ground. As a result, significant volt-
age drops across the dielectric stack (glass, EVA, and possibly SiN anti-reflection
coating, etc.) that separates the cells from the module frame, see Fig.21.2(d). Ob-
viously,the perimeter cells close to the metal-frame are most susceptible to PID
degradation.

PID worsens on a rainy day. As the rainwater covers the glass-top of the mod-
ule, the conductivity of the water is high enough to make the entire glass-top the
same potential as the metal-frame (i.e. zero). Now, every cell, even the ones far
away from the perimeter, experiences significant voltage stress.

21.4 PID leakage involves complex pathways

A leakage current begins to flow through the dielectric stack in response to the
voltage stress. This dielectric leakage is easily measured by connecting an amme-
ter between the metal-frame and the ground. And this leakage current is a director
precursor to PID damage (No leakage, no PID!).

Let us carefully consider the leakage current in a module where the maximum
cell voltage is negative with respective the the frame, see Fig. 21.3. The dielectric
leakage may occur through several parallel pathways, such as 1-2-3-4 or 5-1-2’-2”-
3-4, etc. For example, (1) may involve flow of positive ions (mostly Na+) from the
polymer/glass interface to the cell electrode where it is neutralized by electrons.
If the ions terminate on the SiN coating, it can be neutralized by electrons from
the top electrode, as indicated by (5). For regions close to the metallic frame, (2)
involves electron current to the frame through the glass/encapsulant interface. If
the glass is not excessively resistive, then (2’) involves current flow through the
glass to the metal frame. The electrons continue from the frame to the substrate of
the first cell of the module (which is also grounded), as indicated by the dashed
line (3). An excess leakage through the diode (4) completes the circuit. On a wet
day, an additional path (1-2’-2”-3-4-5) may open up. Since, (2”) involves conduc-
tion through the thin water layer accumulated over the cell surface, locations far
away from the frame can now be affected. Finally, other leakage path (e.g. 6-3-4)
may also exist, however, (1-2’) is typically less resistive than the bulk conduction
through (6) (the figure is not drawn to scale), therefore these additional pathways
may be neglected.
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Figure 21.3 A schematic sideview of a c-Si solar cell, in close proximity to the metal frame
that holds the cell together. A number of leakage pathways involving the cell and the
metal-frame contribute to PID.

Homework 21.4: PID leakage can be described by an equivalent circuit di-
agram

To characterize PID leakage each current segment in Fig. 21.3 may be repre-
sented by a (possibly nonlinear) resistances.

Draw the circuit diagram that captures the various series-parallel path-
ways for current conduction.

If PID is correlated to the leakage current (to be discussed below), use the
diagram to explain various ways one may suppress PID.

If R2′ � R2, determine the voltage drop across the glass, Vg .

Redraw the current pathways if the solar cell electrodes are positively
biased with respect to the metal frame.

21.5 The voltage at glass-polymer interface is sufficient to pull Na out of the
glass and push them towards the negative electrode of the solar cell

The leakage pathway (1) may either involve electron flow from the electrode to the
glass/encapulant interface or ion flow in the opposite direction. Chemical analysis
has established that Na ions are deposited close to the electrodes, indicating that
ionic conduction dominates (1) and dictates PID. But where do these Na atoms
come from?

Pure glass (SiO2) is composed of long chains of tetrahedral units (Si at the center
are covalently bonded to four O atoms at the corners) connected by the oxygen
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atoms. The strong bonds make high melting temperature high. The addition of
Na reduces the melting temperature and simplifies glass processing.

A fraction of the PID-voltage Vg drops across the glass, and ionizes the Na
atoms. The positive ions travel through the glass and the polymer encapsulant
towards the negative electrode of the solar cells. The electrons are pulled through
the glass (2’) or glass/encapsulant interface (2’) to complete the current path.

21.6 Multiple processes occur once Na ions arrive at the front contact of a
solar cell

Once positive Na ions reach the electrodes and build up at the polymer/SiN in-
terface, they may affect performance of a solar cell in two ways, see Fig. 21.4:
increased dark current (PID-s) and enhanced surface polarization (PID-p).

Fig:rel-PID-shunt-series
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Figure 21.4 Accumulation of Na atoms (green box) lead to two types of potential-induced
degradation: (a) PID caused by shunts. (b) PID caused by surface polarization.

21.6.1 As mid-gap states in Si, Na increases shunt and diode leakage cur-
rents

Once the Na ions are neutralized by the electrode and their concentration build
up over time, they will diffuse through the SiN layer into the solar cell, as shown
in Fig. 21.4(a)(b). Na atoms form midgap states in Silicon, therefore they increase
junction and bulk recombination, as shown in Fig. 21.5 (a). In addition, Na may
diffuse into the stacking faults. Once Na concentration becomes sufficiently high,
it destroys the junction locally and behaves as a metallic contact to the base, as
shown in Fig. 21.5 (b). As you may recall from Chapter 9 SHUNT, this is precisely
how shunts are formed. Both the junction recombination and the shunt formation
increase dark current of a solar cell, which in turn reduce the fill factor and the
open circuit voltage of the affected cell. We will call this phenomena PID-shunt
(or PID-s for short).

Homework 21.5: Cell efficiency decreases with reduced shunt resistance

An ideal solar cell can be represented by a current source in parallel with a
diode, with zero series resistance (RS = 0) and very large shunt resistance
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Figure 21.5 fig:rel-PID-shunt-series PID perturbs the junction either electrostatically or
by introducing recombination centers.

(Rsh → ∞). For this ideal diode, show that the loss of output power due to
PID-s is given by

∆P

P0
= −∆Rsh

RL
, (21.6)

where RL is load that allows the cell to operate at the maximum power-point.
Sometimes the time dependent evolution of shunt resistance is written in the
form Rsh(t) = Rsh(t = 0)/

(
1 +

∫ t
0
RD(u)du

)
. Using Eq. 21.2 and Eq. 21.6,

show that the resulting expression has a similar asymptotic form to that of Eq.
21.1

21.6.2 Positive Na ions attracts negative charges leading to surface polar-
ization

The Na ions are positively charged before being discharged by the electrode, as
shown in Figure 21.5(c,d). The positive ions ρ(x, y) induce negative charges within
the n+ layer of the diode (Fig. 21.5(d)) and a perpendicular electric field (E(z) =
κSiN ε0ρ(x, y) develops across the SiN dielectric layer. If E(z) is sufficiently high,
charges may be injected and trapped into the SiN layer (see Fig. 21.5(c)). For a
n+-p diode, the increase in majority carrier close to the interface increases surface
scattering and reduces mobility, but it does not affect the performance of the solar
cell significantly.

Homework 21.6: Surface Polarization and Increased Recombination

Consider a standard p+-n c-Si solar cell. Establish the polarity for which there
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would be excess minority carriers induced within the cell due to PID sur-
face polarization. Explain why this would increase recombination and reduce
the short circuit of the solar cell. Compare your answer with that given by
R. Swanson et al. Preventing Harmful Polarization of solar Cells, US Patent
7,554,031 B22009.

21.7 Solution strategies: How to reduce potential induced degradation

It is clear from the discussion above that PID can be suppressed either by reducing
the leakage current, or by reducing the effects of leakage that do occur, or a com-
bination thereof. Several methodologies have been developed, although their cost
effectiveness are not fully understood.

1. Quartz, borosilicate glass, and aluminosilicate glass have only 3-6% Na com-
pared to conventional soda-lime glass with 16% Na. These unconventional
glasses have high resistance to electron flow. If the soda-lime glass is replaced
by these alternate glasses, leakage is reduced and so does the PID.

2. Use ultra-high resistance encapsulants, such as Silicone, polyolefins, or ionomers.
Since µEV A is small, ions and electron transport are suppressed and PID is re-
duced.

3. Use a high conductivity transparent layer placed between glass/encapsulant
interface. The layer will neutralize that ions as soon as they leave glass and
the current is shunted away from the solar cells.

4. Modification of the SiN layer can also be effective. A Si-rich SiN layer neu-
tralizes the ions, and makes (neutral) ion diffusion though SiN layer difficult.
A two-layer stack, composed of of Si-rich SiN close to the cell and the stan-
dard SiN layer on the encapsulant side, ensures that PID resistance is obtained
without compromising the anti-reflection properties of the SiN layer.

21.8 A semi-quantitative model for PID

The physics of PID is well understood and we can deterministically suppress PID
based on the understanding, as discussed in the previous section. Given the com-
plexity of the various processes involved, however, a quantitative model that can
precisely predict the PID degradation following outdoor environmental exposure
is still lacking. Instead, researchers use empirical models (e.g. Eq. 21.2) with
technology-specific calibrated parameters to predict PID degradation of various
modules installed in different climatic conditions. The goal of the section is to phe-
nomenologically justify the appearance of various terms in the empirical equation.

21.8.1 Na transport through EVA controls PID-s

In order to understand appearance of voltage exponent n, activation energy EA,
relative humidity [RH], and delayed onset of f(t), let us reasonably assume that
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Na transport through the polymer is the rate limiting process. Once the Na reaches
the stacking fault, it quickly diffuses through the fault to form the shunt.

21.8.2 Physics of ti: Delayed onset of PID-s

If the mobility of the Na ions in the polymer is µ and the electric field across the
polymer is E = Vp/tp, then ions drift at a velocity v = µE. The time taken for
these ions to cross the polymer layer (and eventually affect the p-n junction) is

ti =
Lp
µpE

=
L2
p

µpVp
. (21.7)

This explains the delayed onset of PID for t < ti. Once the Na ions reach the cell
electrode, PID voltage-exponent n is determined by the voltage and temperature
dependence of the leakage current through the EVA, as follows.

21.8.3 Case 1: Linear voltage dependence of PID-s

The number of Na atoms ionized within glass, p0, is determined by the electric
field across it, namely, Eg = Vg/Lg , where Vg is the voltage drop across the glass,
and Lg is the glass thickness. If pg is low or if Na mobility in polymer encapsulant
(µp) is high, then the PID leakage is given by the drift current, associated with
transport of stored charge Qp(= qp0Lp) every tp seconds (see Fig. 21.6), i.e.

JNa = Qp/tp = qp0µpVp/Lp (21.8)

Unlike a semiconductor or a metal, ion transport in polymers involves repeated
trapping into and release from localized energy states (with potential depth EA).
Since the release rate from the localized states increases exponentially with tem-
perature, therefore

µp = µ∗0e
−EA/kBT

The mobility increases significantly in the presence of moisture which ingresses
within the polymer during periods of high relative humidity, RH. The actual physics
involves a complex process involving moisture-induced suppression of the local-
ized trapping states. Phenomenologically, the process can be described by a RH-
dependent increase of the prefactor, µ∗0, i.e.,

µ∗0 = µ0[RH%]B

Combining with Eq. 21.8, we find that the degradation rate, RD is proportional to
the Na flux:

RD ∝ JNa = A e−EA/kBT [RH%]BVp (21.9)

where A ≡ qp0µ0/Lp is a technology dependent prefactor. The prefactor can be
reduced by using low-Na glass (p0) or increasing the polymer thickness (Lp), and
using a new encapsulant with lower intrinsic mobility (µ0). If Vp ∝ VPID, the
overall PID voltage dependence would also be linear (i.e., n = 1), see Eq. 21.2.
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Figure 21.6 Na drift through the encapsulant from (a) low-Na glass, (b) High Na glass.
The corresponding profiles of potential V (x) and Na concentration p(x) are shown. In both
cases, charges build-up next to SiN layer (on the right).

21.8.4 Case 2: Nonlinear Voltage Dependence of PID-s

If Na ionization in the glass, p0, is high and/or polymber mobility µp is low, then
the voltage drop across the polymer is no longer linear, as shown in Fig. 21.6
(b). Even in this case, the leakage current through the polymer is easily calculated
by the same charge transport formula JNa ∼ Qp/tp, where Qp is related not to
the amount of Na ionized, but to the amount that can be transported by the low-
mobility polymer, Qp = CpVp. If the cell and the module frame define a parallel
plate configuration, then Cp = κsε0Ep = κsε0Vp/Lp, therefore

Qp = CpVp = κsε0V
2
p /Lp.

Since tp = L2
p/µpVp, therefore, the space-charge limited ion current is

JNa = Qp/tp = c κε0µp
V 2
p

L3
p

.

This equation is known as Mott-Garney law. Although our simple derivation gives
c = 1, a more precise calculation would have given c = 9/8. Inserting back the
dependencies on temperature and RH, we find

JNa = A e−(EA)/kBT [RH%]BV 2
p (21.10)

where A ≡ κε0µ0/L
3
p is a technology dependent prefactor which can reduced by

thicker (and/or lower mobility or lower dielectric constant) encapsulant. If Vp ∝
VPID, the overall PID will dependent quadratically on voltage (n = 2). In fact,
n > 2 is possible of the trapping states have multiple distribution of activation
energies, EA. Equation 21.10 explains the nonlinear voltage dependence of PID
observed in some experiments, consistent with Eq. 21.2.

Finally, note that Eq. 21.10 does not depend on p0, the Na concentration in glass.
When the voltage is turned on, the number of ions injected(Finj) is too large to be
transported by a steady-state Mott-Gurney flux, (Fout). The flux imbalance

dρ

dt
= Finj − Fout.
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creates a carrier build-up at the injection point, see the plot for p(x) in Fig. 21.6(b)
at x = 0. The corresponding potential barrier in V (x) throttles the ion flow, to
allow only a small fraction of Na atoms to escape over the virtual electrode. The
excess field reduces the transit time slightly, as follows,

t1 =
t2p

µ(Vp + ∆V )
, (21.11)

that shortens the transit time somewhat, especially at low voltages.

Homework 21.7: PID leakage current in practical module geometry

The discussion above introduces a powerful way to calculate space-charge
limited leakage current in complex structures. In practice, the module frame
can be viewed as a infinite strip placed at a distance Lp above a infinite two-
dimensional plane defined by the electrode of the solar cell. Look up the ex-
pression for Cp for such a structure and recalculate the leakage current. How
does the new formula differ from that derived using the parallel plate assump-
tion? Would an experimentalist notice the difference based on the leakage-
current measurement made?

21.8.5 The physics of PID saturation

Once the atoms traverse the SiN interface and are neutralized, they will diffuse
through the stacking faults with diffusion coefficients, DS . It takes approximately,
tD ≡ W 2/2DS for the atoms to reach the junction, where W is the thickness of
the emitter. The junction concentration p(W, t) is related to SiN concentration
p(0)

(
=
∫ t
tp
dt JNa

)
by

p(0)√
2DSt

=
p(W, t)√

2DSt−W
. (21.12)

Therefore, the ion buildup within the stacking fault is given by the

p(W, t) =

∫ t

tD+tp

dt JNa×

[
1−

√
tD
t

]
= p(0)

[
(t− tD − tp)−

√
2W√
D

√
t−
√
tD + tp

]
(21.13)

Once the p(W, t) ∼ psat, the saturation density of Na atoms that can be accommo-
dated in the stacking fault, no further increase in concentration is possible. The
junction is shorted and the shunt formation is complete. The time dependent for-
mation of shunt (with onset delay, with a superlinear increase in current, followed
by a saturation) is reflected in the time dependence of the power loss.

21.8.6 Increasing Dark Current

We have already noted that Na is a fast diffuser in n+ silicon. Isolated Na atoms
introduces a donor level at 0.77 eV below the conduction band. As a result, Na
adds to the bulk and junction recombination and reduces the overall efficiency.
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This increase the dark current due to bulk recombination is given by

JD = J0(eqV/kBT − 1) (21.14)

where J0 ≡ qn2
i

(√
Dn/τn +

√
Dp/τp

)
, with minority carrier lifetime τn ≡ (σNT v)−1

Here, NT proportional to Na concentration, p(W, t), σ is the capture cross-section,
and v is the thermal velocity of electrons. The diffusion of Na into the junction
increases junction recombination as well. The junction recombination is given by

JR = q

(
kBT W

Vbi − V

)
ni
τ

(
eqV/2kBTD−1 − 1

)
(21.15)

where τ = (σNT v)−1 proportional to Na concentration.

21.8.7 Recovery of PID-s due to Na outdiffusion

The Na atoms that create the shunts and increase junction/bulk leakage current
are not permanently bonded to the lattice. Therefore, PID-s can recover during
night when the farm is turned off and PID-voltage supporting the Na-flux is re-
moved. Now the ions within the shunt (p(W, t) Eq. 21.13 will decrease as Na
atoms diffuse back into the polymer. An intentially applied reverse-PID voltage
can accelerate the recovery. This recovery phenomena increases the PID-lifetime
of the solar modules.

Homework 21.8: Deep donors, such as Na in Silicon, cannot affect device
doping

There is a common misconception that Na ions can increase the n+ emitter
doping or compensate the p base doping of a n+-p solar cell. Explain why this
cannot occur. Repeat the argument for a p+-n solar cell.

21.9 Conclusions: PID is a system level reliability issue

In this section, we have discussed PID as an important electrical reliability concern
for large-scale, high voltage PV systems. Experiments have correlated leakage cur-
rent related to Na-ions as being the most important contributor to PID. Therefore,
PID is suppressed by suppressing the leakage current. For example, PID is re-
duced by reducing Vmax, or increasing of encapsulant/glass resistance, etc. Since
PID depends exponentially on temperature, PID accelerates when the temperature
rises during the noon; the effect may be somewhat relaxed during the night when
the temperature cooler and system is turned off. It is important to realize that
PID not only reduces power output, but the hot spots formed can accelerate other
degradation modes. One of such degradation modes involve moisture induced
corrosion of the electrical grids, which is directly affected by PID. We will discuss
the physics of corrosion in the next chapter.
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CHAPTER 22

HUMID ENVIRONMENT CAUSES
ELECTRODE CORROSION

22.1 Introduction: The corrosion of electrodes reduces power output

When a module is installed in a hot and humid environment or stressed in an
chamber with high temperature (T ) and high relative humidity ([RH]%), the mod-
ule power-loss (i.e. ∆P (t) ≡ P0−P (t)) is known to increase as shown in Fig. 22.1.
Just as in PID (Eq. 21.1), a simple formula describes the time, temperature, and
[RH] dependent power-loss of a module:

∆P (t)

∆P∞
=

[
1 +

(
∆P∞

∆P (ti)
− 1

)
e−(t−ti)RD

]−1

. (22.1)

As in the case of PID, ∆P (ti) and ∆P∞ are the initial and saturation power losses,
respectively. Finally, degradation constant (RD) is empirically given by Peck’s
equation:

RD = Ke−EA/kBT [RH%]m, (22.2)

where K is a module-specific fitting parameter, EA ∼ 0.8 − 1eV is the activation
energy, andm ∼ 2 is the relative humidity exponent, and stress time t is expressed
in hours. Given this power loss, the module lifetime (tf ) would be

tf = AeEA/kBT [RH%]−m (22.3)

Physics of Solar Cells.
By M. A. Alam and M. R. Khan
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where A is a constant that depends on the percentage of power loss (e.g. 10 or 20
%) that can be tolerated before the module must be replaced.Fig: Rel-corrosion1
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Figure 22.1 (a) Module power loss in a hot and humid weather depends on RH and
temperature. (b) The loss of fill-factor indicates that the power-loss is associated with the
increase in series resistance, presumably due to corrosion of front metal grids.

In particular, we will answer the following questions related to corrosion of
metal grids:

1. Why does corrosion depend temperature, and relative humidity? What are
the physical interpretation of EA, and B? How does these parameters com-
pared to that of PID?

2. The formula for PID and corrosion are apparently similar. Is this accidental
or is there a physical reasoning?

3. Corrosion increases the local specific resistance of front metal grids of a c-Si
cell. Why is the loss of local resistance is often not reflected a series resistance
increase at the module I-V characteristics?

4. How does the nonuniform corrosion lead to localized self-heating (hotspot
formation) and increased degradation of a solar module?

5. How could we reduce or suppress corrosion?

Homework 22.1: Similar empirical equations describe power-loss in
hot/humid environment vs. power-loss under PID stress conditions

Equation 22.2 is apparently similar to Eq. 21.2. Highlight the similarities and
differences.
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Homework 22.2: An example problem explains the calculation of corrosion-
limited lifetime

In the paper Global Acceleration Factors for Damp Heat Tests of PV Modules, G.
Kimball et al. report results from accelerated test of SunEdison modules. The
module consists of p-type wafers, packaged with glass in front, and polymer
back sheet. They find that the module lifetime can be described by the follow-
ing formula:

tf = A eEa/kT [RH]n (22.4)

where tf is calculated in hours, RH is the relative humidity percent. Other
symbols have their usual meaning. Analyzing global data, they find that
Ea=0.89+- 0.11 eV, n = −2.2±0.8 ,A = 3.7×10−10 for 5% Pmax loss; 5×10−10

for 10% Pmax loss; and 6.4 × 10−10 for 20% Pmax loss. Based on the informa-
tion provided, calculate the corrosion-limited lifetime for any four cities in the
world. You can find the information regarding the temperature and relative
humidity from the internet.

22.2 Corrosion involves is a sequential diffusion-reaction process

The loss of power in this hot and humid environment given by Eq. 22.1 is gen-
erally attributed to moisture-induced corrosion of the metal electrodes. Moisture
may enter the module in several ways, see Fig. 22.2: (1) micro-cracks in the glass
or imperfect sealing between the frame and the glass, (2) the plug that seals the
module opening needed to bring out the electrical wiring, and/or (3) diffusion
through the backsheet. Subsequently, moisture would diffuse through the poly-
mer, and eventually corrode the metal electrodes.Fig: rel-corrosion2
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Figure 22.2 Various pathways for moisture ingress that lead to corrosion and delamination
of metal grids.(a) Top view. (b) Side view.

The metal corrosion affects charge collection in four ways, as shown in Fig. 22.3.



290 HUMID ENVIRONMENT CAUSES ELECTRODE CORROSION

1. Reduced cross-section. The electrode cross-section reduces as metal ions are
dissolved by moisture-related reactions. The increased resistance will prevent
photocurrent collection from the semiconductor.

2. Metal/semiconductor delamination. Moisture-assisted reactions dissolves
the interface between metal/semiconductor. The delaminated metal contacts
will not collect current and will reduce power-output.

3. Metal/EVA delamination. As the electrode cross-section is reduced, EVA may
delaminate from the metal. This delaminated section will reflect sunlight and
reduce photocurrent.

4. Solder bond failure. The solder bonds connects the ribbons to the busbar. A
moisture-related failure of the solder bond makes charge collection difficult.

Fig: corrosion-3types
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Figure 22.3 Increase in series resistance due to metal corrosion and solder bond failure.
(a) Top view of a module with metal fingers, busbar, and metal ribbons. (b) The busbars
are connected to ribbons by solder bonds. (c) Sideview of an uncorroded finger (left) vs.
corrodated finger (right). Corrosion can reduces the cross-section of the finger and/or
delaminate the finger by dissolving the metal/semiconductor interface.

Aside: Solar cells need special types of metal electrodes

To understand how metal grids corrode, it is important to understand that the
front grid of a solar module requires special low temperature processing. Instead
of using a solid Ag, solar cells use a Ag paste that can be screen-printed and pro-
cessed at a lower temperature. The paste is initially composed of a mixture of
inorganic particles (e.g. Ag powder for adequate line conductivity, glass frit for
optical index control, and other additives to control adhesion to the substrate.)
dispersed into a mixture of organic resin and solvents. The paste is deposited on
the solar cells by screen printing, and then heated at high temperature ( 600C) for
a few seconds to allow the metal to diffuse through the anti-reflection coating. In
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the process, the organic resin evaporates, leaving behind a conducting Ag metal
film bound together by various additives. Corrosion often involves reactions not
with the metal, but with the additives. The process leaves behind a highly resistive
3D perforated structure.

In the following section, we will discuss the physics of two types of corro-
sion that leads to the four types of corrosion-related phenomena discussed above.
Dark corrosion is a chemical process that occurs whether the module is produc-
ing power or not. Light-induced electrochemical corrosion occurs only when the
module is illuminated and the voltage induced in the grids can hydrolyze water.

22.3 Physics of dark corrosion that persists during daytime

22.3.1 Dark corrosion involves acids produced by moisture-EVA reaction

Fig. 22.4(a) shows one of the ways the metal electrode (finger or busbar) may
corrode due to moisture ingress. Most commercial modules are encapsulant by a
polymer called Ethylene-vinyl acetate ((C2H4)n(C4H6O2)m), where n and m rep-
resent the relative fractions of the chemical species in the polymer. As moisture
(H2O) diffuses through the encapsulant and reacts with a molecule of (C4H6O2)
within the EVA polymer chain, it produces a molecule of acetic acid (CH3COOH),
and leaves behind a molecule of enthenol (C2H3OH).

As the acetic acid diffuses through the polymer to reach the metal electrode.
The contact resistance (RS,c) increases as the acid dissolves the glassy interfacial
layer between metal and the semiconductor. The reaction proceeds even when a
module is turned-off, during night for example.

W

A

cell

Fig: rel-corrosion4

Figure 22.4 Side view of a finger/busbar subjected to dark corrosion. Dark corrosion
depends on water (W) reacting with EVA to produce acetic acid (A). The acetic acid corrodes
(dissolves) the metal-semiconductor interface leading to electrode thinning as well as grid
delamination.
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22.3.2 A phenomenological model for dark corrosion

As shown in Fig. 22.4, the dark corrosion process involves four steps: diffusion of
water (W), reaction with EVA to produce acetic acid (A), diffusion of acetic acid,
and reaction with the metal electrode to reduce the contact thickness by ∆W . The
coupled system of equations are easy to solve, however an analytical model offers
considerable insight.

The width of glassy layer corroded (∆W ) is proportional to the concentration
of acetic acid produced at a time t, a(t). Since ∆P (t) ∝ ∆RS,c ∝ ∆W , therefore,
the power loss is directly proportional to the a(t). Since EVA offers large number
of reaction sites, therefore acetic acid production is controlled by the amount of
water present within the EVA, w(x, t). This is easily obtained by integrating the
amount of water that will have diffused a distance

√
Dwtwithin the module given

the moisture ingress duration, t. In other words,

a(t) = kaw(x, t) = [RH%]
√
Dwt

where D = D0e
EA/kBT is the diffusion coefficient of moisture in EVA. Once a(tf )

reaches a critical concentration, the interface corrosion would increase the series
resistance and reduce the power output. Rewriting the expression we find

tf = A[RH%]−mD0e
EA,w/kBT

This analysis provides a phenomenological justification Eq. 22.3. In particular, it
explains that the moisture-exponent (m = 2) arises as a consequence of the diffu-
sion physics of water within the polymer. The more general numerical solution of
the coupled equations identifies the functional dependence of the prefactor A in
terms of the diffusion coefficient of the acetic acid, corrosion/dissolution rate of
the interfacial layers, etc.

22.3.3 Strategies to suppress dark corrosion

We have already explained that dark corrosion involves four steps: diffusion of
water, reaction to produce acetic acid, diffusion of acetic acid, and reaction with
the metal electrode. Dark corrosion may reduce if any of these steps is suppressed.
For example, acetic acid will not produced (and electrode would not corrode as
quickly) if EVA is replaced by silicone. The expected improvement has been con-
firmed experimentally.

22.4 Physics of light-induced corrosion

22.4.1 Light corrosion involves Hydrolysis of moisture by the electrodes

We know from our discussion on potential induced degradation that a series con-
nected modules reaches very high voltage (with respect to the frame). Once mois-
ture diffuse through the encapsulant and arrives at the electrode surface, it picks
up an electron from the electrode and the potential of the electrode converts water
into neutral Hydrogen and a negative hydro-oxyle group (OH−), see Fig. 22.3(b).
In other words, the electrode hydrolyzes the water molecule by supplying an elec-
tron.
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The pH change associated with (OH−) ions dissolves metal additives (MOH-),
with gradual thinning of the metal lines and corresponding increase in RS due to
increasing finger/busbar resistance. In addition, the H2 gas may accumulate at
the metal/semiconductor interface and the pressure build-up can delaminate the
metal lines, with corresponding increase in the contact resistance.

Na+

W

H2

A

MOH-

cell

Fig: rel-corrosion5

Figure 22.5 Light-induced corrosion involves a sequence of steps that involves hydrolysis
of water.

Light corrosion proceeds only if the electro-chemical circuit is complete. Once
water is hydrolyzed after picking up an electron from the metal, MOH− is subse-
quently neutralized by PID-induced Na+ ions arriving on the electrode surface,
see Chapter 21 for details. The electrons left behind by Na+ atoms then complete
the circuit by sequentially flowing through the frame, the ground contact, the ab-
sorber, and finally the top electrode.

22.4.2 A phenomenological model for light corrosion: water hydrolysis

There are two parallel branches of the reaction process: water hydrolysis and drift-
flux of ions. Let us first develop a simple model for a system where the water
hydrolysis is the rate limiting process.

The hydrolysis begins once moisture reaches the metal surface, so that the diffu-
sion flux through the polymers is described by the solution of the diffusion equa-
tion, namely

J1 = Dp(C1 − C2)/tp (22.5)

where C1 ∼ [RH%].The hydrolysis of water is complex redox process (see below),
but we will use an approximate form

J2 = ksC3 (22.6)
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For quasi- steady-state hydrolysis, J1 = J2 ≡ Jss, therefore

Jss =
Dpks
Dp + ks

C1 (22.7)

. The integration of flux of time determines the thickness of the corroded finger.
The time to failure can be calculated as

∆RS,l ∼ ∆dmax ∼ Jsstf =
Dpks
Dp + ks

C1tf . (22.8)

Note that the diffusion coefficient is given by Dp = D0e
−Ep/kBT and the reaction

rate is given by ks = k0e
q(E−E0)/kBT , where E0 is the reaction potential and E is

the applied voltage. Inserting the expression we find So that

tf ∼ A[RH%]−meEA/KT , (22.9)

where m = 1 and EA is determined by rate limiting process between water diffu-
sion vs. hydrolysis reaction at the metal surface.

22.4.3 A phenomenological model for light corrosion: PID current

At high humidity, hydrolysis can generate sufficient OH ions to support the cor-
rosion process. The reaction is then dominated by the ability of ion flux to support
the corrosion process. Based on the discussion regarding PID in Chapter 21, we
know that the ion flux is given by

Ji =
9

8
κε0µp

V 2
p

t3p
, (22.10)

where Vp and tp are voltage drop and thickness of the polymer, respectively. Here,
µp = µ0e

−qEA/kT . The prefactor mu0 and activation energy EA depend on the
relative humidity [RH%].

The integration of flux with time determines the corroded thickness of the line.
The time to failure can therefore be calculated as

∆RS,l ∼ ∆dmax ∼ Jitf . (22.11)

Therefore, the failure time is given by So that

tf ∼ AEA/kBTD
t3p
V 2
p

. (22.12)

Here, the activation energy is associated with the trapping level of the ions with
the encapsulant. The RH-dependence is implicit through EA. Indeed, the nonlin-
ear voltage dependence has been confirmed through multiple experiments.

22.4.4 Strategies to suppress light corrosion

Light corrosion may be suppressed if the electro-chemical circuit is disrupted. Ini-
tially, water hydrolysis limits the rate of corrosion. The strategies that suppress
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dark corrosion (by reducing water diffusion) are also effective in reducing light
corrosion. Note however that replacing EVA by silicone to suppress acetic acid
production does not help in this context. Once the hydrolysis rate exceeds the Na+

flux, light corrosion is dictated by PID-current. Any technique that suppresses
Na+ flux (e.g. low Na glass) or diverts Na flux away from the contact by inserting
a conducting plane would improve light corrosion as well.

22.5 Electrical signature of corrosion at the cell and module levels

One expects that the reduced cross-section of the metal electrode and/or reduced
Si-to-metal contact will be reflected in an increase of the series resistance of the
module, RS . We will see in the exercise below that

∆P (t)/P0 = ∆Rs(t)/RL,

where RL is the optimum load-resistance for an ideal solar cell with RS = 0. This
may lead one to believe that the increase of RS(t) due to corrosion therefore di-
rectly defines the lifetime of a module in a hot and humid environment. We will
see in the next section that this simplistic view does not capture the impact of
corrosion on module performance.

Homework 22.3: Power loss is linearly correlated to series resistance

The I-V characteristics of an ideal solar cell is given by a current source in
parallel with a diode. The power output of the diode is maximized with the
load RL ≡ Vmp/Imp.

1. Show that the I-V characteristics of a practical diode with series resistance
can be written as:

I = Iph − I0 e
q(V+IRS(t))

kBT .

2. Calculate the slope of the I-V characteristics at V = Voc to show that

dV

dI
= −

[
Rs(t) +

kBT

qIph

]
In other words, the effect of corrosion (i.e., increasing RS) is reflected in
the changing slope of the I-V characteristics close to Voc.

3. Show that corrosion would decrease the power output as:

P (t) = P (0) [1−Rs(t)/RL]

where RL = Vmp/Imp. Since Imp does not change significantly with
corrosion, show that the FF (t) = FF (0) [1−RS/RL] as well.
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Solution: As the series resistance increases, the load resistance must be ad-
justed to track the maximum power-point. Since Imp does not change signifi-
cantly with corrosion, we can write:

P (t)

P (0)
=
I2
mpR

′
L

I2
mpRL

Since the power delivered by the ideal cell must be dissipated by the series
resistance and the load resistance, therefore, R′L(t) + RS(t) = RL. Inserting
the expression completes the proof.

In practice, corrosion does increase the metal resistance, but the grid is so overde-
signed and the grid picks up the current in such a way that a simple loss of parts
of the finger is not reflected in the increase in series resistance. Rather, it may be
reflected in the I-V characteristics either as shunt resistance (∆Rsh) (see Fig. 22.10)
(a), or as a loss of photocurrent (∆Jph), see Fig. 22.10) (b). Below we will discuss
these two effects in detail, because these surprising effects of grid corrosion are not
widely appreciated.

𝐼

𝑉

(a)𝐼

𝑉

(a)

Fig:corrosion-thinning-delamination

𝛽𝐿1𝛼𝐿1 𝛽𝐿1 𝛼𝐿1

thinning delamination

Figure 22.6 (a) Partially corroded finger makes current collection difficult. (b) The
corresponding I-V characteristics. (c) Fully corroded or delaminated finger cannot collect
current at all. (d) Loss of photocurrent depends on the extent of delamination.

22.5.1 Finger thinning reflected in an increasing shunt resistance

Figure 22.10 (a) shows top view of a partially corroded electrode. The electrode
is typically made too wide initially (W = 70µm;H = 30µm).As the cross-section
is reduced by light corrosion, the resistance is increased (∆Rs). Initially, however,
(∆Rs) is low enough that even with high current, the voltage drop across points
A, B, C, and D in Fig. 22.7 through the resistances is essentially zero. Therefore,
the I-V characteristics Figure 22.10 (b) remains unchanged even after significant
loss of cross-section and under-edge corrosion of metal/semiconductor interface.
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A B DC
𝑣 𝑥 , 𝑖(𝑥)

Finger

Figure 22.7 Current collection by a finger described by a distributed equivalent circuit.
Points A through D shows the direction of the collected current, such that VA > VB > VC >
VD . Point D is connected to the busbar. The magnitude of the series resistance determine
the bias of different points. A high local voltage is detrimental to photo-current collection,
because the photocurrent is dissipated through the local diode.

As the finger thinning proceeds, its effect manifests itself as an effective shunt
resistance (indicated by the increasing slope at V = 0), see Fig. 22.8. The result can
be understood by referring to 22.7. As ∆Rs increases, so does ∆V ≡ VA − VD =∫D
A
I(x)dRs. Regardless, at VD ∼ V → 0, δV (or, equivalently VA ) is not large

enough to turn the diodes on, therefore Jsc can be viewed simply as sum of the
photo-current sources, somewhat independent of the level of corrosion.

With increasing V , however, VA → Vbi of the diodes. The diodes will now
siphon off photocurrent. The degree of siphoning increases with V, as successive
diodes turn on from locations A to D. The overall effect appears as an effective
reduction in shunt resistance. As V → Voc, the diodes are all on, therefore the
current on the finger is greatly reduced. Once again, despite the increase in ∆Rs,
the effect of series resistance disappears.

Homework 22.4: Analytical formulation of V (x) for a distributed network

Derive an expression for current distribution along the finger based on the in
the distributed network shown in Fig. 22.7.

Solution: The voltage drop between two points x and x+ dx associated with
the local finger resistance per unit length, ρ(x) [ohm/meter2], is given by by
V (x) − V (x + dx) = I(x)ρdx, which implies that −dV/dx = I(x)ρ(x). Inte-
grating the voltage equation, we find

V (x) = Vm −
∫ x

0

I(x)ρdx

where Vm is the maximum voltage along the finger that occurs on the left-
most side of the finger. The current along the finger resistor network involves
a source associated with photo-current and a sink associated with the local
diode. If the finger separation is L0, then I(x + dx)I(x) = J0L0dx − JDL0dx.
In other words,

dI/dx = J0L0 − JDL0 = J0L0 − J01(eqV (x)/kBTD1)
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Inserting the expression for V (x), we find a self-consistent expression for cur-
rent i(x)

i(x) = J0L0x− JDL0 e
qVm/kBTD

∫ x

0

e
− qρ
kBTD

∫ x
0
i(x)dx

dx

The intrinsic expression for i(x) can be calculated by iteration to obtain an
expression for im ≡ i(x = L) and Vl ≡ V (x = L). Initially, ρ(x) ∼ const.; after
corrosion, ρ(x) depends on local corroded thickness. The voltage and current
distribution at any point x shows that V (x) drops across the finger from the
left to right, while I(x) increases as it picks up current along the finger.

22.5.2 Corrosion induced delamination is reflected in the loss of photocur-
rent

The situation changes dramatically once a section of the finger is fully corrod-
ed/delaminated, as in Figure 22.10 (c) and (d). Here, the increasing delamination
is reflected in the increasing loss of photocurrent. Once again, the effect can be
understood with the reference to Fig. 22.7. Now, the resistance between A to C
(for example) is so high that all the diodes are on in the delaminated section: the
photongenerated current are locally dissipated through the diodes. The dead area
is reflected in reduced short-circuit current. The side-view of the delaminated fin-
ger shown in Fig. 22.8 and its equivalent circuit provide an intuitive explanation
of the photocurrent loss.

In short, therefore, the increasing series resistance is reflected in the reduction
in effective shunt resistance or effective loss of photo-current.

Homework 22.5: A simplified representation for a delaminated finger

The distributed photocurrent collection by a finger as shown in Fig. 22.7 can
be simplified by a two section network: one for the delaminated section, the
other which is still unaffected. Convince yourself that the two element net-
work should capture the essential physics of charge collection, including the
loss of photo-current due to delamination.

22.5.3 Solder bond failure is reflected in the module series resistance

A solder bond failure shown in Fig. (a,b) increases the module series resistance
(indicated by the I-V slope at Voc in Fig. (c). Unlike finger thinning or delami-
nation, the short circuit current and shunt resistance remain unchanged because
by the time electrons reach the busbar/ribbon, the fingers have already collected
the photocurrent. Also, solder bond failure is a discrete event, therefore in a char-
acteristic signature, the series resistance increases by quantized jumps. Finally, a
number of solder bonds connects the ribbon to the busbar. Therefore, the failure
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(a)

𝛼𝐼𝑝ℎ 𝛽𝐼𝑝ℎ
𝑅𝑠ℎ
𝛽
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𝛼
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𝛼𝐿1 𝛽𝐿1
𝛽𝐿1

Fig:corrosion-delamination

Figure 22.8 (a) Side view of a partially delaminated finger, after the interface has been
corroded, or the (αL1) section of the finger has been dissolved, the βL1 section remains. (b)
Top view of the same finger. The delaminated section is not shown. (c) The delaminated
section and the uncorroded sections are represented by their respective equivalent circuit.

of one or two (non-neighboring) solder bonds do not affect the module I-V signifi-
cantly because a number of parallel current paths are involved, see Fig. (b). When
the neighboring solder bonds begins to fail, however, the differential increase in
series resistance is significant and its effect obvious on the module I-V.

Homework 22.6: Probability of consecutive solder bond failure

A modules contains K cells and each cell consists of S solder bonds. If the
bond failure is statistically independent, what is the probability that k neigh-
boring bond failure. Plot of the probability of series-resistance increase as a
function of number of neighboring bond failure.

22.5.4 The combination of corroded and uncorroded cells determine mod-
ule performance

A c-Si module consists of a series-connected set of cells (N ), selected so that they
have similar short-circuit current. Even for a thin-film cell, where the cells cannot
be sorted for current matching, the nonuniformity of the current is typically small
enough that we may still view the module as a collection of essentially similar
cells. Then, the module output voltage is just the sum of individual cell voltages,
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Figure 22.9 (a) Top view of a module. One of three solder bonds connecting the ribbon
and the busbar is broken. The broken solder bond in the middle of the ribbon is shown
in red. (b) Side view of region containing the broken solder bond (red) shows rerouting of
the collected photo-current to the unbroken solder bonds (white). (c) The successive loss
of solder bonds increases the series resistance, reflected in the I-V characteristics. (d) The
resistance increase is expected to rise in discrete steps.

and the module output current is given by the cell current. As corrosion affects a
subset of the cells, the current through the cells are no longer matched. For sim-
plicity, assume that M cells are corroded, while N cells are unaffected, as shown
in Fig. 22.10. Therefore, the module voltage at a specific current I is given by

V (I) = MVc(I) +NVnc(I)

where Vc(I) and Vnc(I) are respectively the voltage drops across corroded and not
corroded cells. If cells are corroded at different levels, V (I) =

∑M+N
i=1 Vcell(I).

22.5.5 Is it possible to determine the number of degraded cells from the
terminal I-V characteristics alone?

We can calculate the module I-V from the cell I-V (forward problem), but can we
infer the cell characteristics from the module I-V (inverse problem)? If we could,
then we could determine if the cells are corroding simply based on the terminal
characteristics. In general, the solution is impossible: while 6+7=13 is unambigu-
ous as a forward problem, 13 can be divided into many combinations (e.g. 11+2,
9+4, etc.) as an inverse problem.

We know the total number of cells in a module, their geometrical arrangements,
and the light and dark I-V characteristics of the pristine cells. For c-Si cell, we can
represent the module by a series connected cells each described by a 6-parameter
model shown in Fig. 22.8(c), for example.

Next, the module is either be stressed in the field, or in a stress chamber with
high humidity (85%) and high temperature (85◦C), in a so called damp-heat qual-
ification test. As the module degrades, its time-dependent I-V characteristics can
be continually fitted by the by a 6-parameter equivalent circuit (plus the solder
bond resistance) and the parameters plotted as a function of time.
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Figure 22.10 (a) A subset of cells (M = 4, in this example) is corroded, while the rest
(N = 5) are unaffected. (b) The I-V characteristics of the corroded vs. nominally unaffected
cells. (c) One constructs the module I-V by adding the voltage for each current, see text for
details.

If the series resistance of the module begins to degrade (but the short-circuit
current and shunt resistances remains essentially unchanged, we can attribute it
primarily to solder bond failure. The number of bond failure can be estimated
from the magnitude of the series resistance change. The loss of photo-current or
reduction in the shunt resistance in a damp-heat test, however, must be attributed
to corrosion. In the absence of any other information, we can assume that the
only the edge-cells are degraded. The I-V of the damaged cells can be obtained
by subtracting from the module I-V the I-V characteristics of the uncorrodated I-V
characteristics. The remaining I-V characteristics can be fitted by the two section
model described in Fig. 22.8. A plot of time-dependent α demonstrates how de-
lamination is progressing with time.

The inverse modeling of damp-heat test is simplified because other degradation
modes (i.e. UV-yellowing, PID, partial shadings, etc. ) are absent. Nonetheless,
the modeling provides an electrical probe into the real-impact of corrosion of the
module performance.

22.6 Conclusions: corrosion is an important PV degradation mechanism

In this chapter, we have focused on intrinsic corrosion of metal grid lines. Extrinsic
corrosion of the various module connectors can and often does reduce the FF-loss
in solar cells in a very similar way. Second, we have focused on the increase of
series resistance as a result of corrosion. If acetic acid reacts with various additives
in the encapsulant or the formation of bubbles make the surface uneven, ”corro-
sion” may indirectly lead to loss of short-circuit current as well. Third, the word
corrosion is reserved for spontaneously occurring redox reaction that converts, for
example, ion to rust. In this sense, pure Ag does not corrode and the various
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dissolution reactions discussed in this chapter can be called ”corrosion” only in a
generic sense.

Now that we understood the importance of reversible, metastable, and perma-
nent reliability issues, we will explain how they can be integrated to predict the
lifetime of a solar farm. We will also discuss how a carefully crafted qualification
strategy can replicate the environmental stresses the module may be exposed to
and ensure that the module survives its projected lifetime without any issue.
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a key variable. Also, both glass and backsheet appear impermeable, therefore
corrosion only occurs at the edges.
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Appendix: Computational Modeling of Light and Dark Corrosion

The phenomenological approach used in the preceding discussion is not sufficient
for predictive modeling of corrosion. Both light and dark corrosions involve com-
plex reaction-diffusion processes best described by numerical modeling. Nonethe-
less, it is helpful to describe some of the steps analytically so that one appreciates
the functional dependences of the key variables.

RH can only be used a proxy for the moisture content within the polymer

Focusing on the pathway of moisture diffusion indicated in Fig. 22.3 (c), we
see that the water molecules first arrive from the environment to the polymer
surface (0 → 1∗), then the moisture transfer from the surface onto the polymer
(1∗ → 1). Once inside, the moisture continues to diffuses through the polymer
until it reaches the metal electrode (1 → 2).Now we will write down the fluxes
involved in various stages, and obtain an expression of corrosion. Since moisture
must diffuse through the air molecules to arrive at the polymer surface, so that the
concentration in the environment far from the interface (Cg) is different that that
on the surface, C∗1 . The corresponding flux is given by

J1 = hg(Cg − C∗1 ) (22.13)

Next, the moisture must enter the module. Henry’s law connects the concentration
within the polymer to that at the surface, namely, C1 = HPs = HkTC∗1 ), so that

J1 = hg

(
Cg −

C1

HkT

)
. (22.14)

Moisture requires a finite amount of time to reach the electrodes

The magnitude of the interface concentration C2 is obtained by solving the diffu-
sion equation

dc

dt
= Dp

d2c

dt2
(22.15)

If we assume that the left boundary condition (top of the encapsulant) is given by
c(0, t) = C1 and the right boundary condition at the encapsulant/polymer inter-
face is given by Dpdc(xp, t)/dx = 0, then

C2(t) = 2C1

∞∑
n=0

(−1)n × erfc

(
(2n+ 1)xp

2
√
Dpt

)
. (22.16)

In the following exercise, we will develop simpler approximation of the series
solution.

In the following, we will derive an approximate solution of the moisture dif-
fusion equation with the following boundary conditions, i.e., c(x =, t) = C1 and
Ddc(x = L, t)/dt = 0.

1. A plot of Eq. 22.16 with only 8-10 terms of the series shows that relatively few
terms are sufficient to reproduce the full solution accurately.
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2. For C2/C1 < 1/e, the (n = 0) term explains the initial of degradation very
well, i.e.

C2(t) = 2C1erfc

(
xp

2
√
Dpt

)
. The approximation may be validated by plotting the concentration as a func-
tion of time, and comparing with the exact result.

3. For C2/C1 ≥ e−1, show that the following approximation holds,

C2 = C1

(
1 + e−1 − xp

2
√
Dpt

)
.

The reflective boundary condition requires that the flux incident on the re-

flective bondary must be equal to the flux reflected from it, namely,

J = Dp
C1 − C2

xp
= Dp

C1

2
√
Dpt

. (22.17)

Therefore C2 = C1(1 − xp/2
√
Dpt). The extra ”1/e” factor in Eq. 3 accounts

for the fact that
√
Dpt tracks the position of the 36 % point.

Dark Corrosion involves coupled solution of diffusion equations

Once the concentration of water inside the EVA is known, the acetic acid produc-
tion is given by

da(x, t)

dt
= Da

d2a(x, t)

dt2
+ ka c(x, t) (22.18)

The analytical solution is not known, but the numerical equation can be solved
easily. And given the acetic acid profile, the dissoltion of the metal interfacial
layer proceeds with empirically determined rate constants.

22.6.1 Light corrosion: An equivalent circuit for hydrolysis

The redox equations can be described by two back-to-back diode equations for
anode and cathode, respectively. The net corrosion current, Icorr can be described
by the difference of the oxidation and reduction fluxes:

Icorr = Ired,C − Iox,C = Io,C

[
e
Ecorr,C+Eeq,C−IcorrRm

βred,C − e
−Ecorr,C−Eeq,C+IcorrRm

βox,C

]
(22.19)

Here, β is the Tafel slope of the corresponding equation, and Rm is the resistance
of the metal electrode.

The corresponding equation for the anode flux is given by:

Icorr = −Ired,A+Iox,A = Io,A

[
e
−(Ecorr,C+Eeq,A+IcorrRsol)

βox,A − e
+Ecorr,C+Eeq,A+IcorrRsol

βred,A

]
(22.20)
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Eeq,C = Eo,C +
RT

nCF
ln ared,C (22.21)

Here F is Faraday constant, and a is the activity factor.

Eeq,A = Eo,A +
RT

nAF
ln ared,C (22.22)

Faraday equation connects the corrosion flux to the etching of the material

It is easy to see that the rate of corrosion is given by:

Rcorr[mol.s
−1m−2] =

i(A)

Am−2nF [C.mol−1]
,

where z is the valency of the reaction.

mcorr[gm.s
−1] =

icorr(A)×M [g.mol−1]

zF [C.mol−1]

Here F = 96485[C.mol−1] is the Faraday constant. Also, R = kBNA and F = qNA.
Therefore,

mcorr[gm.s
−1] =

icorr(A)

zF [C.mol−1]

A simple way to derive the corrosion equation is this. The number of metal atoms
corroded per second by corrosion flux, R = Icorr/zq), where z is the valencey of
the reaction. The rate of mass loss dmcorr/dt = Icorr m/zq) depends on the atomic
mass, m ≡ M/NA, where M is the mass in gm/mol and NA is the avogadro’s
number. Since Faraday constant, F ≡ qNA, therefore

dmcorr

dt
= δAρ =

IcorrM

zqNA
=
IcorrM

zF
(22.23)



CHAPTER 23

PHYSICS OF GLASS, CELL, AND
BACKSHEET CRACKING: MECHANICAL
RELIABILITY OF SOLAR MODULES

23.1 Mechanical Integrity is essential for module operation

So far we have discussed how photons (Yellowing, shadowing), water (Corrosion,
hydrolysis), and high voltage (potential induced degradation) slowly erode the
performance of solar cells. Implicit in the analysis is the assumption that the mod-
ule has not been compromised mechanically, i.e. front-glass cover and backsheet
have remained intact and the interfaces have not delaminated. When they eventu-
ally crack or delaminate, moisture will rush in to corrode the grid and the module
will fail soon thereafter. We need to understand the physics of cracking and de-
lamination to design a reliable module.

Continuous exposure to moisture makes glasses fragile, and exposure to UV
light makes backsheets brittle and breaks the interfacial bonds that hold the layers
together. As these ”chemically” damaged cells are exposed to mechanical impact
stresses due to wind/snow/hail or differential thermal stress due to day vs. night
(or summer vs. winter) temperature cycles, the module becomes increasing sus-
ceptible to mechanical damage, see Fig. 23.1(a). Given that a module is exposed
to ”baking sun, bitter cold, heavy snow, pelting hail, buffeting wind, and falling
pinecones”, it is a miracle that the modules survive as long as they do.

Physics of Solar Cells.
By M. A. Alam and M. R. Khan
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Figure 23.1 (a) Side view of a module exposed to various types of thermal and mechanical
stresses from the environment. In addition, exposure to humidity and UV further degrade
the mechanical integrity of the cell. (b) The stresses may lead to cracking of the backsheet
or the glass cover, as well as delamination of the interfaces and grids.

Table 23.1 Material properties of various layers of a solar module.

Material Thickness (µm Modulus [GPa] CTE 10−6 K−1

Glass 4000 73 9
EVA 500 0.015-0.080 270
Silicon 200 98 2.6
Backsheet 350 3.5 50.4
Aluminum frame 1000 - 25

23.2 Cracking and delamination must be avoided

23.2.1 Interfacial delamination

Interfacial delamniation is characterized by the breaking of the iterfacial bonds
that hold the two layers of the module together, see Fig. 23.1(b). For example,
once the glass/EVA interface delaminate, the uneven, non-conformal delaminated
surfaces increases reflection and reduces short circuit current. Also, any mois-
ture that seeps through the edges of the metal frame and the glass-cover will now
move through the delaminated interfaces very rapidly and corrode the contacts
and hydrolyze the encapsulant. The module edges will begin to show the signs
of gradually spreading corrosion, with the corresponding decrease in the power
output.

23.2.2 Cracking of glass and backsheet

Stress-induced cracking of the glass and the backsheet is another important chal-
lenge, as shown in Fig. 23.1(b). The glass cover experiences enormous stress at
various stages of its lifecycle: when it is first framed by metal during manufac-
ture), when the modules are stacked, transported and installed at the site, and as
it experiences daily/seasonal temperature cycling, and exposed to pressure from
wind and snow. The stress may eventually crack the glass. Both large scale and mi-
croscopic cracking have been observed. Large cracks formed during manufacture
and installation breaks the solar cells into multiple pieces, the modules must be
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discarded. The periodic temperature cycling may lead to a few large cracks origi-
nating from the mechanically weak spots in the glass, or a network of microcracks
that criss-crosses the glass. The scarring impedes light transmission and reduces
the short-circuit current. Also, these micro-cracks allows moisture can diffuse into
the module over the entire surface area.

In the following section, we will discuss the elementary physics of delamina-
tion and glass cracking as examples of mechanical reliability challenges of a solar
module. A module exposed localized hail impact vs. non-uniform wind pres-
sure vs. distributed hot-spots (discussed in Chapters 17 and 18) have very dif-
ferent (electro-thermal-mechanical) stress environment. The mechanical response
of a module subject to such complex stress environments can only be analyzed
through detailed numerical modeling. Therefore, our goal in this Chapter will be
to focus on the basic physics that qualitatively explains the trends observed in the
qualification experiments and field tests.

23.3 Cracking of a single layer of Glass, backsheet, or solar cell

23.3.1 Stress is uniform in a defect-free thin film

Consider a thin piece of glass under a uni-axial tensile stress, S0, see Fig. 23.2(a).
If an local stress S(x) expands the differential section dx by an amount du(x), then
by definition the local strain is du/dx. Hooke’s law relates the local stress to the
local strain by the Young’s modulus, E. Therefore,

S = E
du

dx
(23.1)

The internal stress within a free-standing glass membrane is a position indepen-
dent constant (that, every segment dx is held together by equal and opposite stress,
S), therefore

dS

dx
= E

d2u

dx2
= 0 (23.2)

𝑥0

(a)

0

(b)

r
b

a
a

𝜙

(c) (d)

Figure 23.2 (a) a) A free-standing plate with an tensile stress, S0. (c) A plate with an
ellipsoidal opening. Also shown is the stress distribution around the opening. (c) A
triangular crack of length a. The stress distribution reduces away from the crack point, (d)
The angle of the crack with respect to the stress axis determines the stress magnitude.



310 PHYSICS OF GLASS, CELL, AND BACKSHEET CRACKING: MECHANICAL RELIABILITY OF SOLAR MODULES

Since S(x0) = S0 and S(−x0) = −S0, therefore Eq. 23.2 can be solved to obtain

S(x > x0) = S0

S(x < x0) = −S0

In this specific case, every point within the film experience identical local stress.
The films will fracture only when S exceeds SB , the fracture strength of the ma-
terial. Since SB for most materials is very high and the stress never exceeds the
value, one may incorrectly conclude that we have nothing to worry about.

Homework 23.1: Strain magnitude can be calculated by solving Eq. 23.2

Show that the maximum displacement of a film with stress S0 is given by

umax =
S0

E
x0. (23.3)

Solution: Since S = E du/dx = S0, therefore, cross-multiplying and integrat-
ing, we find

u(x) =
S0

E
x. (23.4)

Homework 23.2: Mathematical analogies can be used to solve strain-strain
equation

Show that Fick’s law for particle diffusion, Fourier law for heat conduction,
Poisson equation for electrostatics are mathematically equivalent to Hooke’s
law for stress-displacement relationship. Use these analogies to reinterpret
Eq. 23.3 and Eq. 23.4.

Solution: The particle diffusion equation is given by Fick’s law:
F = −D dn/dx, where, F is the flux, D is the diffusion coefficient, and
n is the local carrier concentration. Similarly, the heat diffusion equation
is given by Fourier law: Q = −κ dT/dx, where Q is the heat flux, κ is the
thermal conductivity, and T is the local temperature. Similarly, electrical flux
equation is give by Poisson equation:, Q = −ε dV/dx, where Q is the charge,
ε is the relative dielectric constant, and V is the potential.

It is clear that Hooke’s law (Eq. 23.1) is analogous to Poisson equation, Fourier
equation, Fick’s law, etc. In fact, Young’s Modulus (E) plays the same role as
the diffusion coefficient D in Fick’s law, or thermal conductivity κ in Fourier
law. Indeed, one can map the strain-strain equation into one of these equiv-
alent flux equations with known solution, and then reinterpret the results in
terms of original mechanical quantities. Based on the analogy, we see that Eq.
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23.2 can be viewed as continuity of particle flux or continuity of heat-flux in a
source-free region.

23.3.2 Even a microcrack reduces material strength dramatically

The situation changes dramatically if the glass has a pre-existing crack (or hole) in
it. Such a crack, invisible to naked eye, can occur during manufacture or shipment.
For simplicity, let us consider a ellipsoidal hole in the middle of the plate, see Fig.
23.2(b). The edges of the ellipsoid are movable, therefore they cannot support any
force. The tension force applied to the plate edges must now flow around the hole
and concentrate around the edges. The extra force is easily calculated as F = S0×a.
This is spread over the hole of width b, so that ∆S ∼ S0 a/b. Therefore, the total
stress is

S = S0

(
1 +

2b

a

)
.

The factor of 2 reflects the symmetric stress across the film. Since a ≡
√
b/ρ, where

ρ is the curvature of the long edge of the hole, therefore,

S = S0

(
1 + 2

√
a

ρ

)
. (23.5)

In other words, the local stress around the hole has increased by the stress concen-
tration factor, Kt

Kt ≡
Smax
S0

= 1 + 2

√
a

ρ
. (23.6)

For a� ρ, the local stress concentration at the crack-tip is so high that Smax → SB
at orders of magnitude lower external stress level S0. The new breakdown stress
is obtained by rewriting Eq. in the following form:

S0 =
Smax
Kt

=
SB
Kt
≡ SB(

1 + 2
√
a/ρ
) (23.7)

.

Homework 23.3: A numerical example illustrates the danger of crack-tip
stress localization

A 1 m2 module has a small parabolic hole with a = 1 mm and b = 1µm.
Calculate the stress concentration factor, Kt. If SB = 170 GPa, calculate the
failure stress, S0, for the defective film.
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23.3.3 An actual crack has even higher stress concentration

In practice, a crack is characterized by a sharper tip, see 23.2(c). We can view the
cracktip as a high aspect-ratio ellipsoid with b → 0, or equivalently, ρ → 0. Now
the stress concentration factor increases dramatically at the edge of the ”ellipsoid”
S →∞. A careful calculation shows that one may express the local stress as

S(r, θ) =
KI√
2πr
× f(θ) (23.8)

where r and θ are radial and angular distances away from the crack, see Fig.
23.2(c). For θ = 0, f(θ) = 1. The stress intensity factor, KI is given by

KI = cY (φ) S0

√
πa (23.9)

where c is a geometry-dependent factor of the order of 1, and Y = cos2(φ) is de-
fined by the angle between the crack and the applied force. For the configuration
in question, φ = π/2 =⇒ Y = 1. Once KI > KIc, the critical stress intensity fac-
tor, the crack propagates uninhibited and the film breaks apart. Typically, KIc ∼ 1
MPa.meter0.5 for crystalline silicon.

To summarize, a glass is strong material with an yield strength of SB = 17 GPa.
And yet local imperfections (e.g. scratches, bubbles, grain-boundaries, microc-
racks, dislocations, etc.) increase the local stress and reduces the yield strength by
orders of magnitude (e.g. Just 12 MPa, as shown in Homework 23.4.)

Homework 23.4: It is easy to calculate the stress around an ellipsoidal crack

The stress at the tip of the ellipsoidal crack is given by Eq. 23.5. The fol-
lowing expression generalizes the stress concentration away from the tip (and
correctly reproduce the asymptotic limits at r → 0 and r →∞):

S(r, θ = 0)

S0
= 1 + 2

√
a

ρ+ r

By comparing with Eq. 23.8, show that the stress-factor is given by
KI = 1.41

√
πaS0. Calculate the failure stress for a 1 mm pre-existing crack in

a silicon wafer.

Solution: By comparison

S =
KI√
2πr
∼ S0

(
1 + 2

√
a

ρ+ r

)
Assuming that the tip is sharp (ρ→ 0) and the intensity factor large (kI � 1),
we get the desired expression.

For a 1 mm crack, a = 10−3 m. Therefore, KI = 1.41
√

3.14× 10−3S0 =
0.079S0. At the failure stress, KI = KIc, therefore S0 = KIc/0.079 MPa. For
silicon, kIc = 1 MPa (meter)0.5, therefore, S0 = 12.65 MPa.
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23.3.4 Fatigue: Cracks begin to grow under repeated cycling

Typical pressures on a module by wind or snow (few kPa) is much smaller than the
critical stress needed to fracture the glass or the backsheet. The stresses however
occur many times over the module lifetime. The microcracks grow slowly (i.e. a
becomes larger over time, so thatKI(t)→ KIc) until the the glass cracks suddenly.

The theory of fatigue predicts the number of cycles (Nf ) needed for a pre-
existing crack to become large enough to cause catastrophic failure.The problem
was first analyzed by P.C. Paris in 1941, as follows.

Assume that the crack-size a increases with the number of cycles (N ) as follows:

da

dN
= A ∆Km

I , (23.10)

where ∆KI(≡ KI,max −KI,min ∼ ∆S
√

2πa) is the difference between maximum
and minimum intensity factors associated with maximum and minimum cyclic
stresses (∆S = Smax − Smin). The empirical constants A and m are obtained by
stressing an sample with a periodic load and observing how the crack length a
increases with cycle number, N , see Fig. 23.3.5(a). Inserting Eq. 23.9 in Eq. 23.10,
and integrating until the sample fails,

Nf (∆S) =
1

A
√
πm

(aΓ
f − aΓ

i )

Γ

1

∆Sm
(23.11)

Here, ai is the initial crack size, while af is the largest crack-length beyond which
the sample fails catastrophically. The sign of δ ≡ (1−m)/2 defines the two different
regimes of failure: For δ > 0, the growth rate is small and Nf determined by the
critical size af . On the other hand, for δ < 0 implies aΓ

i > aΓ
f , and therefore the

size of the initial crack defines the number of cycles that can be sustained by the
sample.

ln 𝑆

ln
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𝑓
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Figure 23.3 (a) Rate of crack growth as a function of number of loading cycles. (b) TheNf
vs. S relationship predicted by the Paris model. (c) Typical Nf vs. S for glass.

23.3.5 Each material is defined by its Nf − S relationship

By taking log of both sides of Eq. 23.3.5, we see that Nf vs. S can be described as
a power-law (for constant m), namely,

log(Nf ) = B −m log(∆S)→ B −m log(S) (23.12)
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where B us a constant. The final equation on the right hand-side assumes that the
maximum and minimum loads are S and 0, respectively.

If the crack-growth rate is described by a crack-size dependent, m(a), as shown
in Fig. (a)), its exact integration produces a complicated relationship. The follow-
ing equation captures the functional dependence of the Nf − S relationship:

log(Nf ) = B (1− (S/C)) (23.13)

Indeed, glass fracture is defined by exactly such a log-linear relationship.

Homework 23.5: The log-linearNf vs. S characteristics predicts the number
cycles before failure

Glass-covers produced by a manufacturer is characterized the following Nf
vs. S relationship: At 90 MPa loading, it fails after 10 cycles; at 50 MPa
loading, it fails at 1000 cycles; and at 69 MPa loading, it fails at 100,000 cycles.

Use the fatigue-induced glass fracture data to determine the coefficientsB and
C in Eq. 23.13. If the daily wind load varies from 0 to 5 KPa, determine the
time to failure of the glass cover.

23.3.6 Miner Law predicts lifetime under variable loading

Paris law presumed two-level (maximum and minimum) cyclic loading. In prac-
tice, a module sees a more complex loading. For example, wind pressure varies
hourly; temperature varies throughout the day as well as over the seasons; ac-
cumulated snow stays put for days at a time. Miner’s law applies to this more
general situation.

Let us assume that there are M -levels of variables loads: S1, S2, . . . SM . During
the module lifetime, we expect n1, n2, ...nM cycles of loading with stress-intensity
factors of ∆K1(S1),∆K2(S2), . . . ,∆KM (SM ), etc. Miner’s law predicts that the
combined number of cycles must satisfy

M∑
i=1

ni(∆Ki)

Nf (∆Ki)
≤ 1. (23.14)

where Nf,i is the number of cycles-to-failure for the exclusive loading by the i−th
stress mode, easily read off from theNf vs. S curve of the corresponding material.

Miner’s law suggests that the loads ”consume the lifetime” independently. One
can use the relationship to check if the integrated stress would be low enough to
ensure crack-free operation over the 25 year lifetime.

Homework 23.6: Miner’s law holds for nonlinear Nf vs. S relationship
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If Nf vs. S relationship is linear, Miner’s law, Miner’s law is easily proved.
Show that Miner equation holds even for nonlinear Nf vs. S relationship.

Solution A detailed derivation is given in http://fgg-web.fgg.uni-lj.
si/˜/pmoze/esdep/master/wg12/l1300.htm

23.3.7 Distribution of Failure cycles: Weibull Distribution

Since defect generation is a stochastic process, therefore, two samples with identi-
cal stress and nominally identical microcrack distribution will still fail at slightly
differentNf . While Paris’s law provides a macroscopic description regarding how
the average cracksize increases with loading cycles, the microscopic process is far
more complicated. Bond breaking is a stochastic random process, the propaga-
tion of the crack depends on myriad local factors, including the crystal orienta-
tion. Empirically, one finds that the cumulative failure distribution is given by a
Weibull distribution:

1− F (N) = e−(N/Nf )β (23.15)

where Nf (S) is obtained from the Nf vs. S relationship and β is a constant ob-
tained from experiment.

The distribution has important implications for practical design. With β > 1,
some samples will fail much before others do. We must design for these early fail-
ures, because unexpected cracking of even a few glass-sheet will adversely affect
the reputation of the manufacturer.

Given the importance of the failure distribution, it has become increasingly im-
portant to use photoluminescence and infrared imaging techniques to map the
initial microcrack distribution as the materials are being manufactured. This is
because the microcracks are so small that they are invisible to the eye. The dam-
aged regions however scatter light (for glass) or contribute to recombination and
self-heating (in c-Si cell). Therefore, the cracks become visible in infra-red or pho-
toluminescence imaging. Detailed analysis show that the size distribution and
failure stress are exactly correlated by the stress intensity factor, given in Eq. 23.9.

23.4 Delamination is a form of cracking

23.4.1 Delamintion of two interfaces

A solar module consists of multiple layers of materials bonded to each other. Un-
derstanding delamination of such a system requires numerical simulation. How-
ever, we can gain valuable insights just by considering a pair of material bonded
together by an interfacial region. If the coefficients of thermal expansion (CTEs)
are different, the bilayer will bend in way so that the film with larger CTE will be in
compression, while the film with smaller CTE will be under tension. This bending
will create a tremendous stress that would try to slide the high CTE material away
the low CTE material along the interfacial plane. Such a delamination could catas-

http://fgg-web.fgg.uni-lj.si/~/pmoze/esdep/master/wg12/l1300.htm 
http://fgg-web.fgg.uni-lj.si/~/pmoze/esdep/master/wg12/l1300.htm 
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Figure 23.4 (a) A two-layer system bonded by an interfacial layer. (b) Forces that act on
the individual layers.

trophic, as moisture will quickly diffuse through the delaminated plane and create
bubbles to reflect sunlight and corrode the contacts to suppress charge collection.

23.4.2 Calculating the lateral stress involves few simple steps

Let us consider two films with the following properties: α1,2 are the thermal coef-
ficients, t1,2 are the thicknesses, E1,2 is the Youngs moduli. And, η and G are the
thickness and the shear Modulus of the interfacial region. Let us take apart the
two films and the interfacial layers, and consider the stress that develops across
an element. For the top and bottom layers, the principle of force balance suggests:

dF1

dx
= τ

dF2

dx
= −τ (23.16)

and

du1

dx
=

F1

E1t1
+ α1 ∆T

du2

dx
=

F2

E2t2
+ α2 ∆T. (23.17)

Inserting the expression for the force derivative into equations for displacements,
we obtain second order differential equations for u1 and u2. Subtracting the two
expressions, and realizing that the expression in the Hooke’s law (applied to the
interfacial layer) is given by

τ

G
=
u1 − u2

η
, (23.18)

we find
d2τ

dx2
= β2τ, (23.19)

where th constant β is given by

β =
G

η

(
1

E1t1
+

1

E2t2

)
.
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The solution Eq. 23.19 is given by

τ = A sinh(βx) +B cosh(βx) (23.20)

The constants are determined by the boundary conditions. First, note that middle
of the film is stress-free (i.e. τ = 0 for x = 0), which implies that B = 0. Second,
we see that the ends of the films are free (i.e., F1(L) = F2(L) = 0). Therefore, by
taking the derivative of Eq. 23.18 and inserting Eq. 23.17 and then evaluating the
final expression at x = L (where F1 = F2 = 0), we find(

dτ

dx

)
x=L

=
G

η

(
du1

dx
− du2

dx

)
x=L

=
G

η
(α1 − α2)∆T (23.21)

From Eq. 23.20, we known (dτ/dx)x=L = Aβ cosh(βL). Combining with Eq. 23.21
and so that

A =
G

η

(α1 − α2)∆T

β cosh(βL)
.

Reinserting A back into Eq. 23.20, we find

τ(x)

G
= ∆T

(
α1 − α2

βη

)
sinh(βx)

cosh(βL)
(23.22)

The maximum stress at the ends (x = L) is given by

τmax
G

= ∆T

(
α1 − α2

βη

)
tanhβL (23.23)

with tanh(βl)→ 1 for typical systems.

Homework 23.7: For special cases, it is possible to calculate the maximum
stress intuitively

Show that for small βL , one regains the asymptotic limit for stress

τ(x)

G
→ ∆T L

(
α1 − α2

η

)
Is the actual stress larger or smaller than the asymptotic limit?

Solution: By definition, τ(x)/G = (u1 − u2)/η. However, u1 = ∆Tα1L and
u2∆Tα2L. Taken together, we obtain the asymptotic limit without solving any
differential equation whatsoever!

23.4.3 Shear stress intensity factors, and interfacial Paris’s law

Once the interfacial stress (τ ) is known, the analysis for fatigue delamination mir-
rors that of the microcrack formation discussed in the last section. This is because
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Fig. 23.5 shows that the rate of interfacial delamination can be described by a
power-law form analogous to Paris equation (see Eq. 23.10), namely,

da

dN
= A(∆K)m

where a is the delamination/debond length, N is the number of interfacial stress
cycles, and ∆K is stress intensity factor related to the interfacial stress (τmax). The
multiple lines in Fig. 23.5(a) are measured at different temperatures, while those
in Fig. 23.5(b) are measured in different relative humidities. In other words, the
power-law prefactor (A) and power-law exponent (m) depend on temperature and
relative humidity. 1/T_r)}  Eq. 3.21
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Figure 23.5 The rates of delamination is plotted as a function of debonding energy, G =
βτ2 where τ is the force of delamination. The delamination rate increases with (a) the
temperature, and (b) the relative humidity.

One can either integrate the interfacial Paris equation, or measure the interfa-
cial failure experimentally, to obtain a Nf vs. τ plot. Once again, the Nf vs. τ
allows us to determine the number of cycles (Nf ) the interface will survive before
it delaminates. For example, analogous to Fig. 23.3.5(c) and Eq. 23.13, the fatigue
equation may have the log-linear form :

τ − τmin = −b log
Nf
Nmax

(23.24)

where Nmax is the maximum number of cycles with a minimum load τmin.

Homework 23.8: An example illustrates the key concepts of fatigue delam-
ination

In Sahara, the temperature varies from 35 ◦C during the day vs. 0 ◦C during
the night. Tests have shown that a particular interface within the solar
module survives 600 stress cycles as the temperature cycles between 85 ◦

C and -40 ◦ C. Assume that a log-linear Nf vs. τ characteristic (Eq. 23.24)
determines the fatigue delamination, with Nmax = 108 for τmin → 0.Do you
expect this module to survive the day-night temperature variation in Sahara
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for 25 years? Note that 25 years is equivalent to 8760 cycles (365 × 25 years).

Solution: To compare two temperature excursions, note that

(τ1 − τmin)

(τ2 − τmin)
=
−b log(Nf1/Nmax)

−b log(Nf2/Nmax)

Since, Nmax = 108 at τmin → 0, therefore the equation simplifies to

τ1
τ2

=
log(Nf1/108)

log(Nf2/108)
.

Moreover, τ1/τ2 = ∆T1/∆T2 by Eq. 23.23. Therefore,

85− (−40)

(37− 0)
=

log(600/108)

log(Nf2/108)
=

ln(600/108)

ln(Nf2/108)
,

therefore

Nf2 = 108 × exp ((37/125)× ln(600/1e8)) = 2846641� 8760 cycles.

The module will safely survive the temperature cycling of 25 years without
delamination.

23.5 Physics of delamination of the metal lines

Another important concern for stress-induced delamination is the metal grids placed
on top of the silicon substrate. Three materials (EVA, metal, and silicon) with very
different CTEs and stress-strain characteristics meet at the corner, see Fig. 23.6(c).
Although the stress environment is complex, a number of groups have analyzed
the problem numerically and fitted the results by analytical functions. One finds
that the stress is given by a form similar to Eq. 23.8, namely,

τ(r, θ) =
K1

rλ1
f1(θ) +

K2

rλ2
f2(θ) (23.25)

where r and θ are distance from the triple-point junction in polar coordinates, K1

and K2 are the stress intensity factors, and λ1 ∼ 0.1− 0.2 and λ2 = 0.003− 0.1 are
called the order of singularities. Compared to λ1 = 0.5 for microcrack propagation
(see Eq. 23.8), the stress decays much faster away from the triple point, as shown
in the numerical simulation in Fig. 23.6. If the corner stress intensity factor exceeds
a critical value, the metal will delaminate from the substrate and encapsulant. As
seen in Chapter 22, the metal delamination is reflected in reduced short-circuit
current and increased series resistance of the solar cell. Both effects reduce the
power output significantly.
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Figure 23.6 (a) Top view of a c-Si solar cell, with a metal-line (basbar) on top of the silicon
substrate. Numerical simulation shows very high stress concentration at the top edge of the
busbar. (b) Side view of the same solar cell. Glass-cover, enapsulant, silicon substrate, and
backsheet are shown. (c) The junction of EVA, metal-line, and substrate creates a complex
stress environment. (d) The stress concentration is solved by discretizing the differential
equation that describes the stress-strain relationship in three dimensions. (d) A plot of stress
concentration at the triple junction.

2 mm
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Figure 23.7 (a) Top view of a three layer stack consisting of a backsheet, EVA, and solar
cell. (b) Side view of the same panel. The gap between two cells are also shwon. (c), (d),
and (e) show stress distribution in the respective layers.

23.6 Numerical Modeling is essential for predictive modeling and quantita-
tive insights

The analysis above explains the essential physics of cracking and delamination.
The functional dependencies are explicit and the importance of material parame-
ters are understood. In practice, a module involves multiple layers and interface.
The polymer encapsulants are viscoelastic, defined by stress and temperature-
dependent modulus. Other material properties could also be temperature depen-
dent. Only a numerical simulation can capture the complex thermo-mechanical
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stress environment. These numerical simulations offer many insights. For exam-
ple, Eitner et al. have shown that:

1. The gap between the cells (∆v) depends on the module temperature, T and
the location of the cell within the module. The spatially averaged change can
be described by an empirical relationship:

〈∆v〉 = 0.001 T 2 + 0.407 T − 5.77 (23.26)

where ∆v is expressed in µm, and T in ◦C. Obviously, ∆v depends on the
position of the cell within the module. For example, whe the temperature
changes from 150 ◦C to −40◦C, the gap changes by ∆v = 120 µm for cells at
the center of the module, while ∆v = 170 µm for cells at the module edge.

2. At low temperature (e.g. -40 ◦C), the solar cells experiences compressive stress
(up to 75 MPa), while the backsheet experiences tensile stress (upto 45 MPa).
In contrast, the 4 mm thick glass experiences is essentially stress-free.

3. The EVA accommodates strains of up to 23% which proves that it acts as a
compliant buffer layer. The mechanical properties are dominated by the thick
glass layer.

23.7 Conclusions: Stress induced delamination is an important PV reliabil-
ity issue

In this chapter, we have discussed the importance of glass/backsheet cracking and
delamination of interfaces as well as metal contract triple points. The strain-strain
environment is complex and can be defined quantitatively only be numerical sim-
ulation. Nevertheless, a simple understanding of the rates of delamination/crack-
ing helps one interpret qualification tests, and redesign the module to ensure its
mechanical integrity.

Now that we understand how various degradation modes depend on the de-
pend the intensity of sunlight, temperature and relative humidity of the local en-
vironment, etc. we can now predict the time-dependent energy output of a solar
farm installed anywhere in the world.

23.8 For further reading

1. G. R. Irwin, ”Analysis of stresses and strains near the end of a crack traversing
a plate.” J. Appl. Mech. 24, 361, 1957.

2. S-N curves have many variants. For a very good introduction, see P.J.G.
Schreurs, Fracture Mechanics, Lecture notes (course 4A780), p. 117, 2012.

3. Y. Luo, G. Subbarayan, ”A study of multiple singularities”, Eng. Frac. Mech.
74, 416-430, 2007.

4. M. Demant Microcrack in Silicon Wafer I: Inline Detection.

5. Y. Murakami, ”Stress Intensity Factors Handbook”, 1987.
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7. U. Eitner et al. ”Thermo-mechanics of PV modules including the viscoelastic-
ity of EVA,” 26th European PV Solar Energy Conference, p. 3267.
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CHAPTER 24

QUALIFICATION OF MODULE RELIABILITY

24.1 Extensive characterization is necessary to ensure module reliability

In the last seven chapters, we have discussed the physics of various degrada-
tion modes, including partial shading, potential induced degradation, corrosion,
stress-fracture, and so on. In practice, the degradation modes proceed in parallel.
A solar module and/or panel are designed to survive for 25 to 50 years extreme
weather conditions in various locations in the world. Temperature may signifi-
cantly daily between day and night, or seasonally between summer and winter.
Some places are dry and cold, others hot and humid. Some places experience high
UV radiation, others dont. Wind speed, snowfall, storms, etc. depend on geo-
graphical location. The industry has developed a set of qualification tests that ac-
celerates individual and collective degradation modes to ensure that a well-made
module/panel survives in variety of weather conditions.

First, recall that the reliability model predictions are based on intrinsic material
properties of a module, e.g. corrosion rate of the front metal interconnect or mois-
ture diffusivity through the EVA. Qualification tests ensure that faulty manufac-
turing did not produce inferior metal contacts with significantly higher corrosion
rate or low-quality EVE that allows faster moisture diffusion. A poorly manufac-
tured module will not only fail quickly, but an electrical short would pose a grave
safety threat to technicians who install/replace them.

Second, qualification tests are designed to isolate and accelerate specific degra-
dation modes. For example, damp-heat stress (see below) conditions are so cho-
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sen that it primarily affect and accelerate dark corrosion. Through these accelerated
tests , one may be able to study the kinetics of corrosion in hours which would
have taken years to occur under natural stress conditions. The tests allow one to
determine the key rate constants of the degradation model empirically.

Finally, we know that a module is subjected to local weather condition (e.g.
temperature, relative humidity, etc.) that fluctuates periodically throughout the
year. As a result, various modes of degradation may accelerate at different times of
the year. An integrated qualification test mimics this natural variability and ensure
that the module will survive this sequential, correlated stresses.

Jordan and Wohlgemuth in their review articles have noted that many of the
tests were developed during late 1970s and early 1980s when the Jet Propulsion
Laboratory bought a large number of modules and insisted that they meet specific
reliability goals. In this chapter, we will summarize the key tests and rationalize
their use. A lot more information can be found in the qualification test document
called IEC 61646, Ed. 2, 2008 International Standard.

24.2 Insulation resistance ensures safe operation in dry/wet conditions

The dry and wet resistance tests shown in Fig. ensure that the solar cells are well
insulated from the frame. In an installation, the frame is grounded. Each cell pro-
duces less than a volt. In a series connected system, however, the total voltage
may reach 600 to 1000 V. You may recall from Chapter 21 that this voltage differ-
ence leads to potential induced degradation. The goal of the insulation resistance
test is to ensure that cells and the frame have not been shorted electrically.

The dry insulation test is done at the ambient temperature and with 75% RH.
The output terminals of a solar cell are connected (shorted) together. This shorted
terminal is then connected to the positive terminal of a voltage source, while the
frame is connected to the negative terminal of the same source, see 24.1. The frame
voltage is increased until it reaches (1000 V plus twice the maximum rated volt-
age). During this test, the specific resistance must exceed 40 MΩm2.

Thewet insulation test ensures that the module will operate safely even when it
is wet and its surface covered with water (after a rain, for example). To mimic the
situation, the module is put in a water solution (with added chemicals to improve
electrical conductivity). This time, instead of applying negative voltage to the
frame, a negative electrode is placed in the solution, see 24.1(b). The measured
resistance again must exceed 40 MΩm2.

24.3 Thermal Cycling ensures modules are resistant to cracking and de-
lamination

When scattered cloud passes over a solar farm in the middle of an otherwise hot
sunny day, a module experiences repeated dips in temperature over time-scales
of minutes. Even without clouds, midday and midnight temperatures may differ
greatly, for example from 37 ◦C to 0 ◦C in Sahara desert. The seasonal temperature
may range from -30 to 50 ◦C. A thermal cycling test ensures that the modules
will survive thermal mismatch, fatigue, and other stresses cause by the repeated
change in temperature.
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(a) Dry measurement (b) Dry measurement

Module insulation resistance

Figure 24.1 Measurement of module insulation between the frame and the solar cells: (a)
when the module is dry, vs. (b) when the module is wet.
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Figure 24.2 A test chamber controls the environmental variables (e.g., pressure,
temperature, humidity) precisely. The modules are periodically taken out for
characterization tests, such as light IV (LIV), dark IV, electroluminesence, infrared, insulation
resistance tests.

A typical thermal cycling test consists of 200-600 cycles of -40 to +85C with 10-
min at extreme temperatures and maximum transition rate of 100 ◦C/hour. The
module is placed in test chamber with precisely controlled stress parameters, as
shown in 24.2. Periodically, modules are removed from the test chamber and their
characteristics, such as light- and dark IV, electro-luminescence, etc. are recorded
for analysis. Note that this is an accelerated test: The high-temperature of 85◦

C causes extreme shear stress. If a module survives this extreme stress without
delamination or cracking, then one can reasonably expect that the module will
survive typical temperature ranges expected during operation.

Homework 24.1: An example illustrates the key concepts of thermal cycling
and fatigue delamination
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TC:  -40 to 85C(10min), 200-600 cycles (Delamination)

UV:    0 to 25kWh/m2, 4-5 cycles   (Yellowing)

DH:   0 to 85%RH/65-85C, 1000hrs (Corrosion, Leak)

LID:   60 kWh/m2, 1-10 cycles  (EVA, Cells)

Load:  0 to 2.4/5.6 kPa, -40C, 2-5 cycles (Wind/Snow)

H-F:  -40C to 85C @85RH, 10 cycles (Stress/corrosion)

Figure 24.3 A summary of individual qualification tests, with the test parameters specified.
TC: Thermal cycling test; UV: Ultra-violet test; DH: Damp heat test; LID: Light-induced
degradation test; Load: Pressure test; H-F: Humidity-freeze test, etc. The tests are described
in the text.

In Sahara, the temperature varies from 35 ◦C during the day vs. 0 ◦C during
the night. Tests have shown that a particular interface within the solar
module survives 600 stress cycles as the temperature cycles between 85 ◦

C and -40 ◦ C. Assume that a log-linear Nf vs. τ characteristic (Eq. 23.24)
determines the fatigue delamination, with Nmax = 108 for τmin → 0. Show
that this module will survive the day-night temperature variation in Sahara
for 25 years (or, equivalently, 365 × 25 =8760 cycles of stress).

Solution: To compare two temperature excursions, note that

(τ1 − τmin)

(τ2 − τmin)
=
−b log(Nf1/Nmax)

−b log(Nf2/Nmax)

Since, Nmax = 108 at τmin → 0, therefore the equation simplifies to

τ1
τ2

=
log(Nf1/108)

log(Nf2/108)
.

Moreover, τ1/τ2 = ∆T1/∆T2 by Eq. 23.23. Therefore,

85− (−40)

(37− 0)
=

log(600/108)

log(Nf2/108)
=

ln(600/108)

ln(Nf2/108)
,

therefore

Nf2 = 108 × exp ((37/125)× ln(600/1e8)) = 2846641� 8760 cycles.

The module will safely survive the temperature cycling of 25 years without
delamination.
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24.4 Damp-Heat Test identifies if a module is susceptible to excessive cor-
rosion

It rains much more in some area than others. In Miami, Florida, the relative hu-
midity often reaches 100%. The excess moisture accumulates over a module and
seeps in through the connector plug, any crack in the backsheet or the glass cover,
or any gap in the frame sealant. Once inside, moisture diffuse through the poly-
mer encapsulant and corrode the interconnects. The damp-heat test mimics/ac-
celerates this reliability issue.

In a damp-heat test, the module is placed in a controlled chamber (see Fig. 24.2,
where relative humidity can increase from 0 to 85% while the temperature is held
relatively constant between 65-85 ◦C. The test is done at relatively high temper-
ature, so that the moisture diffusion is accelerated and its effect on the module
can be observed at a shorter time. The modules are tested periodically until the
1000-hour ( 6 weeks) test is completed.

Homework 24.2: Results of damp-heat test can be used to predict module
lifetime under specific weather conditions

During the JPL block-buy program, it was observed that during damp-heat
testing, module degradation rate doubled for a 10 degree increase in temper-
ature and that the degradation increases by the same amount for a 1 degree
increase in temperature as it does for 1 percent increase in relative humidity.
Develop a degradation model based on the information provided. If Miami,
Florida has an average temperature of 29C and an average relative humidity
of 60%, show that if a module survives the damp-heat test fort0 = 1000 hours,
it will survive Miami weather for 20 years.

Solution: It is easy to verify that the following expression for time-to-failure
is consistent with the information provided.

tfail
t0

=

(
1

2

)(RH−RH0)+(T−T0)/10

(24.1)

Therefore at Florida with 29C average temperature and 60% RH, 1000 hours
damp-heat test translates to a lifetime is

1000× 2(85−29)+(85−65)/10

(24× 365)
= 22.14 years

.

A second way to calculate the Damp-Heat lifetime is to use Eq. 22.3, which is
a variant of the Pecks equation used in the microelectronics industry:

tf = AeEA/kBT × [RH%]−m. (24.2)

Here, tf is expressed in years. The prefactor A ≡ b logPth + c, where b and c
are constants, and Pth is maximum power-loss beyond which the module is
presumed to have failed.



328 QUALIFICATION OF MODULE RELIABILITY

G. M. Kimball, S. Yang, A. Saproo, ”Global acceleration factors for damp heat
tests for PV modules” Proc. of PVSC, 2016, find the following parameters for
their damp-heat tests. For Pth = 20%, A = 6.4 × 10−10. Other constants in
Eq. 24.2 are: activation energy, EA = 0.89 ± 0.11; and humidity exponent,
m = 2.2± 0.8.

Evaluating the Eq. 24.2 for standard and accelerated conditions and taking
their ratio, we find

tf
t0

= e
EA

kTfail
− EA
kBT0 ×

(
RHfail

RH0

)−2.6

Therefore,

tf =
(1000)

(24× 365)
×
(

85

60

)2.6

× e
0.8

8.61×10−5×( 1
273+29−

1
273+85 ) = 34.74 years.

The two approaches give comparable results, as expected.

24.5 Humidity-Freeze Cycling provides integrated testing for corrosion and
cracking

Humidity freeze experiments is a sister test related to damp-heat test. In the damp-
heat test, RH is cycled, while temperature is held fixed. In humidity-freeze experi-
ment, RH is held fixed at 85 %, while the temperature is cycled between -40 to 85C.
A small number of cycles (1-10) are used. Humidity-freeze experiments are moti-
vated as follows: Assume that RH at a given place has reached very high value,
making the cell susceptible to moisture diffusion and corrosion. Fortunately, the
temperature will cycle from high to low values daily, which will in turn slow mois-
ture diffusion. However, the temperature cycling may degrade the interfaces and
crack the backsheet, allowing easier moisture transport.

Homework 24.3: Standadized tests have very specific requirements for test
waveforms

Refer to IEC 61646 Ed. 2, 2008 International Standard. Find three character-
istics differences between the stress waveform used for thermal cycling and
humidity-freeze experiments.
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24.6 UV measurements determines the rate of EVA yellowing

As discussed in Chapter 19 that UV light breaks the bonds of the polymer encap-
sulant and the broken bonds render the module yellowish-brown. Light transmis-
sion is suppressed and the short-circuit current is reduced.

Many high-altitude regions of the world are showered with UV radiation (280nm
400 nm, or equivalently, 4.3 eV to 3.2 eV). It constitutes approximately 5.5% of the
solar spectrum, or 55 W/m2 for a typical AM1.5 radiation. In the desert area, with
an average of 6 hours/day of sunlight, the total exposure is approximately

55

1000
kW/m2 × 6 hrs/day× 365 days/year = 120 kWh/m2/year.

Or, equivalently, 120× 25/1000 = 3 MWh/m2 over the 25 year lifetime.

Homework 24.4: Determining the UV test duration under accelerated test
conditions

The typical accelerated test must not exceed 25 kWh/m2, because experi-
ments show that the degradation saturates beyond the flux level. How many
days of testing would you need to reach 3 MWh/m2 exposure, the integrated
UV dose experienced by a module during its 25 years lifetime in a typical
desert environment?

Solution: 120 days or 4 months.

Homework 24.5: One can calculate the time-dependent loss of photocurrent
due to UV degradation

Calculate the loss of short circuit current, by using the linear approximation
of Eq. 19.2, namely,

Jsc(t) = Jsc,0 (1− a×D′uv(t)) (24.3)

where a ≡ γtpσ is the linear degradation coefficient to be obtained from ex-
periments. And the integrated dose (D′uv) is given by (cf. Eq. 19.1):

D′uv =

∫ t

0

I(t)× fuv dt

where I(t) is the variable light intensity. For example, I(t) = 1000 W/m2

for AM1.5 spectrum, and fuv = 0.055 is the fraction of UV light in the solar
spectrum.

Experiments show that short-circuit current decreases linearly until the dose
reaches 100 MJ/2 or 27.8 kWh/m2. Thereafter, UV degradation saturates to
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approximately 3%. Use this information to calculate the magnitude of a in the
above equation.

24.7 Mechanical loading test ensures that the module will survive typical
wind load

A module is stressed by variety of mechanical loads. Since wind speed changes
frequently, it is best tested with a dynamic load of 0 to 2.5 kPa for 2-5 cycles. The
load is relatively small, therefore unless the module fails because of poor quality, it
will not fail under repeated wind load. Similarly, accumulated snow may remain
in place for weeks. Its effect is tested with a uniform load of 5.6 kPa, but at -40 ◦C,
as expected.

Finally, in a hail-strom, the hails impact the module locally and create local-
ized stress points. This localized stress buckles the laminate and shear stress so
produced can delaminate the film. The glass can fracture under localized com-
pressive stress as well. Hail tests are done with 25 mm ice balls impacting the
modules with the terminal velocity of 23 m/s. A number of position around the
modules are specified and results collected. Hails as large as 75mm (mass 203 g)
moving at a velocity of 39.5 m/s are used for specialized test.

Homework 24.6: A Hail test involves consideration of kinetic impact and
localized module stress

The hail test is conducted with 25 mm ice balls with a mass of 7.53g impacting
the module at 23 m/s. What is the impact pressure?

Solution: One can determine the momentum of the hail from the following
equation:

F = 7.53× 10−3 × 23 = 0.17 N

If we assume that the impact radius is 10 mm, then

P =
0.17

(π/4)(10× 10−3)2
= 2.165 kN/m2

This load is comparable to snow or wind load. The actual impact will be some-
what lower, because part of the incident energyE = 7.53×10−3×232 = 3.98 J
will be lost to recoil and fragmenting the snowball.

For the largest hails, the F = 0.203 × 39.5 = 8N . The force is almost 50 times
larger than that of a smaller hail.
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24.8 Integrated stress sequence replicate actual environmental conditions
better

The individual tests described above ensure module integrity against temperature,
humidity, and other stress. You may be surprised to see that none of the tests
involve light exposure. Moreover, various degradation mechanisms are likely to
proceed in parallel. For example, UV damage may be accelerated by moisture
ingress.

A more refined approach (Combined accelerated stress tests, C-AST) strings
together multiple individual tests to establish the correlation effect. Figure 24.4
defines such a protocol. A set of 8-10 modules are initially characterized in terms
of light I-V, dark I-V, electroluminescence, dry/wet insulation resistance, etc. The
modules are soaked in light until its output is stabilized. Then, one module is set
aside as a control or reference sample, and 1-2 modules are assigned for (compos-
ite) PID, UV, mechanical loading tests, the detail sequence of which are shown in
Fig. 24.5. Finally, a few modules are not stressed, but operated normally to ob-
tain the energy output. At the end of each test, the modules are recharacterized to
produce the final report.

Ref PID UV Load Energy

Initial Tests

Stabilization

Final Tests

Report

C-AST

Figure 24.4 An illustrative example of combined acceleration stress testing protocol. For
details of PID, UV, and load tests, see Fig.

Figure 24.5 shows how the individual tests are strung together for a specific test.
For example, the PID test shown in Fig. 24.4 (second branch in the middle stack)
actually consists of 5 cycles of damp-heat test under high bias. The modules are
taken out periodically (50, 100, 200, 300, 400 hours) and a fully characterized. Af-
terward, in the PID recovery step, the module is operated at the maximum power
point for a total exposure of 25 kWh/m2 to see if PID effect is reduced under light
exposure.

Similarly for the UV test sequence, a 100 hr damp-heat test precedes the UV
test. Subsequently, the module is exposed to UV dose of 25 kWh/m2 for 4 cycles
for a total exposure of 100 kWh/m2.

Finally, the energy output of the module is monitored in a long-term field exper-
iment. The modules are exposed in the outdoor conditions and its energy output
is recorded continuously. Every six months, the modules are characterized by the
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Damp Heat

With Bias

Interim Tests

N<5

(a) PID

PID Recovery

1000 hr

Damp Heat

N<4

(b) UV

UV exposure

Interim Tests

Interim Tests

Outdoor 

exposure

(c)Energy

+6 months

Interim Tests

+1 year

Yes

No

Figure 24.5 mod-char-cast2: Details of various test sequence. Individual characterization
tests (e.g. DH, UV exposure) have already been discussed in the text.

full battery of tests. The experiments may continue for years until the energy pro-
duced fall below a specified minimum.

24.9 Conclusions: Rigorous module qualification is an essential pre-requisite
for reliable field operation

The LCOE of a solar cell technology depends both on the efficiency of the solar cell
and the long terrm reliability of the solar module. Once installed in a geographical
location, a module may degrade in multiple ways, including corrosion, potential-
induced degradation, UV-degradation, and so on. A field failure is costly, therefore
it is important to check the reliability of the solar cells through careful qualification
tests.

In this chapter, we have explained the importance and rationale of various qual-
ification tests (e.g. damp heat, humidity-freeze, etc.) and how to use the acceler-
ated test results to extrapolate to field operating conditions. Since multiple degra-
dation processes can co-exist, the community have gradually developed combined
accelerated test protocols that better mimic the field conditions.

Despite careful design and a rigorous qualification protocol, modules installed
in solar farms may degrade differently than expected. One must continuously
monitor the fielded modules to identify unexpected rates of degradation that may
change the projected lifetime of the farm and to learn from the experience to im-
prove the manufacture of the next generation of solar cells. We will discuss this
issue in the next chapter of the book.

For further reading
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CHAPTER 25

PREDICTING THE LIFETIME OF SOLAR
FARMS

25.1 PV Lifetime depends on local weather and module technology

From Chapter17 to Chapter 23, we have discussed various intrinsic degradation
mechanisms reduce power output of the module. In the last chapter, we have seen
how a fully assembled module is carefully tested to ensure that extrinsic factors,
such as poor manufacturing or lower quality materials, do not compromise the
integrity of the product.

As the years go by, the power output P (t) of a fielded module will fluctuate
periodically (e.g. due to soiling, shadowing) and gradually (due to corrosion, PID,
yellowing, delamination, and so on). Since the cost of periodic cleaning and main-
tenance com(t) remain fixed (cf. Eq. 15.4), the farm becomes too costly to maintain
when the power output reduces below Pcrit. The farm must be shut down and the
modules recycled. In this chapter, we wish to calculate t0, the intrinsic lifetime of
the solar farm given the local environmental conditions. We will also determine
the lifetime energy output of the solar farm (E(Y )), given by the area under the
P − t curve.

The lifetime t0 depends two factors: module technology (T) determined by
the manufacturer, and local weather (W) determined by the geographical loca-
tion of the farm. Once we know the local weather (W: temperature, relative hu-
midity, UV intensity, etc.) along with the module configuration (W: cell type,
arrangement of the cells, encapsulant type and thickness, etc.), we can calculate
the degradation rates due to yellowing (D1), PID (D2), corrosion/solder bond
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Figure 25.1 slide73 (a) Various degradation mechanisms, each with its characteristic
time-dependence, erode the power-output of a solar module. (b) As a result, total power
output continues to decline until t0 when the farm cannot be operated profitably any longer

failure (D3), and so on, see Fig. 25.1. Each of these processes will for example
reduce the short-circuit current or increase the series resistance in a predictable
way. As the cell-parameters degrade of the years, it is possible to estimate P (t)
for the module/farm due to the combined effects of various degradation modes.
Once P (t0) ≤ Pcrit, we can determine the location-specific t0 of a solar farm. In
short, the correlation among the local weather, module configuration, and the
time-dependent power output of a solar farm is complicated, but generally pre-
dictable. The goal of this chapter is to explain the components of such a predictive
lifetime model.

25.2 Local weather Information can be obtained from public databases

There are several public databases that have recorded local weather information
over many years, see Table 25.1. For example, National Solar Radiation Data-base
(NSRDB) contains five sub databases that contain information regarding variety of
geographic location, spatio-temporal resolution, etc. The data are collected from a
combination of satellite information and local weather station. NASA also main-
tains a smaller databased based on satellite information.

The data contained in these databases can be divided into two groups. Chapter
12 showed that information regarding insolation, clearness index, albedo, ambi-
ent temperature, wind-speed, etc. are needed to calculate hourly or daily energy
output of a solar module. In contrast, information regarding relative humidity,
temperature, soiling rate, snow fall, etc. are needed to calculate PV degradation.

It is clear from the list of parameters in Table 25.2 that a single database may
not have all the parameters of interest. Sometimes the data may be incomplete or
corrupted. The tables can be ”repaired” by various ways: one can use information
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Table 25.1 Multiple databases aggregate weather information from variety of weather
stations.

Database Year Spatial Temporal Region
Coverage Resolution Resolution Covered

NSRDB-PSM 1998-2014 4km x 4 km 0.5 hour Mexico and
(Satellite) Central America

NSRDB-MTS1 1961-1990 239 stations 1 hour United States

NSRDB-MTS2 1991-2005 1454 stations 1 hour United States

NSRDB-SUNY 2000-2014 10km x 10 km 1 hour South Asia
(satellite)

NASA 1982-2004 satellite Monthly World

Table 25.2 List of information contained in various databases.

Database Parameters

NSRDB-PSM (Clear sky: DHI,DNI,GHI) (W/m2),
Dewpoint(C), Temperature(C), Pressure(mbar) , Relative Humidity(%)
Solar Zenith(deg), Precipitation(mm) , Wind direction(deg) , Wind Speed (m/s)

NSRDB-MTS1 (Clear sky: DHI ,DNI, GHI) (W/m2),
Dewpoint(C), Temperature(C), Pressure(mbar), Relative Humidity(%) ,
Precipitation(mm) , Wind direction(deg) , Wind Speed(m/s)

NSRDB-MTS2 (Clear sky: DHI, DNI, GHI) (W/m2),
Dewpoint(C), Temperature(C), Pressure(mbar) , Relative Humidity(%),
Solar Zenith(deg), Precipitation (mm) , Wind Speed(m/s), Snow

NSRDB-SUNY (Clear sky: DHI, DNI, GHI, Clear sky DHI,DNI,GHI) (W/m2) ,
Dewpoint(C), Temperature(C), Pressure(mbar) , Relative Humidity(%),
Solar Zenith(deg) , Precipitation(mm) , Wind direction(deg) ,
Wind Speed(m/s), Snow Depth(m), (satellite)

NASA (Clear sky: DHI, DNI, GHI) (kW/m2) ,
Temperature(C), Wind Speed(m/s), Solar zenith angle(deg) ,
Solar Azimuth angle(deg)

from complementary databases that tabulate the corresponding information. An-
alytical approximations for some of these information are also available, see for ex-
ample http://www.pveducation.org/pvcdrom/calculation-of-solar-insolation.
Fortunately, the degradation processes are slow, therefore even imprecise data can
be used to predict the overall degradation reliably. Indeed, the monthly averages
smooth over local fluctuation and provides sufficient accuracy for long-term pre-
diction.

http://www.pveducation.org/pvcdrom/calculation-of-solar-insolation.
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Homework 25.1: Use Purdue University Meteorological Tool (PUMET) to
obtain local weather information

Find the latitude and longitude of the city you live in. Use Purdue University
Metrological tool (PUMET) https://nanohub.org/resources/pumet
to obtain relevant weather information for the city. You must be careful in
choosing the right database so that the information you desire is available
within the database.

25.3 Cell, Module, and Farm Information are available from Research Labs,
Solar Cell Manufacturers, and System Installers:

Given the weather information, the module degradation depends on the mod-
ule technology and the farm configuration. The module and farm information
can be roughly divided into two groups: physical and electrical. During the de-
sign phase of a solar cell technology, a research laboratory collects a significant
amount of electrical information about the cell and the module. These include
intensity and temperature dependent I-V characteristics, reverse-bias breakdown
voltage, etc. Also available are degradation rates of the cell/module under variety
of stress conditions. Appropriately used, this information is sufficient to extract
the physics-based compact model of a pristine and degraded cell.

Physical information regarding the solar modules are equally important for
physics-based modeling of solar modules. Next, one must decide among vari-
ous module architectures (glass-on-glass or glass-backsheet, etc.) One must also
specify the type and thickness of glass covers, encapsulants, type of module fram-
ing, etc. The corresponding material and geometry information are also available
from the literature and variety of characterization experiments. These information
are necessary to calculate the magnitude of PID leakage current, onset time for
corrosion, etc. Finally, depending on the technology and geographical location,
the modules must be optimally spaced and tilted. The tilt/spacing dictate soiling
and The connection of modules and integration of the microinverters defines the
maximum voltage, which in turn dictates PID and light-corrosion. The cell spac-
ing also defines mutual shading and shade-induced degradation of a solar cell.
the potential benefits and pitfall of such a predictive model.

Homework 25.2: Learning to read the datasheet from a PV manufacturer

Find the datasheet for a product from a well known manufacturer. Classify
performance and reliability information contained therein. What other pieces
of information would have been useful to calculate the lifetime of the solar
module?

https://nanohub.org/resources/pumet
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Homework 25.3: Pristine I-V-T data can be encapsulated in a physics-based
compact model

Create a series of curves at different temperature and intensities by using the
equation: I = Isc−I0(eq(V+IRs)/kT−1)+(V +IRs)/Rsh. Assume that Isc = 38
mA/cm2, Rsh = xx, Rs = pp.
Consider these synthetic data as if they came from I-V measurement con-
ducted at different temperature. Use PV-Panelsim to determine the parame-
ters of the model. Are the parameters comparable to those used to synthesize
the data?

25.4 There are three PV Lifetime prediction Model: Empirical, Based on
Compact Model, and Physical

25.4.1 Module Lifetime can be predicted by empirical degradation models

In Fig. 25.2 shows that the weather and geometry information can be used to
calculate the various degradation modes. The power-lost due to each individual
modes (Di) can be added to calculate the total power-loss in the system. In other
words, the total power lost due to N degradation modes operating in parallel is
given by

∆P (t) =

N∑
i=1

∆Pi(W,G)(t) (25.1)

where ∆Pi(W,G) is the degradation associated with the i− th each mode. For
these calculation, one obtains the parameterized degradation rates as a function
of weather variables (e.g. temperature and RH, etc.) and technology specification
(e.g. thin vs. thin films).

Homework 25.4: Lifetime calculation is simplified, if the degradation rates
are linear in time

The power-loss due to a degradation mode can be described by
∆Pi(t) = f(t/ti), where ti(T,RH, ) is the time needed to reach a criti-
cal power loss, c. Obviously, the time depends on weather variables. If
f(t/ti) = (t/ti), that is the degradation rate is linear in time and weather
variables are fixed over the duration of stress, show that the ultimate failure
time is given by 1/tf =

∑
i(1/ti). Also, generalize the results to account for

variable weather conditions during the stress period.

Solution Assuming that the ∆P (t = tf ) = c, where c is a constant, we find

c =

N∑
i

ctf/ti.
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Figure 25.2 Given the weather (W) and module (G) information, we can calculate the
module degradation rates, (Di). The net power loss is obtained by summing over power-
lost to various degradation. The qualification tests Q discussed in Chapter 24 provides
relevant parameters for the degradation rates.

Rearranging, we get the final answer.
If the weather variables change over time, we can divide the stress duration
over P number of time intervals so that the weather variables are constants
over each time period. We can calculate the total degradation by summing
over each degradation period, namely,

1/tf =

N∑
i

P∑
j

1/ti,j

where ti,j is related to the degradation mode i for the time duration j.

25.4.2 Module Lifetime prediction can be improved by physics-based com-
pact models

An important limitation of the empirical approach described in Fig. 25.2 is that the
model does not account for the coupling among the degradation modes. While all
the degradation modes eventually affect power-output of the solar cell, they do
so by affecting various elements of the solar cells. For example, as shown in Fig.
25.4.3, some degradation modes affect a single device parameter, e.g. yellowing
affects the short-circuit current of a solar cell, PID primarily affects (primarily)
the shunt resistance, solder-bond failure affects series resistance. Other degrada-
tion modes affect multiple parameters simultaneously. For example, Chapter 22
explained that corrosion/delamination may simultaneously reduce photo-current
collection, decrease shunt-resistance, and increase the series resistance. One can
calculate the output power as the output of the time-evolving compact model,
preserving the nonlinear dependencies among the variables explicitly. Note that
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the approach accounts for power-loss associated with nonlinear time-dependence
of the relevant parameters. A summary of the various degradation models are
shown in Table 25.3.

A number of reliability software based on compact model have been published
in the literature. For a module installed in a given location, the databases provide
historical weather information regarding environmental variables (RH(t), T (t), S0(t)).
The reliability softwares, such as PVLife from SunPower, use these inputs to cal-
culate how the compact model parameters will evolves as a function of time. Since
the model is specified at each instant, one can calculate how the efficiency of the
module would degrade and determine the lifetime t0 beyond which the farm will
not be profitable.

C

G

𝑃(𝑡)

𝐷2
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𝑓
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𝑅𝑠ℎ

𝐽𝑝ℎ
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Figure 25.3 If the degradation rates (D1, D2, .) are parameterized in terms degradation
of various components of a circuit model (Jph, Rsh, Rs), one can calculate their correlated
effect on the power output of the solar farm.

Homework 25.5: A time-dependent compact model predicts module output

Use compact-model based PV reliability software PurduePVLife to Calculate
the degradation of a solar module under yellowing, PID, and cracking. As-
sume tradition Silicon solar cell parameters. Also assume the following pa-
rameters for cell degradation Ag,s = 1.6 × 10−6, Ag,ph = 4.56 × 108, and
Ag,j = 2.51×10−6. How would the output evolve if the system is illuminated
at 800 W/m2 and RH=50 % and T =28 ◦ C?

25.4.3 Multi-physics, numerical modeling of PV reliability

Yellowing enhances PID and corrosion. The broken bonds in a degraded polymer
provide additional sites for moisture diffusion. Water in turn enhances ion trans-
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port, which in turn increases PID as well as light corrosion. Similarly, solder bond
failure enhances delamination by hot spot formation. Fig. does not capture these
mutual interactions. The mutual interaction would have to represented by ar-
rows connecting D1 to D2 and D3, for example. A complete mathematical model,
formulated as a multi-variable different equation, would obviously capture these
interactions explicitly.

A number of device simulator, such as PC1D, ADEPT, etc. can simulate in de-
tail the flow of electrons and holes as well as self-heating within a solar cell. Simi-
larly, module level simulator such as Griddler and PVPanelSim can simulate the
effect of various grid design, the consequence of corrosion and partial shadowing,
etc. In principle, a three dimensional model should be able to solve the coupled
moisture diffusion, stress distribution, ion transport due to potential difference,
etc. to obtain the spatially and temporally resolved degradation. While various
groups have developed three dimensional finite element models for various indi-
vidual processes, a self-consistent model that involves all the relevant processes
are still lacking.

25.5 Conclusions: Predictive models do not account for extrinsic failures

In this chapter, we have seen how the cell, module, and farm data can be integrated
with the weather information to predict location specific power degradation at
a given location. If the location-specific lifetime is satisfactory, one must reduce
the design to practice. The qualification of the fully fabricated cells and tracking
the performance once the modules have been installed are necessary to ensure
that the theoretical lifetime prediction did not overlook any important degradation
pathways. In the next chapter, we will information from an installed module itself
to self-diagnose the degradation of the module itself to assess the relevance of the
model prediction vs. degradation in the field.

For further reading

M. A. Mikofski et al. ”PVLife: An Integrated Model for Predicting PV Per-
formance Degradation over 25+ Years,” Proc. of PVSC, 2011. https://us.
sunpower.com/sites/sunpower/files/media-library/white-papers/
wp-integrated-model-predicting-photovoltaic-performance-
degradation-over-25-years.pdf.

E. Hasselbrink et al., Validation of the PVLife model using 3 million module-
years of live site data, IEEE 39th Photovoltaic Specialists Conference, pp. 00070012
(2013). doi:10.1109/PVSC.2013.6744087.

B. Braisaz, C. Duchayne, M. Iseghem, and K. Rodouane, ”PV Aging Model
Applied to Several Metrological Conditions,” (benoit.braisaz@edf.fr)

https://us.sunpower.com/sites/sunpower/files/media-library/white-papers/
https://us.sunpower.com/sites/sunpower/files/media-library/white-papers/
wp-integrated-model-predicting-photovoltaic-performance-
degradation-over-25-years.pdf
doi:10.1109/PVSC.2013.6744087.
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Table 25.3 Summary of degradation models.

Degradation Functional Relationship Chapter

Soiling ∆Jph = Jph(t = 0)
[
1− e−αt

]
α: Location specific soiling constant.

15

UV
EVA Yellowing

Jph(t) = Jph,0 [1− kADUV ]− c
[
1− e−dDUV

]
DUV (t) =

∫ t
0
dt′I(t′)× fUV

Jph: Photocurrent; DUV : Integrated UV radiation; kA ≡ γtp:
degradation rate; γ Degradation rate per unit thickness; tp: EVA
thickness. I(t): Time-dependent intensity; fUV ∼ 0.055: Typi-
cal fraction of UV light. Some groups use additional empirical
constants c and d to indicate saturation. Others use the first two
terms uptoDUV = Dcrit

UV with no further degradation thereafter.

18

UV (Js − Js,t)x = m t

Surface Damage Js: Surface recombination; x = 2− 4,m ∼ 2: Empirical param-
eters.

PID Rsh(t) = Rsh(0)/(1 +
∫ t

0
RD(u)du)

RD = AP V
ne−EA,P /kBTD × f(RH)

f(RH) = [RH]nP or 1/
(
1 +Me−c RH

)
or RH/(1−RH + ε)

Rsh: Shunt resistance; RD : Shunt degradation rate; n PID volt-
age exponent; EA,P : Activation energy for Na drift; nP : Mois-
ture exponent for PID. AP is a empirical parameter specific
module geometry. Na diffusion enhances shunt formation. Both
RH and TD are time-dependent.

20

Corrosion
Series Resistance

Rs(t) = Rs(0)
[
1 +Ac e

−EA,c/kBTD [RH]nc
]

Increase in series resistance, Rs is attributed to solder bond fail-
ure and finger delamination. Here, Ac, nc: Empirical corrosion
constants; EA,c: Activation energy for corrosion.

Corrosion
Power loss

∆P (t)
∆P∞

=
[
1 +

(
∆P∞
∆Pind

− 1
)
e−(t−tind)RD

]−1

RD = ACe
−EA,C/kBTD g(RH)tn

g(RH) = [RH]nC or 1/
(
1 +Me−c RH

)
or RH/(1−RH + ε)

Rsh: Shunt resistance; RD : Shunt degradation rate;
∆P∞: Saturated power loss after prolong corrosion; tind: onset
delay. Pind, AC , nC are empirical constants, EA,c: Activation
energy for corrosion.

21

Glass cracking Rs(t) = Rs(0)(1Ag,s t
Cracking of the metal grid leads to increase in series resistance.
Parameter A depends on the stress caused by temperature cy-
cling.

Jph = Jph(0) [1−Ag,pht]
Glass cracking reduces photocurrent by increasing light scatter-
ing and reflection. A maximum loss of 8-10% has been reported.

J02 = J02(0)[1 +Ag,rt]
The cracked surface increases junction recombination.

22





CHAPTER 26

INVERSE MODELING AND MONITORING
THE HEALTH OF A SOLAR FARM

26.1 Why forward modeling is insufficient: the need for inverse modeling

A fully predictive model as discussed in Chapter 25 will transform how modules
are manufactured and deployed. A well-calibrated physics-inspired degradation
models can estimate the optimistic upper bound for the farm lifetime (based on the
subset of uncoupled degradation mechanisms considered in the model) by sum-
ming over power-loss associated with each degradation mode. The predicted life-
time can be used to calculate location-specific LCOE. A forward predictive model
not only define the lifetime and energy output of a solar farm based on a specific
technology, but it allows manufacturers adapt module design for specific climates.
For example, in a location with high-humidity, the module is likely to fail by corro-
sion. Therefore module lifetime will improved if the fingers in the grid are thicker
and connected to the ribbon with a few more solder bonds. The increased cost is
offset by increased energy production from a longer lived module.

Four issues makes the forward modeling difficult. First, despite significant
progress, the current models are not fully predictive. Indeed, the science of various
degradation modes (e.g. corrosion under light illumination, PID in thin films) are
still evolving. Second, some of the degradation modes may be stochastic (e.g. glass
cracking, partial shadowing, etc.) and thus unpredictable at shorter time-scales.
The longer term seasonal averages, which integrates over the stochastic fluctua-
tion, should be predictable. Third, the coupling among the degradation modes
(e.g. how yellowing affects corrosion by allowing moisture to diffuse faster) are

Physics of Solar Cells.
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only qualitatively understood. And finally, the data needed for predictive model-
ing is often not available: The manufactures often do not take all the qualification
data, and even when they do, the information is either incomplete, or summarized
in ”pass/fail” status.

Therefore, while the forward predictive modeling remains the ultimate goal, a
data-driven machine learning approach (”inverse modeling”) will have to com-
plement the forward modeling approach. If the power-loss depends on module
design (M ) and environmental variables (E), so that ∆P = F (M,E), the goal is
determine the function F , given field information regarding M ,E, and ∆P . In
the following, we will use a very simple example to illustrate the importance of
statistical and physics based model.

26.2 Solar Farm in Planet E defined by two weather variables, T and RH

In this idealized planet, local weather variables T and RH varies from one location
to the next, but they are time independent (a pretty boring weather!). For simplic-
ity, let us assume that the solar cells in this world only degrade by corrosion of
the grid-fingers, and the corresponding increase in the series resistance, RS . The
inhabitants have not read this book, therefore they do not know that power loss
due to corrosion could be predicted by Peak’s equation (cf Eq. 22.3,) namely,

∆P (t)

P0
= A[RH]ne−EA/kT tβ (26.1)

where A, n, and β are technology specific constants. In the absence of a theoretical
model, the farm operators of planet E can take one of the two statistical approaches
(their physics may not be good, but their statistics is!.)

Δ
𝑃
(𝑡
)

time

f(RH,T,t)

𝑃
(𝑡
)

time

Exact

Predicted

𝑃𝑐𝑟𝑖𝑡
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(a) (b)

Figure 26.1 (a) Periodically recorded power output of a solar farm. (b) The loss of power
can be interpreted by various statistical models, e.g. linear regression.

26.2.1 Statistical Approach: Linear Regression for a single farm

Realizing their solar farm is a giant experimental testbed, the farm operators care-
fully record how the power output drops over time. The black dots in Fig. 26.1 is
a record of the power output, P1, P2, P3, P4. To find the pattern in the data, they
assume a simple formula
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∆P

P0
= f(T,RH, t) ≡ at+ b[RH] + cT + d (26.2)

where a, b, c, and d are unknown constants. The equation captures the idea that
degradation increases with time, relative humidity, and temperature. The model is
not quite right because δP (t → ∞) = ∞: a module output cannot go below zero,
right? Actually, this is not a big concern because the module has to be replaced
when it has lost 20% of its rated power. Perhaps a linear model can describe this
relatively small degradation. To find a, b, c, one can write the following matrix
equation:

[
a b c d

]
×


t1 t2 t3 t4

RH RH RH RH

T T T T

1 1 1 1

 =
[
∆P1 − e1 ∆P2 − e2 ∆P3 − e3 ∆P4 − e4

]

(26.3)
Here, ∆Pi is the measured degradation at time ti; e1 . . . e4 denote the difference
(error) between the model (Eq. 26.2) and the actual data . The operators use the
method of linear regression to find a find a set of a, b, c, d that minimizes the dif-
ference between model prediction and actual data. Specifically, if the total error
is

e2
T = e2

1 + e2
2 + e2

3 + e2
4,

then de2
T /da = 0, de2

T /db = 0, and de2
T /dc = 0 and de2

T /d(d) = 0 will produce four
independent equations, the solution of which will produce the optimum value for
a, b, c, d. We these coefficient at hand, the installers could predict future ∆P (t).

26.2.2 Statistical Approach: Log-log Regression for a single farm

One could argue that Eq.26.2 predicts ∆P (t)→∞, which is physically impossible.
This may prompt one to look for other functional form that satisfies the boundary
conditions better, e.g.

∆P (t)/P0 = a[RH]bT ctd. (26.4)

For, d < 1, the degradation will appear to saturate over time, consistent with ex-
perimental observation. The results would may not be as accurate as Peak’s equa-
tion (because Eq. 26.4 does not contain exponential temperature dependence), but
the predictions may still be reasonable. Taking a log on both sides of Eq. 26.4, we
can convert the nonlinear equation into a linear equation analogous to Eq. 26.2,
and optimize the coefficients.

ln (∆P/P0) = a+ b ln[RH]b + c ln(T c) + d ln(t). (26.5)

The linear or log-log model described above applies to observations from a single
farm. If historical data from multiple farms are available, one can use a more
powerful approach based on statistical machine learning.



348 INVERSE MODELING AND MONITORING THE HEALTH OF A SOLAR FARM

26.2.3 Statistical Approach to Data-based Farm Modeling

If planet E already has many solar farms, then it is possible to learn from the collec-
tive experience. Each datapoint in Fig. 26.2.3 is taken from a solar farm (operating
at a location defined by its weather variable RH and T) at the end of 10-year op-
eration, for example. The black points represent farms which have failed, i.e. its
power-level has reduced below a critical power, Pcrit. The white point represent
farms with P (t = 10yrs) > Pcrit. The question is this: Should we install a farm in
a location defined by the triangle, if we wish the farm to survive for 10-years? We
have to answer the question exclusively based on statistics.

RH

T
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T

𝐿1: 𝑤1 𝑅𝐻 + 𝑤2 𝑇 = 𝑐1 𝐿
2 :
𝑤
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−𝑐2

−𝑐1

Figure 26.2 Machine learning approach to farm modeling. (a) Empirical 10-year reliability
data from farms installed in various weather conditions. The information can be used to
see if a new farm, indicated by the triangle, will produce power reliably for 10-years or not.
(b) A region defined by the intersection of two lines demarcate between farms that survived
for 10-years and those that did not. (c) A simple network model to represent the regions
defined by lines above.

∆P (t)

P0
= at+ b[RH] + cT + d

If we collect the farm results after a time tp when it has degraded by a fixed amount
∆P (tp), then the equation can be rewritten in the form

w1RH + w2T =
∆P (tp)

P0
− d− atp ≡ c1

. As a result, sometimes it may be possible to demarcate the passing vs. failing
farms by a single line, i.e. w1RH + w2T = C1. Then, decision making would
be easy, because for any new location defined by (RH,T ), the system will pass if
w1RH + w2T < C1, whereas it will fail if w1RH + w2T < C1. We can determine
w1 and w2 by adjusting the line so that it puts maximum number of pass-points
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one one side, while putting maximum number of fail point on the other side of
the line. Mathematically, one can define an error function by penalizes wrong
categorization and minimize the error for the best fit line.

Unfortunately, the pass-fail boundary from Fig. (a) is somewhat complicated.
Therefore, we will need at least two straight-lines (i.e. L1 : w1RH +w2T = C1 and
L2 : w3RH + w4T = C2 ) interface. Only those farms simultaneously below the
first line and above the second line will are acceptable.

Once the coefficients are known, they can be represented graphically with three
sets of vertical bubbles, see Fig. ??(c). The first set are input parameters (here RH
and T). Each bubble in the middle column represents one line used to divide the
points. The two lines, L1 and L2 in Fig. 26.2.3(b) are represented by two bubbles of
the middle row of Fig. 26.2.3(c). Given the weights (w1 and w2) of the connectors
and the coefficient (−c1) next to the top bubble, it is easy to see how the bubble
implements the equation for L1. The output of the bubble is binary, indicated by
the symbol inside, i.e. output of the bubble is 1 for all points below the line, or it
is 0 otherwise. The third column contains the decision node, which aggregates the
binary output each bubble in the middle row to create the final ”yes/no” decision.
It is easy to see that this network ”learned” the experience of building solar farms
in various parts of planet E in a simple way. Needless to say that the (neural
network) will not approve of a farm build at a location with the weather condition
defined by the black triangle.

The approach is one of the ways a computer or a machine can learn from past
experience and make useful decision, even without any appreciation of the physics
involved. Now that is not necessarily a bad thing. When something is about to hit
us, we do not worry about the Newton’s law, but rather based on the painful past
experience, we simply get out of the way. If all the previous farms have failed in
comparable location, it may not be wise to build a new one. The general approach
of ”machine learning” or ”artificial intelligence” uses a similar approach based on
statistical inference.

Homework 26.1: Using multiple vertical arrays of process bubbles

Explain the operation of the network shown in Fig. 26.3 and graph the final
expression.

When a new technology is introduced and/or a significant modification is made
to an existing technology, we may not have sufficient statistical data for the new
technology to use the approach directly. However, the statistics from existing data
do hide a significant physical insight. For example, it is easy to see that the farms
that survive for a long time operates at low temperature and humidity. Therefore,
regardless of the details, one may decide to use product form of the degradation
(Eq. xxxx) to characterize the degradation of the new technology.
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Figure 26.3 deep-neural-network: A two-level network model can define more complex
pass-fail regions.

26.3 Physics-based Inverse Modeling of solar farm

We have just seen that machine learning use the historical data to create a statisti-
cal model for the system. When the system physics is too complicated or insuffi-
ciently specified, statistical modeling (with coefficients trained by historical data)
is the best we can do. Fortunately, this is not the case for solar cells: we can not
only predict how solar cells operate under variety of weather conditions, but we
also know how the cell degrade. Therefore, instead of using a general statistical
network as in Fig. xxx), we can better describe the network by a physics-based
network as shown in Fig. 26.4. Here we will use the historical data not to get the
statistical weights (w1, w2, ), but the coefficients of time-dependent degradation
of various compact model parameters (bubble M1) and eventually coefficients of
various degradation rates (bubble M2). In other words, at any time tc, we can ad-
just the coefficients of the degradation modes and the compact model parameters
so that it reproduces the historical power-output P (t < tc) given the historical
climate data (i.e. W (t < tc)) and module information. With the trained parame-
ters, we can predict the output P (t > tc) given the predicted climate in the future
W (t > tc). In the forward modeling, the degradation coefficients were obtained
by qualification tests (Q) before the module was installed. Unfortunately, qualifi-
cation data may not be complete and are often unavailable for older farms. The
calibration of the degradation coefficients by a farms own historical data provides
a powerful complementary approach to predicting the modeling. Note that the
training and prediction continues throughout the lifetime of the module. As tc,
the availability of the additional data allows continuous refinement of the predic-
tions made.

26.4 There are two ways to calibrate the model coefficients

If P (ti) is the only data available from solar farm, a statistics based approach may
be the best one can do. Fortunately, a modern solar farm continuously records
the maximum power point voltage, Vmp(ti), and maximum power-point current,
Imp(ti), as well as P (ti throughout the day. Indeed, decade-long library of Vmp(ti)
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Figure 26.4 The parameters of the physics-based model can be calibrated or trained by
using historical I-V-T data or Vmp-Imp data.

and Imp(ti are publicly available from multiple sources, including Sandia National
Laboratory and National Renewable Energy Laboratory.

In addition, widespread use of microinverters allows one to collect module-
by-module degradation information. In addition, specialized test equipments can
temporarily disconnect a module from the grid, measure its full I − V character-
istics, and reconnect to the grid before the circuit-breaker is tripped. Finally, dat-
apoints regarding monthly and yearly energy yield (E(t)) are also publicly avail-
able.

One can view the information collected (either full I-V time-series, or Vmp, Imp
time-series) as built-in ”EKG” of the solar cells. Coupled with the weather data
from the farm weather station and the manufacturer information regarding the
modules, the I−V or Imp−Vmp traces provides a wealth of information regarding
the time-dependent degradation of solar modules.

26.4.1 Physics-based forecasting: Full I-V-T method

For simplicity, let us assume that a solar farm operator installs a few ”canary”
modules and periodically records the full I−V −T characteristics at fixed intervals,
ti. These intervals are typically monthly, bi-yearly, or yearly. Given the I − V − T
characteristics, one can extract and monitor the time evolution of the parameters
of the solar cell, namely, Jsc(ti), J0(ti), Rs(ti), Rsh(ti), and so on.

For an illustrative example, consider a standard crystalline silicon solar module
operated in the field. Assume that one has periodically recorded the power output
of the module (P (ti) as well as its I(ti)− V (ti) characteristics. The as-taken I − V
must first be normalized to standard intensity and temperature, and the results are
plotted in Fig. 26.5 (a) and (b). Now, one can use a five-parameter compact model
to fit the I-V data and the time-dependent parameters explain how the module is
degrading due to the local weather, see Fig. 26.5 (c). In this specific case, we find
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the only the series resistance is increasing with time, while other parameters are
unchanged.

We have noted in Chapter 22 that the increase in the series resistance is related
to solder bond failure. And the failure rate is correlated to the average device
temperature (TD) and average relative humidity (RH) between the time-interval
∆ti = ti − ti−1. In other words,

Rti = ARHβe−EA/kT tni (26.6)

. A linear regression determines the unknown constants: A, β and n. We can now
use these parameters to forecast the series resistance module at any time in the
future and use the five parameter to compact model to predict the performance
degradation over time. Note that unlike the statistical model, the functional form
is exact, and therefore the prediction will be more accurate than the statistical ap-
proach discussed earlier.
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Figure 26.5 When the (a) power-output and (b) full I-V characteristics are available, (c)
the corresponding compact model parameters can be obtained by fitting the I-V curves.

Homework 26.2: Extract the circuit parameters based on given I-V charac-
teristics

Download the I-V characteristics data and the data-analysis tool from Purdue
website. Use the MATLAB code to extract the compact model parameters.

26.4.2 Physics-based forecasting: Vmp, Imp method

In reality, farms are not typically equipped with specialized setup that can collect
I(ti)− V (ti)− T (ti) curves. Instead, we use two types of information to construct
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these curves. First, the complete I − V − T information of the pristine module
available are from manufacturer. This information is used to obtained the Jsc −
J0 − n − Rs − Rsh information of the module before it was installed. Second, we
will use the natural morning-to-evening variation of the illumination and module
temperature, as reflected in the continuously recorded Vmp, Imp information to
construct I(ti)− V (ti)− T (ti), as follows.

Recall that we need I(ti) − V (ti) − T (ti) information in a monthly or yearly
interval, because degradation proceeds slowly for a well-made solar module. Let
us choose three days of hourly Vmp, Imp information around each tiC. If the data
is taken every 15 minutes and there are 8 hours of sunlight in day, there will be
4×8×3 = 96 datapoints, see Fig. 26.6. With the initial device parameters specified
by manufacturer datasheet, this 96 point dataset at each observation time ti is
sufficient to determine the five unknown parameters of the compact model at time
ti. The parameters would in turn allow us to determine the full I-V characteristics
for the observation time ti. With this I-V characteristics specified, one can follow
the algorithm described in the preceding section to determine the time-dependent
evolution of compact model parameters and predict the future loss of the module
under observation.
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Figure 26.6 Power loss is recorded at month intervals. To reconstruct the full I-V
characteristics at that time points, 3-days’ of Vmp − Imp are recorded. The illustration
shows the recorded Vmp − Imp data used to construct the full I-V data for the second and
fourth month.

Homework 26.3: Extraction the circuit parameters based on given Vmp-Imp
characteristics

Read the paper by X. Sun and M. Alam in Applied Energy, 2017 to understand
fully the use of Suns-Vmp method to reconstruct the I-V characteristics of a
field-module.
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26.5 Conclusions: The future of machine learning for PV technologies

The science of analyzing the historical data of solar farm so that one can forecast
the viability and energy output and lifetime of a solar farm just beginning. Mining
the PV field data is similar to the reading of the heartbeat of a person. Hidden in
the historical data and the (Vmp, Imp) waveform are the current status and future
prognosis regarding the technology. The current focus on statistical modeling and
machine learning will help us identify the patterns of degradation.

It is important to realize, however, that only a physics-based model can be suf-
ficiently predictive to calculate the energy output of a farm over many years into
the future. In addition, if a physics-based model tells us exactly how the mod-
ules are failing, so that a manufacturer will be able to tailor modules for specific
geographical locations. Moreover, if the exact cause of failure is known, one can
adopt a science-informed recycling program that could only reuse a module by
fixing only the components that had failed. Such recycling will reduce the carbon
footprint of a solar cell technology, and make them more economically viable.

In the preceding three chapters, we have discussed accelerated testing, forward
reliability modeling and inverse reliability modeling of solar modules. Reliability
issues makes development of solar cells challenging, but it also offers a competi-
tive edge to those who can address the reliability issues effectively.
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CHAPTER 27

FINAL CHAPTER: THE ROAD AHEAD ...

In this book, we have discussed the atom-to-farm physics of solar cells. Sunlight
is free, but a solar cell is not. Therefore, there is an incentive to make the mod-
ules efficient and long-lived to reduce the per unit cost of energy. We have fo-
cused on large land-based solar farms. Smaller scale solar systems (called micro
or pico solar) are also important. A pico solar integrated system consists of a 100-
200 W solar module, a battery, and power outlets for cell phones, TV, computer,
and LED bulbs. The power consumption of modern electronics have decreased
dramatically, so that a small module can power multiple components. Supported
by micro-credit loans, these pico solar system is supporting education, access to
health-care, irrigation, etc. for energy-poor populations across Asia, Africa, and
Latin America.

A different kind of solar farms are necessary for densely populated cities fight-
ing environmental pollution. In a city, land prices are so high that a traditional
solar farm may not be feasible. Two solutions have emerged: Floating solar farms
installed in rivers or shallow beaches are now common sights in many parts of
the world. Building integrated PV, where the windows are decorated by thin-film
solar cells offers a second solution. Given the innovative ”footprint” of these sys-
tems, these systems may provide economically and environmentally sustainable
solutions for densely populated cities.

Balancing the needs for food, energy and water is a challenge not only for large
cities, but also for many countries that depend on agriculture and therefore can-
not afford to trade farmland for solar farms. New solar cell technologies must be
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optimized to use frequencies not used by plants, so that crops can grow unhin-
dered, but the solar cells still produce sufficient energy to sustain irrigation, etc.
We have hinted at this multi-objective optimization, but we have not discussed
them in detail. These would be the topics of future research.

By 2050, the world population may reach 10 billion people. No matter how
efficient or long-lived, solar cells alone cannot supply the energy needs of this large
population. Free energy harvested from wind, tide, nuclear, etc. must complement
the energy produced by direct sunlight to make a sustainable world.

Now that you know the atoms-to-farms physics of a solar cell, you should be
able to make more wise decisions that will help achieve the specific goals of a
particular application. And, now that you know the enormous economic potential
of solar energy for humanity, next time you take a walk outside on a sunny day, I
hope that you will realize that the droplets of light filling the sky and illuminating
the ground all around you are indeed golden ...
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