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ABSTRACT OF DISSERTATION

ANALYSIS OF IMPACT OF NON-UNIFORMITIES ON THIN-FILM SOLARCELLS

AND MODULES WITH 2-D SIMULATIONS

Clean and environmentally friendly photovoltaic (PV) technologies rene
generally recognized as an alternative solution to many guadé- problems such as
energy demand, pollution, and environment safety. The cost ($/kWh) is tharyri
challenge for all PV technologies. In that respect, thin-film pobtatime PV technology
(CdTe, Cu(In,Ga)Se etc), due to its fast production line, large area panels and low
material usage, is one of the most promising low-cost technologies.

Due to their granular structure, thin-film solar cells anieerently non-uniform.
Also, inevitable fluctuations during the multistep deposition procedargé area thin-
film solar panels and specific manufacturing procedures suctrighg result in non-
uniformities. Furthermore, non-uniformities can occur, become moreesexemncrease
in size during the solar-panel’s life cycle due to various enviratsheonditions (i.e.
temperature variation, shading, hail impact, etc). Non-uniformitiegrgdly reduce the
overall efficiency of solar cells and modules, and their &fédwerefore need to be well
understood.

This thesis focuses on the analysis of the effect of non-untfesman small size

solar cells and modules with the help of numerical simulations. Evargh the 2-D



model developed here can analyze the effect of non-uniformitiesyofadare, only two
specific types of microscopic non-uniformities were addressed bBbumts and weak-
diodes. One type of macroscopic non-uniformity, partial shading, was also addresse
The circuit model developed here is a network of diodes, current-spuce
transparent-conductive-oxide (TCO) resistors. An analytic oslabetween the TCO-
resistor, which is the primary model parameter, and TCO sb&stanceps, which is the
corresponding physical parameter, was derived. Based on the medehl seseful
general results regarding a uniform cell were deduced. bicylar, a global parameter

o, which determines the performance of a uniform solar cell dependingheat

resistanceps, cell lengthL, and other basic parameters, was found. The expression for the

lumped series resistance in terms of physical parametsrals@derived. Primary power
loss mechanisms in the uniform case and their dependeneg lonand light generated
currentJ. were determined.

Similarly, power losses in a small-area solar cell wither a shunt or a weak-
microdiode were identified and their dependencepgnJ., and location of the non-
uniformity with respect to the current collecting contact waglied. The impact of
multiple identical non-uniformities (shunts or weak-diodes) on thdopmance of a
module was analyzed and estimates of efficiency loss preiented. It was found that
the efficiency of the module strongly depends not only on the sgweeck fractional area
of non-uniformities but also on their distribution pattern. A numerjgatameter
characterizing distribution pattern of non-uniformities was introduced. The mb&tast
favorable distribution patterns of shunts and weak-diodes over the modalevare

determined.



Experimentally, non-uniformities may be detected with the helppatialy
resolved measurements such as electroluminescence (EL). Thar@d model was
also used to develop the general framework to extract usefatmafion from
experimental EL data. In particular, a protocol that can helpdigsh a shunt from a
weak-diode and estimate the severity of the non-uniformity baseteoklt data was
developed. Parts of these simulation results were verified wpkeriemental EL data
obtained by other authors.

The thesis also discusses the effect of partial shading ¢@oseapic non-
uniformity) on the operation and safety of thin-film solar panelslefailed analysis of
the current-voltage characteristics of partially shaded modateperformed. Conditions
that result in a shaded cell experiencing high reverse voltagee shown. A
mathematical formalism was developed to distinguish two exenvhen reverse-bias
shunting or breakdown dominates. It was shown that in the shunt-dominatdnca
extreme situations the voltage across the shaded cell cantbdagjge (~ 20V). High
voltage across the shaded cell results in both high power diesipatd elevated
temperature. Depending on the light generated current, the regnmeeabove ambient of
the shaded cell can be as high as ~100-300°C, implying potenedy ssgues. The

analysis covered all basic rectangular shade configurations.

Galymzhan T. Koishiyev

Physics Department

Colorado State University
Fort Collins, CO, 80523
Spring 2010
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Chapter 1
| ntroduction

1.1. The big picture

The industrial revolution that spread over the world by the end rafteenth
century marked a new era in the history of humankind. During thaidp#dre world
made a transition from manual labor and draft-animal-based economgsomachine-
based manufacturing. Since the revolution, consumption of fossil fuels ve tire
economy has been growing exponentially, causing three primary ghvbalems:

depletion of fossil fuels, pollution, and climate change.

Pure Economist’s Path: Use what’s cheapest, no environmental concern

204
; 1:5
= 10+ —
g e c??I
0 — : : .AI! Other Renewables |
1900 1950 2000 2050 2100 2150 2200

Low CO, Path: Invest in the future now

204
e -
ET 15 Solar
g: 104
~ 5 -
0- All Other Renewables

1900 1950 2000 2050 2100 2150 2200

Fig.1.1. World power consumption. (From AVS Short Course - 2009, NREL



In 2008 total worldwide power consumption was 15 TW and 80-90% of that came f
burning fossil fuelsFigure 1.1 shows world power consumption in the past, its current
status and two future forecasts based on
different approaches: 1. “use what's
cheapest, no environmental concern”, 2.
“save the planet, invest in the future now”. In
both future forecasts the world is forced to
make another worldwide revolutionary

technological transition due to depletion of

resources. However, besides the inevitable
depletion of accessible fossil fuels, there is a global concetnnibkes the second
approach more appealing — the problem of increasing pollution. Themt snother
worldwide problem caused by burning fossil fuels — global warmingcaméte change
(still debatable). Due to technological lifestyles, neglectftituales towards the nature
and a constantly increasing population, we as a species have badonge of nature
that is capable of altering environment on a global scale. The issue of globahgvand

its impact is addressed in depth elsewhere.

Thus, there are more than enough reasons to shift from burning ftessilto
using clean, safe and environmentally friendly technologies to praslacticity from
renewable energy sources such as solar, wind, tidal waves, etc. PlaatoyBV)
technologies, which convert solar energy directly into elettriare very likely to play
an ever increasing role in electricity production worldwide. &hare several primary

competing PV technologies such as crystalline and multi-crysdlt-Si, c-GaAs), thin-



film polycrystalline (a-Si, CdTe, Cu(In,Ga)SE&CIGS), etc), organic and multijunction
concentrators.

Thin-film (TF) polycrystalline PV is a promising technologigat has its
advantages: low-cost, fast production line, large area panels. HpWé&vpolycrystalline
solar cells are inherently non-uniform due to their granularctstre. Various non-
uniformities, which occur during manufacturing process, generallyceetlie overall
performance of TF solar panels and their lifetime. Some of th@sainiformities can be
experimentally detected with the help of different spatiedsolved imaging techniques

such as Light Beam Induced Current (LBIC), Electroluminescence ¢fl.),

1¢cm
18 cm

48%

0.5¢cm

Cu(in,Ga)Se, lab-size solar cell, LBIC Image | Cu(In,Ga)Se, solar module, EL Image

Fig.1.2. Experimental visualization of non-uniformities in A.) CIGS solar cell Gunezd
by author) and B.) CIGS moddle

Figure 1.2 shows an LBIC image of a lab-sized CIGS TF solar celasared by the
author and an EL image of a CIGS TF solar module from RefBf@&h images reveal

that there are non-uniformities of different severities.



The primary focus of the current work is to analyze and evalbaténtpact of
specific non-uniformities on thin-film solar cells and moduleshvilte help of 2-D
numerical simulations, show how such simulations can be coupled withregpts (EL)
and provide useful information and recommendations for manufacturers.

Figure 1.3 shows primary layers of a solar cell: back-contact m({&@a), p-type

layer, n-type layer, transparent-conductive-oxide (TCO), and front-contact (FC

Solar Cell Layers

.—FC

TCO

BC

Fig.1.3. Basic solar cell layers.
Usually, simulations in th&-direction that involve the definition of properties of each
layer and interfaces between them are referred to as l-Dlasioms. However, in the
present work such simulations are referred to@snal 1-D simulations, because there
can also bglanar 1-D simulations in theX-direction that do not deal with layers. There
are several normal 1-D simulation software packages (AMPSPSCAtc.) specifically
adapted to model properties of solar cell layers and interfélsesgh the solar cell
physics associated with these properties is beyond the scape pfesent work. All of
these programs are based on solving coupled differential equatimssafi’s equation

and continuity equations for holes and electrons). The primary findupt of a normal



1-D simulation is the current-voltagd-Y) curve (or numerical table). If some of the
properties irZ direction are different from the rest of the overall celhateauses a 2-D
spatial non-uniformity. Analysis of the impact of such non-uniftiesiis beyond the
scope of normal 1-D simulations.

A J-V curve obtained from either normal 1-D simulation, experimenta small
size solar cell, or analytic approximations serves as ew for a planar 2-D simulation
in X and Y-directions (or simply 2-D simulation). Such 2-D simulations accdant
voltage drop in the TCO layer of the solar cell and have the da&pdbi analyze the
effect of 2-D spatial non-uniformities. A detailed 2-D siatidn framework used in the
current work is discussed in the following chapter. Planar 1-D naidelaccounts for
voltage drop in the TCO layer but is only used here to analyze uniform cells.

Since theJ-V curve of a solar cell is in the center of the present woik it

necessary to introduce its basic features and terminology.

1.2. Current-voltage curve and terminology

In the first approximation a solar cell can be modeled siyngle circuit diagram

shown infigure 1.4.

J

Fig.1.4. Equivalent circuit of a solar cell.



The basic circuit diagram shownfiigur e 1.4 has four elements: p-n junction diode, light
generated current sourdg conductanc&, and series resistanBe. Based on this circuit

model one can deduce the analytic expression for the current-voltage dep&ndence

J =Joex;{%(V—RSJ)}+G(V—RSJ)—JL (1.1)

Equation (1.1) can be used to show graphically the current-voltage dapenruteh in

the dark . = 0) and in the lightJ_ # 0).

20 -

MPP
”E Power
§ 10 +
&
0‘1 0 Dark J-V
§ ark J-
3
J
-20 B
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Fig.1.5. Dark and light]-V curves, power curve, and basic solar cell parameters.

Figure 1.5 showsJ-V curves of a solar cell in the dark (blue solid line) and initje |
(red solid line). The voltage at which the current of the ligMcurve is zero is called
open-circuit voltage\oc) and the current at which the voltage is zero is called short-
circuit current Jso). The green solid line is the generated power density &g J-V.

The voltage at which the power has a maximum is called mewipower voltage/ype

and corresponding current is called maximum power cudgntThe point Yup,Jvp) ON



the lightJ-V curve is called maximum power point, or MPP. Two primary pararsef
a solar cell are efficiencyrf and fill-factor €F). Fill factor is defined as the ratio of

areas of two rectangles:

FF (%)= wxlo%. (1.2)
OocC "vYsC

Efficiency n is defined as follows:

FF -Voc -
n(%):MxloC%= oc"Jsc 1o, (1.3)

n I:)In
whereP;, is the standard normally-incident solar power density, 100 mfv/Eable 1.1

shows basic solar cell parameters of the lilgkttcurve shown irfigure 1.5.

Table1.1.
Basic solar cell parameters.
n FF  Voc Jsc Ve Jwp G Rs A
Units (%) (%) (V) (mAlcm®) (V) (mAlcm®) (mS/cm®) (Q-cm?)
135 769 0.8 22.0 0.67 20.3 0 0 2

In the example given above both parasitic resistances are Benwsver, this is usually
not true.Figure 1.6 shows the effect of parasitic resistances on the Jghturve. The
red solid line is the lighf-V curve shown for reference witRs = 0 Q-cnf andG = 0
mS/cnf. Dark and purple solid lines are lightV curves with one of the parasitic
resistances non-zero. In both cases efficiency is reduced by -€lEto these

resistances. Open circles are maximum power points.
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Fig.1.6. Effect of parasitic resistances on lighV curve.
Parasitic resistances and diode quality fadtoan be calculated from the light
V curve with the help of equation (1.1) and simple mathematical mangndatAn

example of such a comprehensive analysis is given in Ref. [3].

Thus, the general problem and the approach are outlined. Basic conmgpts a

terminology given in this chapter are enough to understand the main body of the thesi



Chapter 2
The 2-D model

A full treatment of the voltage drop across a transparent-ctineiaxide (TCO)
contact layer is necessary both for calculating accurdteurves and as the first step in
the study of spatial non-uniformities with numerical simulatiofisis chapter gives a
detailed description of the 2-D circuit model, which in the chaptefsllow is used to
analyze the effect of non-uniformities. Also in the currenfptdrasome useful general
results are obtained from the analysis of the model in the unifas®. However, in the
uniform case analysis only the primatydirection of the 2-D circuit model is considered,

this is basically planar 1-D model.
2.1. The general simulation setup

2.1.1. Themodule basdline

The general design and geometry of most thin-film modules entalty the
same. A typical thin-film module consists of a number of elomya&tls connected in

series and separated from each other by scribe lines.



As a baseline, a CdTe thin-film module, which assumes a typecéhngular
geometry and a distributed TCO sheet resistag€¢®/sqr) is usedFigure 2.1 shows the

general simulation schematic.

MODULE

SUBCELL |~

[ = upuiupepppubu

*current sources are not shown

Fig.2.1. The general simulation schematic.

A complete simulation based on thigure 2.1 implies three steps: subcell, cell
and module with corresponding circuit diagrams. A subcell is a netafonkicrocell-
diodes, current sources, and TCO resistors. A more detailedptiescof the subcell is
given in the following section. Thaicrocell andsubcellterminology has been adopted
by photovoltaic groups aolorado State Universitand colleagues at théniversity of
Ljubljana, SloveniaThe baseline adopted here for a thin-film module has 40 cells, eac
1-by-40 cm in size; each cell is modeled by 40 subcells (1 by)i @ach subcell is
modeled by 21 by 21 microcells (0.05 by 0.05 cm). Current-voltdgd €urves of

subcells are used to calculate the celi¢ curve, and thd-V curves of cells are used to
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simulate thel-V curve of the module. Clearly the dimensions and numbers of units can be

changed to match specific situations.

2.1.2. Thesubcdl basdline

Figure 2.2 shows a cross-sectional perspective view of a subcell, where
continuous TCO sheet resistanog (Q2/sqr) and the bulk semiconductor resistivity
(©2-cm) are physical parameters, whereas the discrete TG&anegsR (Q2) and the
discrete semiconductor resistanaeqQ) are corresponding model parameters. For

simplicity, the photogenerated current sources for the n-p junction diodes atrewot

i

Back contact
p — layer ()

p (£rem)

Fig.2.2. Cross-sectional perspective view of a subcell.

Figure 2.3 illustrates the schematic picture of the subcell. The idtestr subcell
has dimensions of (length) andw (width). For simulation purposes, the subcell is
divided intoN by M microcells with square bases. A uniform voltage is assumedsacros

each microcell, but the voltage across different microcells will in gérary.

11



L (Na)

Front contact

W (Ma)

TCO n-type layer Back contact
p-type layer

Fig.2.3. Schematic picture of a subcell.

The total current is collected by the front and back contactsrsiithin the model, the
front contact represents a strip of negligible thickness andtafionductivity. The back

contact is also assumed to have zero resistance.

microcell circuit unit

n-p junction
diode

Fig.2.4. Schematic picture of a circuit unit.

Each microcell, which represents a discrete circuit unimadeled by four shared
resistorsR, bulk semiconductor resistanceand a diode, as ifigure 2.4. The current

source that accounts for light generated current is again mbicidx shown. Any

12



deviation of a microcell parameter in the circuit unit from tfahe rest of the solar cell
would indicate a spatial non-uniformity.

Simulations are performed in PSpice softWar®epending on the approach
chosen, one can use either a diode and a current source or a nuelecal turrent vs.
voltage values. Such &V table, referred to as a GTABLE in the PSpice software, is a
numerical representation of a current-voltage curve and camachany modifications
to the ideal diode and current source. Nevertheless, for simplictes and current

sources are used to visualize a microcElgure 2.4 shows that one micro-diode

accounts for an areaa, and thereford, = NaandW = Ma.

|
20 1 Microcell J-V |
|
\I
10 +
C\l’\
5
0
E Subcell J-V
3
-10 +
-20
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Fig.2.5. Baselinel-Vs.

BaselineJ-V curve of the microcell (dashed line) and the subcell (solid hne
illustrated infigure 2.5. The difference is due to the sheet resistance of the transpare
top contact. Open circles figure 2.5 are maximum power points. Due to the distributed
sheet resistance tld= of the subcell is less than that of the microcell, wkide andJsc

are unchanged. Basic solar cell parameters of the micracédllsubcell are presented

13



below intable 2.1. In the uniform case, the subcélV is the same as cell and moduie

Vs.

Table 2.1. Basic solar cell parameters.

n FF  Voc Jsc Ve Jwp G A Jo
Units (%) (%) (V) (@mAcmY (V) (mAlcm®) (mS/cm®) -  (mAlcm’)
Microcell 13.1 748 0.8 22.0 0.66 19.9 1 2 3.8E-6
Subcell 12.0 686 0.8 22.0 0.61 19.5 1 2 3.8E-6

2.2. TCO sheet resistance

For simulation purposes it is important to relate the sheet resigtantéhe TCO
layer to the discrete resistande@®f the 2-D circuit model. The strategy to find such a
relation is to calculate power losses due to lateral curiantise TCO layer for both
continuous and discreet distributions of sheet resistance.

The bulk resistivity of a uniformly doped p-type semiconductor absorbe

measured in¢¢-cm), is given by:

p=(aunp)™, 2.1)

whereq is the elementary charga, is the hole mobility ang is the hole density. Lateral
resistance of the n-type TCO, however, is generally charaeteby the sheet resistance

ps measured ig2/sqr:

-1
ps = (tquen) ™, (2.2)
wheret is the thickness of the layes, is the electron mobility and is the electron

density.

14



Figure 2.6 shows a schematic picture of lateral currents in the TGér laf a

subcell. The thickness of the TCO layer is equal to

Front contact

Lateral Currents

1 TCO layer

J

n-p junction

H

i ' i ! ' : 1 i ' i
| i |
v v v W v v v v v w

L
Fig.2.6. Schematic picture of lateral currents in TCO layer.
The X-axis shown irfigure 2.6 is defined such that the front contact is locatex =at0.

To a good approximation the lateral currépd decreases linearly witk and is given

by>:

1(x)= IW(x-L), (2.3)

whereJ is the longitudinal current density. The resistance eledfRg given by:

dx p ) dx dx
dR=p—=| = |— = pg—.
Piw (tjw PSW (2.4)
Thus, the power loss per unit afeés:
1 ¢ 1
_ 1 2qp_ + 2)42
X=
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Figure 2.7.a shows the circuit diagram of a single row of microcells (pldnBr
model). The voltage across each diode will vary, because of theenornoltage drop

across the resistors, and therefore the currents through different diodes evfferent.

a)
N N-1 N-2 2 1
@
R | R ] R | R |
x QO x Q) xQ x () x Q)
"L J’L ’I_ lI_ I.L
\ \ | | o
b)
®
; R R R R R
r I r r r
2
®

Fig.2.7. Circuit diagram of a single row (a) with diodes and current sources shown (b)
with semiconductor resistoreemphasized.

However, to a good approximation for the purposes of power loss caloslathe
current that flows through-th resistor is equal tol. Therefore, the power dissipated on
n-th resistor is equal &(nlY.

Thus, taking into account that there Meows in the 2-D network, the dissipated

power per unit area is given by:

N
M o 2| M 2 N(N+1)J2N +1)
LW[ anlj J LW 6 (2.6)

Setting the right-hand-sides of equations (2.5) and (2.6) equal too#shand taking

into account that = J&, it follows that:

N +1)2N +1
ps=( 2),(\|2 )R (2.7)
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Here, in the limit of largé&\ equation (2.6) reduces to:

P;%(RLZ)]Z, 2.8)

which is independent o¥, and equation (2.7) reduces tos (Q/sqr) = R (Q). For

practical simulation purpose,should be 20 or more.
2.3. Lumped series resistance approximation

The J-V behavior of a good-quality lab-scale thin-film aotell can be described
reasonably accurately by a general single expaalaitide equatioh

q
J=Jpgexp——(V -RgJ Gv-J.,
0 X{AkT( S )}r L (2.9)

whereJy is the reverse saturation curreqiis the electron chargé, is the diode quality
factor, T is the temperatur&; is the shunt conductancg, is the light generated current,
and Rs is the lumped series resistance. Equation (2.9)nass a non-distributed TCO
resistance in the solar cell, or, in other wordsireuit model where the TCO resistance is
a single element. For a module-geometry cell, tingpled series resistance approximation
is not very reliable and)-V curves can deviate significantly from equation9)2.
However, for small values gbd % equation (2.9) will closely follow thd-V curve
obtained from the model with distributed TCO remisk. It is therefore important to find
a relation betweeRs and the material resistances and to define whehis sufficiently

small that equation (2.9) is applicable.

17



The internal semiconductor absorber resistanagea microcell in the 2-D model

is inversely proportional to its physical base a@®a

r= (2.10)

el
a?’
whereb is the thickness of the bulk region of the absoléger ando is the resistivity of
the absorber layer.

Figure 2.7-b shows a single row of microcells (planar 1-D mddth the focus

on TCO resistor® and semiconductor resistarsAgain, for visual clarity the diodes and

current sources are not shown. The resist&agcbetween points 1 andigiven by:

Ri2=R-g(x,N), 2.11)
where k= r/R and g(x;,N) is a dimensionless factor given by the followiregurrence

relation:

g(x,N)=1+ [K'_l +9(x, N —1)‘1T1

g(ic,l):1+ K. (2.12)

The full 2-D network has! rows and the series resistafg(Q-cnf) of the solar cell is

therefore given by:

K,N)
M 1

R
RS(Q-cm2)= A= AR ol (2.13)

whereA is the total area of the cell.
It is a straightforward exercise to fimdx,N) for the first few values N, but for

largeN it is not tractable to give a general analyticresgion. However, for fixed values
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of L andW, in the limit of smalla, which is equivalent to the limit of largeand large

values of M andN, theg(x;N)YM -factor is approximately:

—_ _+_

g(z;/,lN)E I\; [E ';] (2.14)

Using equations (2.10), (2.14) and the fact that Na, W= Ma, A = NM&, ps

(©Q/sqr) =R (€2) equation (2.13) can be reduced to:

Rs = pb+ > (2.15)

where the first and second terms are the contdhstio the series resistance from the
absorber and TCO layers respectively. One can atithe first term in equation (2.15)
with typical parameter values for a thin-film sotall absorber layerb = 2.5um, pu, =

25 cnf/Vs, p = 10" — 10° cmi® yield pb = 0.003 to 0.32-cnf. Thus, unless is very
small, the first term is much less than the secamel and therefore the series resistance

is given by:

R, = , (2.16)

As an example, planar 1-D simulation of a unifordGS thin-film solar cell is
performed in PSpice with the help of GTABLEs. The/ curve for an individual
GTABLE is obtained from normal 1-D simulation in @RS HETF. The solar-cell

parameters used in the normal 1-D AFORS-HET sinaratf CIGS are taken from Ref.

[7].
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Fig.2.8. Comparison between distributed TCO planar 1-DlampedRs models for (a)
large and (b) smals.

The solid curves ifigure 2.8-a and b represend-V curves of the CIGS solar cell
obtained from planar 1-D simulations for two diffat values of TCO sheet resistapge
= 4 Q/sqr and10 Q/sqr, withL = 1 cm. The basic solar-cell parameters of thkse

curves are given imable 2.2.
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Table 2.2
Basic solar cell parameters.

Ps(€25qr) Voc (V) Jsc (MA/cm?) FF (%) 7 (%)
4 0.64 34.9 723 16.2
10 0.64 34.8 61.2 13.6

The dashed lines ifigures 2.8-a and-b are graphic representations of equation
(2.9), which implies lumped series resistaReeThis series resistance was chosen such
that both solid and dashdeV curves in each case have the s&fgor equivalently, the
same maximum power point, which also implies thas the same sinc¥pc and Jsc
values match.

The values ofRs used were 4.6 and 2.2-cnf for ps = 10 and 4Q/sqr
respectively, which are close to those predicteddpy(2.16): 32-cnf and 2Q-cnt. For a
non-zero value of the TCO sheet resistance, ittspossible to overlay the solid line
with any dashed approximation. For decreagigghe agreement of the two lines in the

power quadrant becomes reasonably good, but lasstise first quadrant.

2.4. Dimensionless reduced-TCO sheet resistance

The TCO sheet resistangg primarily affects theFF and leaves/oc and Jsc
unchanged. The cell length also strongly affects the fill factor, and henbe power
loss, but the value AV has no effect upon th&V curve for a uniform solar cell. The
fractional power loss from the TCO layer also dejsean the amount of lateral current

Jsc and varies withVoc. An empirical observation showed that the dimemsiss
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quantity o = pstJstoc in fact determines the reduction in fill factoredto the sheet

resistance to a reasonable approximation.

Figure 2.9 shows the calculated dependence of the FiG-Fo on o, whereFFq

is the fill-factor of a microcell, or alternatively the ps= 0 limit.

1.0

0.9
w© 0.8
iy
£
0.7 1
Cu(In,Ga)Se2
0.6 1
0.5 - : : : : i
0.0 0.2 0.4 0.6 0.8 1.0

8 =psL?JscNoc

Fig.2.9. FF/FFo dependence o

Figure 2.9 illustrates plots oFF/FF, for three different cells — two-junction a-Si, 3G

and ideal (high-efficiency). The basic solar caltagmeters of these three cells are given

in Table 2.3.

Table 2.3.

Basic solar cell parameters
Cell Voc (V) Jsc (MA/cm?) FF (%) 7 (%)
a-Si 1.64 6.1 721 7.1
CIGS 0.64 34.6 79.5 18.8
Ideal 0.80 35.0 86.1 24.1

The fact that the three curvesfigure 2.9 generated for cells with significantly
different parameters have the same shape, ancegaresinilar numerically, suggests that

to a good approximation the varialdlés in fact a global variable. Thus, it can be used
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describe théF variation for non-gridded large cells or modulegure 2.9 also implies
that with higher quality cells, there will be agsltly greater effect ob on the FF.
Generally, the rati&-F/FFq for actual large-area cells and modules ranges &bout 0.7
to 0.9, i.e.d is between 0.2 and.5. Within that range all three curves in thgure 2.9

are close to each other and show near-linear bethaith a slope close to 0.38.

R

oo

Thus, the chapter gives a detailed description h&f three-step simulation
framework. Several useful analytic and empiricaufes were obtained directly from the
analysis of the uniform case. In particular, basedower dissipation in the TCO layer
due to lateral currents, an analytic relation betwenodel TCO resistors, discritization
level N, and physical TCO sheet resistangg was derived. A derivation of the
expression for the lumped series resistaRg®f the uniform cell was also given. The
lumped series resistance approximation was compavigd the distributed TCO
resistance approach (planar 1-D model) for smalllarge values ops. As is expected
current voltage curves match well only for smallues of ps. A global parametep,

which determines theF of the cell, was introduced.
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Chapter 3
| mpact of shunts and weak-diodes
on lab-scale solar cells

This chapter discusses the effect of shunts arakiwecrodiodes on small size
solar cells (subcells). In particular, power losses non-uniform subcell are identified
and compared with those of the uniform with thephefl pie charts. Variation of these
power losses with sheet resistangeand light generatefl current is studied. Power
losses are studied both as a function of positioine subcell and in integral form. Also
variation of the impact with location of the nonHonmity in the subcell is analyzed.

Analytic methods were used where possible.
3.1. Origin of shuntsand weak-diodes

3.1.1. Origins of shunts

Minimization of loss mechanisms remains a primggal of research and
development in many laboratories. One such lossharesm, which under certain
conditions can be a critical one, is the loss duedalized shuntgzigure 3.1 illustrates a

cross-section of a typical CdTe solar cell (notstale) that has a filament-type shunt
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along grain boundaries that connects the back contetal directly to the TCO

bypassing the p-n junction.

Back contact

Fig.3.1. Schematic illustrating a shunt path and a weadlelio the CdS/CdTe structure.

Various imperfections in scribing techniques casuit in localized shunt paths.
In many cases, the shunts are not random but gceterentially at cell cusps and grain-
boundary corners along cell edges due to physhipping from the scribing proceddre
Imperfection in the scribing procedure, howevemas the only cause of shunt paths in
thin-film modules. Generally during deposition, riilm growth produces a granular
structure with the main grain axis perpendiculartite film plane. Penetration of the
junction depletion layer throughout a module byhsgecain boundaries can also lead to
shunting conductangeStill, another mechanism that can cause localstedht is a flaw
during the deposition process of the layers, when window layer is not properly
deposited and is locally too thin or is not contins. One of the primary goals of the
current chapter is to understand the impact oflibed-shunts on subcell performance.

Another type of non-uniformity addressed in therent chapter is a weak-diode.
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3.1.2. Origins of weak-diodes

The production of large area thin-film solar moduieay lead to fluctuations of
cell parameters such as defect density, band ggpngl density and layer thicknesses.
Such fluctuations become increasingly importandasices get thinner, and they can
have a significant negative effect on device penfmce when thickness fluctuations
become comparable with the grain size. A thin wimdayer can result in insufficient
coverage and formation of junctions between tramspaconducting-oxide (TCO) and
absorber layers, which in turn can result in laealuctions of voltage. Such local areas
are commonly referred to as weak-diodes. The kejgipal parameter is the voltage of
the weak-diodeFigure 3.1 illustrates a cross-section of a typical CdTe soé (not to

scale) that has a region with thin CdS layer, whegults in a weak diode.

3.2. Effect of shuntson lab-scale solar cdlls

3.2.1. The setup

To analyze the effect of localized shunts on ledles ( ~ 1 crf) solar cells
(subcell) the model of 12% efficiency CdTe soldlt, aghich was introduced in Chapter
2, was usedFigure 3.2 shows the circuit diagram of the subcell with atca filament-
type shunt in it. The shunt is modeled by a resiétolored in red) across one of the

microdiodes. For visual simplicity current sourees not shown ifigure 3.2.
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Fig.3.2. Circuit diagram of the subcell with a central shun

There may also be a distributed shunt of the sulaeebng all microcells. Again for
visual simplicity resistors accounting for the distited shunt are not shown figure

3.2

3.2.2. Examples of shunted subcells and characteristic parameters of shunted subcell
J-V curves

Figure 3.3 shows examples JfV curves of shunted subcells with a filament-type
shunt located in the center of the subcell. A figtatype shunt is modeled by a single
shunt resistor over one of the microdiodes as shawigure 3.2. A non-filament-type-
shunt over a larger physical area can be modeleskbgral shunt resistors across many
neighboring microdiodes. In the discussion to fella filament-type shunt is assumed.
For ease of discussion the severity of the shunoh@acterized by the efficiency of the
shunted subcell, though the actual parameter ghheing changed in the circuit is the

conductance of the shunt.
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Fig.3.3. Examples of subcell-V curves with a central shunt.

Figure 3.3 showsJ-V curves of CdTe subcells with different efficiencies!, 8
and 12%, with latter being the baseline. To geeeifase curves, the conductance of the
shunt located across the central microdiode waedafor instance to gef = 8%, a
shunt conductance of 11.8 mS is required. Openesirshow maximum power points

(MPP).

Figure 3.3 also shows characteristic parameters of shuiédaurves,V*, Js&
andAJ*. An approximate analytic interpretation of thebaracteristic parameters can be
obtained from the simple analysis of the singleddi@quation that includes parasitic

resistances
3=3,2VRI) LGV —Rgd)- 3, 3.1)

whereJp is the saturation currerRg is the series resistandg = 1/Rsy is the conductance

andRsy is the shunt resistancg, is the light generated current, afid o/ AKT.
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Parametedsc® is basically the short-circuit current of the stachsubcell. Withv

=0 in equation (3.1):
Jsct = Jge s —GRsJgc* -, (3.2)
Neglecting the first term in (3.2) and rearranding other terms:

o
1+GRg (B-3

* ~

Jsc

Equation (3.3) can also give a rough estimate @& tonductanceG from the
experimental or simulatet#V curve.

Next, from equation (3.3):

GRs
AJ*ZJL—\JSC*\ZJL1+GRS- (3.4)

Since parameteig*, Js¢& andAJ* characterize behavior of the shunfell curve

in its linear regime, equation (3.1) can be sinngifin this range to:
J=G((V-RgJ)-J,. (3.5)
Rearranging the terms in (3.4) we get:

G _,__d

) 1+RG) ([+RG) (3.6)

I

Settingd = - J_ and simplifying:
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V* = _‘JLRS' (37)

Thus, equations (3.3), (3.4), (3.6) and (3.7) giapproximate analytic
interpretations of characteristic paramet®fs Js¢& and AJ*. The derivationsgiven
above imply two primary approximations: 1. the ex@atial part of thel-V curve is
neglected, that is a linear regime is in placeh&.non-distributed series resistance model

implied by diode equation is applied (3.1).

3.2.3 Shunt location analysis

In examples of shunted subcells given in the seciibove the shunt resistor is
located in the center of the subcell. A shunt, hexecan be located anywhere in the
subcell with different probabilities depending eephysical origin and/or the mechanism
that caused the shunt during the production procEssmthe symmetry of the problem,
it follows that only variations along-axis matter; variation in th& direction simply
implies redefinition of the subcell and shifting iborders along the cell. In that respect
the front contact gridline serves as a referenmue. kigure 3.4 illustratesJ-V curves of
subcells with shunts at different locations — rtexthe gridline (1), in the center (2) and
opposite the gridline (3). The black solid linetl® baselinel-V curve of the uniform

subcell for referencd&.able 3.1 shows basic solar cell parameters of these fduwredis.
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Fig.3.4. SubcellJ-V curves with shunts at different locations.

Table3.1.
Basic solar cell parameters

Voc (V) Jsc (MA/cm®)  FF (%) (%)

Baseline 0.80 22.0 68.7 12.0
(1) Close to the gridline 0.75 21.9 48.6 8.0
(2) In the center 0.77 21.2 48.7 8.0
(3) Opposite the gridline 0.78 21.1 49.7 8.2

Both table 3.1 andfigure 3.4 imply that the location of the shunt makes onlgniaor
difference. There is a small advantage when thatsedocated opposite the gridline. A
subcell with the shunt away from the gridline haghbr efficiency than the subcell with
a shunt in the center for three reasons in ordenpbértance:
0] The power dissipation in the shunt resistor is a@rgiowards the gridline
because the lateral current is higher towards tiokirge.
(i) Essentially for the same reason, there is more pdligsipation in the
TCO layer near the gridline due to the lateral ents that were diverted

from their original path towards the shunt.
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@)  Finally, simply from geometrical considerations, canter has more
capability of degrading the performance of moreghkoring microdiodes
than when it is at the edge.

The same arguments explain why a subcell with thentsin the center has better
performance than a subcell with the shunt nextht dridline. However, there is an
additional effect: when the shunt is located nexthe gridline it tends to draw current
not only from neighboring areas through TCO bubdlem the gridline that is highly

conductive and the advantage of TCO screening lasisThe TCO screening effect will

be considered in more detail in the sections toval

3.2.4. Microcell voltage and current density profiles

Even in the uniform cell, due to the voltage diogthe distributed TCO sheet
resistance, microdiodes in the subcell operataffdrent voltages. When the subcell is
biased at its maximum power voltage (sub¥gl) microdiodes in that subcell are biased
at a range of different voltages close to maximuower voltage of the microcell
(microcell Viyp). Thus, microcells in a subcell will generate eliint amounts of power.
Therefore, it is worthwhile to look at the variatiof microcell operating parameters with
position along the<-axis. Obviously, in the uniform case there will i@ variation inY
direction.

In this aspect the operating voltage of the mimdd is the primary parameter.

The profile of microdiode operating voltages candb¢ained numerically with PSpice.
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However, an approximate analytic result would béfoé to understand the general
behavior and its mathematical interpretation.

Since for uniform analysis there is no variatiorYraxis we can consider a single
row of microdiodes (planar 1-D modeBigure 3.5 illustrates a circuit diagram of one

such row of microdiodes.

R
VMD-NI x (O A Dy xQr x )y

|
%

Y

X (cm)

o L

Fig.3.5. Schematic of the single row of microcells.

Fromfigure 3.5 it follows that the voltage across tNeth microdiodeVyp.y is given by:

N
VMD:N =Vap. + RYNIL —Z| MD:j [ (3.8)
j=1
In equation (3.8)/4p. is the voltage applied to the subc&lis the resistor that represents
TCO sheet resistancé| is the total number of microcells in one roly,is the light
generated current of each microcell, ahg,; is the forward current of thgth

microdiode given by:
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(3.9)

, Wherelg is the microdiode saturation current g#r/AKT,andj = 1...N. The saturation

currentlp can be expressed in terms of the open-circuibgeNoc as follows:

lg=1 e oc (3)10

Substituting (3.8) and (3.9) into (3.10) and reagiag the terms we get:

N
VMD:N =Vap + RIL{N —Zeﬁ(vMD:j_Voc) '
j=1

(3.12)
In the same way frorfigure 3.5 it follows that:
Vb1 = Vo + RIL{ (N —1)—23 Moo (3.12)
j=1

Recurrent relations (3.11) and (3.12) can be sbiuemerically to give the profile
of microdiode voltages across the subcell fromghéline to the edge. Exponential terms
in both (3.11) and (3.12) do not allow an exactlyita solution. However, at the
maximum power voltage of the subc®l,. = Viwp-subces Which in fact is the voltage of
the most interest, one can obtain a first-ordehdicaapproximation. IfVap.= Vyp-subcell
thenVup;j = Vup-microcenl for all values of. SinceVoc > Vvp-microcel €Xponential terms in

(3.11) and (3.12) can be neglected. Thus, for {3ah#l (3.12) we get:
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Vmo:in =Vap + RILN, (3.13)

Vamoin- = Vo + RIL (N - 1), (3.14)

Substituting the microdiode voltages from (3.13) 48.14) into (3.11) and (3.12), one
can get second order approximation. In principépeating that iterative process an
approximation of any order can be obtained. Howetles main purpose for deriving
equations (3.13) and (3.14) is to illustrate themisguantitative behavior of the
microdiode voltage profile across the subcell frone gridline to the edge at the
maximum power voltage of the subcell. Using the adoal values given itable 3.1,
numerical parameters of the subcell mentioned & lhseline section and equations
(3.13) and (3.14) one can plot the first order wi@lapproximation of the microdiode

voltage profile across the subcell.

% @ Subcell MPP (0.61 V)
o
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o
?
o
?
o
?
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Gridline PSpice numerical

results
Analytic
approximation
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o
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o
[0}
®
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[0}
o

Subcell V,,,

Fig.3.6. Microdiode voltage profile in the uniform subc@t Vyp).

The dots infigure 3.6 illustrate microdiode voltage profile obtained rfroPSpice

numerical simulation, the solid line shows thetfosder analytic approximation, and for
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reference purposes the dashed straight lines mgreblaracteristic voltage leveMyc,
microcell Vyp and subcelVyp. It is worthwhile to note that the analytic apgration
presented above is valid for a limited range ofages applied to the subcell, those when
the exponential terms can be neglected. Fortunatkt is the case for the subcell
maximum power voltage. In principle, one can ge&t $hme voltage profile by solving

following differential equations with appropriateundary conditions*%

d_ ex v -1+
ax Jo AKT o (3.15)
\]=_id_v 316
ps dx’ (3.16)

whereJ is the current in the resistive electrode. Howetraat set of differential equations
has no general analytic solution, and can onlydbeed analytically for a limited range of
parameters. Thus, the numerical approach is pesfenrgeneral.

Figure 3.7 illustrates a 3-D profile of microdiode operatvgltages in the subcell
with a shunt in the center, when the subcell isduat the shunted-subcelr. Because
of the shunt, there is a variation in microdiodeming voltage not only iX-direction
but also inY-direction. Hence, there is no credible planar 1gpraach applicable to
problems with spatial non-uniformities, and onlyo2aumerical simulations can reveal

the useful information.
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Fig.3.7. 3-D profiles of microdiode operating voltageshe subcell with a central shunt.

For referencefigure 3.7 also shows a solid line that represents profile of
microdiode operating voltages of the uniform subeglthe uniform-subcell values of
V. Figure 3.7 shows that not only the voltage near the shurédsiced but also that the
entire subcell has a lower voltage. The latterrimarily due to the fact that the shunted
subcell is biased at shunted-sub&&ll (0.58 V) which is lower than the uniform-
subcellVyp (0.61 V).

Figure 3.8 shows the analogous graph, obtained from numeanalysis with
PSpice, as irfigure 3.6, but in this case for current density. For refeeepurposes

dashed lines represent characteristic current tiyeesels: subcellsc, microcelldyp, and

subcelldyp.
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Fig.3.8. Microdiode current density profile in the unifosubcell (aVyp).

One can also reproduce a 3-D analogigifire 3.8 for the shunted subcell case,

but that will be omitted here.

3.2.5. Microcell power density profiles

The variations in operating voltage and curremisitg of the microdiodes can be
combined to show the variation in generated poWeat variation in the uniform subcell
is illustrated infigure 3.9. The solid line irfigure 3.9, obtained from numerical analysis
with PSpice, represents the profile of the micrbpeWer density. Dashed lines represent
microcell and subcell maximum power density levdlee solid line shows that even
though the subcell is biased at its sub&&lb, microcells do not operate at their full
capacity. Only microcells at~ 0.4cm reach their maximum power, because as is seen in

figure 3.6 at x ~ 0.4 cm microdiodes operate at microcél. That difference will be
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will be discussed in more detail in the followirgcson.

referred to as “power lost due to variation in radinde operating voltage’P(,;p) and

13.5
@ Subcell MPP (0.61V) | Microcell MP_
13.0
125 Microcell power generation
T 1207 ————————————————————
N Subcell MP -~
% 3.0 \ -
Q .
2.0 N
~ . Power dissipation in TCO
1.0 Gridline ~.
pd ~<
\ . _—
0.0 T . —
0.0 0.4 0.6 0.8 1.0

X (cm)

Fig.3.9. Power density profiles in the uniform subcell\ab).

The dash-dot line ifigure 3.9 represents the power density dissipated in the Tegér.

Figure 3.9 shows that even though the TCO sheet resistanaeifem over the subcell

area, the power density dissipated in the TCO |&8)o, decreases monotonically (as ~

x%) from the gridline to the edge of the subcell. STl because the density of lateral

currents that flow in TCO increases linearly frone tedge to the gridline. ClearBp

andPrco are separate quantities and must be handled dhailly.

3.2.6. Integrated power lossesin the subcell

Figure 3.10 illustrates 3-D surfaces representing the spdgakendence of power

loss densities associated with dissipation in TG®;o(X,y), and the variation in

microdiode operating voltagdvp(X,y), for two different situationsa.) Non-shunted
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subcell at uniform-subceWyp and b.) Shunted subcell at shunted-subd&gle. For
Pup(X,y) the reference level is the maximum power densftyhe microcell — 13.1

mW/cnt as infigure 3.9.

13.1 mWeenz? 13.1 mWeenz?

10

p (mwW/em’)

ol\:-t-mcn

ps=80285qr *fomy

Fig.3.10. 3-D power loss profil®yp andPrco for a) uniform and b) shunted cases.

X andY subscripts irfigure 3.10 refer to the direction in which lateral currenitsaf and
produce power dissipation in the TCO. In the umfasubcell case, there is no lateral
current flow inY direction in the TCO layer, and therefdigure 3.10-a shows only
Prco-xX,Y). When there is a shunt, some lateral current flawsheY direction, thus,
causing power dissipation lo$5co-(X,y) Therefore, the 3-D surface with a spike in
figure 3.10-b accounts for bothPrco.x(X,y) and Prco(X,y) The effect of current
diversion towards the shunt is also known as cticeswding effect. Whildigure 3.10-

a shows all power losses in the subcélgure 3.10-b must also include the power
dissipation in the shunt. This term is showrfigure 3.11, and can be large compared

with other power losses.
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Vyp =061V pPs = 8 (Ysqr Vyp=0.58V

0.1 05 01

Total = 13.1
* All numbers in mwW

04

Non-shunted (n =12 %) Shunted (n =8 %)

I Poyr = Subcell power output

] Prco.x = Power dissipated in TCO due to lateral currents in x-direction
[ Prco.y = Power dissipated in TCO due to lateral currents in y-direction
Bl P, = Power lost due to variation in microdiode operating voltage
B P, = Power dissipated in the shunt

Fig.3.11. Integrated power losses in non-shunted and shsnitecklls ps = 8 QQ/sqr).

Figure 3.11 shows pie charts of power losses integrated dwestibcell surface area for
two cases: the uniform subcely € 12%) and the shunted subcell € 8%) at their
respective values ofyp. The pieces in both pie charts add up to 13.1 mWkch is the
maximum generated power of an ideal subcell witto ZBCO sheet resistance. In the
uniform subcell case, dissipation in the TCO layafo accounts for a substantial loss (~
8%), while Pyp (~ 1%)is a relatively minor factor. In the shunted-subcalse power
dissipation in the shumsy accounts for most of the power loss (~ 30 %), &Rilco (~
5%) and Pyp (~ 3%) are secondary, though non-negligible, factors. Etreugh the
amount of the power dissipated in the shunt is reb@ 1l mW), the power density can
be very large depending on the physical area ofsthet. For instance, if the physical

area of the shunt is about the area of the cone imaSgure 3.10-b then the power
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density is 0.52 W/cf if it is on the order of a microcell area thee fhower density is
2.3 Wienf; if it is a grain-size shunt (m?) then the density can reach up to 0.5
MW/cm?.

If the power density in the shunt is very high,imghe last example, the local
temperature can be very high and the propertidéseo§hunt may be significantly altered.
Additionally, for the shunted-subcell caBeco.x (~ 4%)is somewhat larger tharco.y
(~ 1%) which means that currents are being diverted tosvéiné shunt from near-by
regions only. Power dissipation in the TCO layethea uniform-subcell case (1.0 mW) is
larger than in the shunted-subcell (0.6 mW) becauosthe latter case a significant
percentage of lateral currents does not flow thinotlge whole original path in TCO
causing power dissipation and is instead diveradhtds the shunt. ComparisonRyip-

s for both cases is not straightforward becausewblires consideration of both TCO

sheet resistances and shunt conductané&sy at the same time, which is a non-trivial

non-linear problem where the outcome may vary deipgnon the product gbs-Gsp.

3.2.7. TCO shest resistance variation

Obviously, TCO sheet resistangg is one of the major factors, and it is
worthwhile to see how variation ips affects the overall power loss picture. For that
purposefigure 3.12 illustrates uniform-subcel-V curves for two values gfs, 8 and 16
Q/sqr. The dashed line ifmigure 3.12 is the microcellJ-V curve, which is the same for

both cases, and open circles are maximum powetgpdihe higher TCO sheet resistance
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results in a greatefF reduction which in turn results in an addition#ficeency drop

from 12% to 11%.

20 -

10 ~
N“\
§
< 0
S
3 /!

-10 8 (Ysqr _//

/ //
16 Ysqr
-20 s
Microcell J-V
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

Fig.3.12. Uniform-subcellJ-V curves for different values @k = 8 and 1&2/sqr.

Vyp = 0.57 V ps = 16 (sqr Vyp=0.56 V
0.2
Total = 13.1 //0_3

* All numbers in mW

0.4

Non-shunted (n=10.9 %) Shunted (n=7.6 %)

Poyr = Subcell power output

P.co.x = Power dissipated in TCO due to lateral currents in x-direction
Prco.y = Power dissipated in TCO due to lateral currents in y-direction
P,» = Power lost due fo variation in microdiode operating voltage

P, = Power dissipated in the shunt

HRECE

Fig.3.13. Integrated power losses in hon-shunted and shsoiecklls ps = 16 Q/sqr).

43



Figure 3.13 is analogous tdigure 3.11 but for the larger value of sheet
resistance. For both uniform and shunted subdells; has essentially doubled, bRy
is reduced due to the better TCO screening effemtthe uniform subcell casByp has
also increased, because higherresults in a larger spread in microdiode operating
voltages. It is less affected, however, in the $bdusubcell case. Straightforward
comparison offigures 3.11 and 3.13 may be slightly misleading, sind®co does not
increases quite linearly witlhps, as seen irfigure 3.14. Figure 3.14-a shows the
integrated power lossd3;co and Pyp for uniform-subcell case as a function of TCO
sheet resistanc€&igure 3.14-a implies that for small values @k ( < 10Q/sqr) Pyp is a
relatively minor compared tBrco, While for larger values gbs it begins to play a major
factor. The sum oPrco+ Pwmp increases semi-linearly withs, which implies that the
efficiency decreases semi-linearly with sheet tasse.Figure 3.14-b illustrates that the
power dissipated in the shuRty decreases semi-linearly wijy which demonstrates
TCO screening effect, though the rate of screemnglatively modestFigure 3.14-b

also shows th&®yp stays essentially constant with sheet resistance.
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Fig.3.14. Integrated power losses as a functiopof

3.2.8.CdTevs. CIGS

The amount of light generated current is anothmepartant parameter that

significantly affects power losses. The effect néreased light generated current on

power losses can be observed with the examplel@ivdbandgap solar cell like CIGS.
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Figure 3.15 shows comparison of baseline microcell (dashed)wemform subcell (solid)

J-V curves of CdTe and CIGS, assumpg= 8 Q/sqr in both cases.

40 T
Microcell J-Vs —~|
30 1
Subcell J-Vs =]
20 A
o 10 -
§
< 0
& I I
> -10 | [ 1
I /s
20 | CdTe [
/
-30 - CIGS s
-40 ‘ ; : :
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Fig.3.15. Comparison of CdTe and CIGS microcell and subk#| ps= 8 Q/sqr in both
cases.

Table 3.2 shows numerical values of both CdTe and CIGS roa&lte and subcells. Even
though theVoc of the CIGSis smaller, itslscis ~1.6times larger, whicls important for

present analysis.

Table 3.2. Basic parameters of CdTe and CIGS microcells abdels.

n FF Voc Jsc Ve Jup G

units (%) (%) (V) (mA/cnY) V (mA/cn?)  (mS/cnf)
CdTe Microcell 13.1 74.8 0.80 22.0 0.66 19.9 1
Subcell 12.0 68.6 0.80 22.0 0.61 19.5 1
CIGS Microcell 17.4 78.1 0.64 34.6 0.55 31.9 1
Subcel 144 649 0.64 34.5 0.47 30.7 1

Figure 3.16 shows pie-charts of integrated power losses iiotmi CdTe and CIGS

subcells. In both cases TCO sheet resistance wexd éit &2/sqr.
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Vyp =061V 8 (Ysqr Vyp =047V

Total: 13.1 mW 0.1 Total: 17.4 mW

0.6

CdTe (7 =12.0 %) CIGS (= 14.4 %)

[ Poyr = Subcell power output

L1 Pyoo = Power dissipated in TCO due to lateral currents in x-direction
Bl P, = Power lost due to variation in microdiode operating voltage

Fig.3.16. Integrated power losses in uniform CdTe and Cl@®slls.

The fact thatPrco in CIGS (2.4 mW) is ~ 2.4 times larger than in @d[l mW) is
becausePrco ~ Jvp? and (Jue-cicdIve-catd® = (30.7/19.5) ~ 2.5. However, there is no
simple quantitative explanation as to Wiy is ~ 6 times larger in CIGS. A qualitative
explanation would be to say that since tRgo in CIGSis larger, the spread of
microdiode operating voltages in CIGS is largentimaCdTe.

Figure 3.17 shows pie-charts of integrated power losses iralggshunted CIGS
and CdTe subcells. It illustrates that overall Cl@&S3al loss — 21%) is more tolerant to

the same shunt than CdTe (total loss — 39%).
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Poyr = Subcell power output
P.co.x = Power dissipated in TCO due to lateral currents in x-direction
Prco.y = Power dissipated in TCO due to lateral currents in y-direction
P

wp = Power lost due to variation in microdiode operating voltage
Pg;, = Power dissipated in the shunt

HRECE

Fig.3.17. Integrated power losses in shunted CdTe and CuB&edis.

This can partially be explained by the fact tha¢ 8treening length in both cases is
different. A simple approximate relation of theessming length of the dead shunt to basic

solar cell parameters is given in Ref. [13]:

Voc
\/ 3, pe (3.17)

Using values intable 3.2 and equation (3.17) we detc.carélsc-cics~ 1.4, which means

that CIGS has a smaller screening length and therefias better shunt-screening

capability than CdTe. This also explains Why.cqte> Psh-cics
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3.3 Effect of weak-diodes on lab-scale solar cells

3.3.1 Examples of subcell J-V curveswith one weak microdiodein the center

Figure 3.18 illustrates the circuit diagram of the subcelllwat weak microdiode
in the center. As in the case of shunt infilgare 3.2, here again current sources are not

shown for visual simplicity.

Fig.3.18. Circuit diagram of the subcell with a weak micudk in the center.

The weak microdiode (colored in red) is modeledlwode with the open circuit voltage
lower than the rest good behaving microdiod@gure 3.19 shows examples of subcell
J-Vs with weak microdiodes in the center that haveekht open-circuit voltagegoc-w

= 0.2, 0.26 and 0.4 V, while the baseline microdidthsVoc = 0.8 V. Open circles

represent maximum power points.
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Fig.3.19. Examples of subcell-Vs with different weak microdiodes in the center

As opposed to a subcell with a shunt, the shocutircurrent of a subcell with a weak

microdiode stays essentially unchangédble 3.3 shows basic solar cell parameters of

subcellJ-V curves shown ifigure 3.19.

Table 3.3.
Basic solar cell parameters
n FF Voc Jsc Ve Jup G
Ve (%) (%) (V)  (mAlcnr) V (mA/cn?)  (mS/cnt)
0.40V 10.4 63.1 0.75 21.9 0.54 19.2 1
0.26 V 80 554 0.66 21.9 0.43 18.4 1
0.20V 6.9 522 0.60 21.9 0.39 17.9 1

Table 3.3 shows that the lower voltage of the weak diodeazarse significant change in

the performance of the whole subcell. For comparisarposes th¥oc.w of one of the

subcells is chosen to be 0.26 V so that the effayg8%) of that subcell is the same as

the efficiency of the subcell with a shunt in tlenter that ha& = 11.8 mS.
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3.3.2Weak diode location analysis

In the examples given above, the subcells havek weerodiodes in the center,
but this may not be the case. In section 3.2.3a$ wxplained why variation in the
location of the shunt along-axis of the subcell does not matter, and the sappées for
weak diodes. Thus, only variation Xzaxis will be considered, though the probability of
a weak diode being at a specific spatial locaticay mary depending on the physical
mechanism that causes local voltage reductibgure 3.20 shows subcell-V curves
with weak microdiodesMpoc.w = 0.26 V) at different spatial locations — closethe

gridline, in the center and opposite the gridline.
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Fig.3.20 SubcellJ-V curves with weak microdiode¥dc.w= 0.26 V) at different spatial
locations.

Table 3.4 shows basic solar cell parameters of four sukk®icurves shown irigure
3.20. The location of the weak microdiode in the subkak a significant impact on the

current-voltage curve of the subcell, but lesssthe maximum power.
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Table3.4.
Basic solar cell parameters

Voc (V) Jsc (MAlcm®)  FF (%) (%)

Baseline 0.80 22.0 68.7 12.0
(1) Close to the gridline 0.62 21.9 64.8 8.8
(2) In the center 0.66 21.9 55.4 8.0
(3) Opposite the gridline 0.72 21.9 50.5 8.0

The best case is when the weak microdiode locagetmext to the gridline.

3.3.3 Microdiode voltage profile and weak microdiode operation conditions

Similar to the presentation of shunt effectgyure 3.21 profile a 3-D surface of
microdiode operating voltages in a subcell with @alv microdiode\{oc.w = 0.26 V) in

the center with the subcell biased at its weak-slibG, = 0.43 V. The solid line in
figure 3.21 is shown for reference and is the profile of mitoale operating voltages of

the uniform subcell which is biased at the unifsubcellVyp = 0.61 V.

0.70
V,p profile
0.65 without weak diode
@V,,=061V

0.60
S
>§ 0.55

0.50

0.45

0.40

0.5
0.0
0.0 (e

Fig.3.21 3-D profile of microdiode operating voltages isubcell with a weak
microdiode Yoc.w= 0.26 V) in the center.
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Most of the difference between the reference lime e 3-D surface is because subcell
operating voltage value¥yp) are different. The small dip in the surface cepands to
the location of the weak microdiode in the subc€ie weak microdiode is biased at
Vmvp-w = 0.47 V, while theVoc.w= 0.26 V, which means that the forward currenthef t

weak microdiode at 0.47 V is very high.

1300
—+ 1236 mA/em® (50 x J,)
1200 -
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IS Microcell J-V
S 1100~ .c
g 10— i ——
- |
0 |
[
-10 1 | Baseline
|047V Microcell J-V
20 1 }

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)

Fig.3.22 Weak {/oc.w= 0.26 V) and baseline microcdHV curves.
Figure 3.22 illustrates weak\oc.w= 0.26 V) and baseline microceltV curves on a
large current density scale, the dashed line stibevoperating voltage (0.47 V) of the
weak microdiode in the subcell; at that voltage kmescrodiode has current density of
above 1000 mA/cfwhich is equivalent to 5@. Thus, since this weak microdiode
operates in the first power quadrant it functions as a power generator but instead as a
power consumer. A more detailed analysis of its grolesses is considered in the next

section.
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3.3.4 Power lossesin the subcdll

Figure 3.23 shows 3-D power loss surfad@gp, andPrco for a subcell with a
weak microdiode\{oc.w= 0.26 V) in the center and when the subcell isdulzat the

weak-subcelVyp = 0.43 V.

@ Vyp =043V 13.1 miWem?
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Fig.3.23. 3-D power loss surfacé®,p andPrco for a subcell with a weak microdiode in
the center.

For the upper surfacByp the reference level is the maximum power densftyhe
microcell 13.1 mW/crh The spike in the lower surfadeco representing the power
dissipation density in TCO is not as high as it wathe case of shunt iingure 3.10-b,
even though both subcells have same efficiency (8Phe upper surfac®yp has
dropped much lower than in the case of shkigure 3.23 shows a smootRyp surface,
however, it does not reflect power lost in the weadde itself. This loss, however, is

included inFigure 3.24.
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mmm Py = Subcell power output

1 Preo = Power dissipated in
TCO due to lateral currants

mmm Py, = Power jost due fo
variation in microdiote
operating voltage

== P,y =Power lost in the
weak-diode

Voo =028V
Vye= 043V
£s =8 (¥sqr

Fig.3.24. Integrated power losses in the subcell with thekwegrodiode in the center.
Figure 3.24 shows a pie chart with integrated power lossesafeubcell with the weak
diode in its center. The power lost due to varraiio microdiode operating voltag€sp
accounts for most of the power loss, while in thsecof shunts it was a minor secondary
loss mechanism. Power lost in the weak diBge is very sensitive to the differenet/
= Vwo-Voc-w and has exponential dependence. TaKgg 0 from equation (3.1) for the

weak microdiode:

iwp = §0€”® + GMyp — .. (3.18)

For the high forward bias conditions the last teorts are negligible§ = 1mScn¥) and

thus the power lost in the weak microdiode is:

Rvb = iwb “Vivp = joViwpe” . (3.19)

From (3.18),

jO — jLe_ﬂVOC—W . (320)
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Substituting (3.20) into (3.19),

Rwo = itMwoe™. (3.21)

Thus,j. = 22mA/cnt, Viwp = 0.47 V andVoc.w = 0.26 V yield power densitfwp ~ 600
mW/cnt and power= 1.38 mW (since the area of a microdiod@is= 2.3-10° cnf),

which is close to what is shownfiigure 3.24 (1.3 mW).

3.3.5. TCO sheset resistance variation

Figure 3.25 shows integrated power lossBgp, Pwp, Prco and ProraL in the
subcell with a weak microdiod&/¢c.w = 0.26 V) in its center as a function of subcell

TCO sheet resistance. The subcell is biased at -sdadell Vyp, which depends on

specific value ops.

TOTAL

P (mW)

Ps (£7sqr)

Fig.3.25 Integrated power losses as a functiopof

56



Figure 3.25 shows that all three contributoRp, Pwp and Prco are comparable for
typical values ojos (8-16Q/sqr).

i)

s

Thus, a systematic study of the effect of a slaunck a weak-diode on a subcell is
performed. It was shown that the 2-D circuit moafeh subcell, presented in the previous
chapter, is indeed capable of analyzing the imp&aton-uniformities from different
aspects. Most of the useful results extracted fsomulations are summarized in the last

chapter.
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Chapter 4
Effect of multiple shunts and weak -
diodes on thin-film modules

In the previous chapter 3 it was shown that aliped micro-shunt or weak
micro-diode can have a severe destructive impact dab-scale solar cell (subcell).
However, even a severe micro-shunt or micro-diodehave very little effect on the
performance of the entire module. The primary gazElshe present chapter are to
understand the collective impact of multiple shumis weak diodes on module
performance, what the appropriate non-uniformityrapseters are, and how these

parameters correlate with each other in their effadhe module.

4.1. Non-uniformity distribution parameter

To evaluate the effect of multiple, but similarnaaniformities (i.e. shunts or
weak diodes) on a module, it is useful to definpasameter that characterizes the
distribution of several identical non-uniformitieser the module area. The distribution
pattern of identical non-uniformities over the miadwill be characterized here by the

parametelP, which is defined aP = a/b, where b” is the fraction of cells in a module
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that have non-uniformity(s), and™is the fraction of identical subcells that havenn

uniformity in each of the non-uniform cells.

>
W
(9]

small P intermediate P large P

Fig.4.1. lllustration of distribution parametéx.

Figure 4.1 illustrates how non-uniformities are distributegpending on the value &
Small values oP correspond to a pattern where many cells in theubeodave a small
number of non-uniformities in each of them. Largdues ofP simulate a pattern where a
small number of cells contain a large number of-npiformities each. An intermediate
value ofP simulates a pattern when a moderate number & baite moderate number of
non-uniformities; that is non-uniformities are sgaerelatively evenly over the whole
module area. This approach can be generalizedasahth non-uniform cells need not be
identical, and the results are qualitatively themsaThere can be other definitions of a
distribution parameter; however, the one introdulcece seems to be the most practical,

because it is easy to work with and can be relatedal-life situations. For example,
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1. situationA in figure 4.1 exists physically if the edge of the entire modsl@ot
properly treated during the manufacturing processing shunts or weak-diodes.

2. situationB can be reproduced when the layer deposition psolas occasional
imperfections.

3. situationC can be reproduced if the end of the module isonmperly processed,

or if scribing between two cells is misaligned.

4.2. Simulation setup

Figure 4.2 again shows the general simulation schematic efdihcuit model
used to analyze the impact of non-uniformities oodales. The setup is discussed in
details in Chapter 2. Although the location of then-uniformity in the subcell is not

critical, for consistency purposes it is locatethat central microcell.

MODULE

Pru |

weak diode
*current sources are not shown

Fig.4.2. Circuit model setup.
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A reliable parameterization of severity of non-onmity and its fractional area is
introduced in each of the following sections. Algelmodule-efficiency losd7, (%) is
used as the main output parameter for the anadyfisth shunts and weak diodes in their

impact on the module.

4.3. Effect of multiple shunts on thin-film modules

The number of shunts over the module area is pdesined by the relative
shunted areds (%), and the severity of a shunt is parameterizethé efficiencyns (%)
of the shunted subcelFigure 4.3 shows subcell-V curves based on typical CdTe
parameters with different efficiencieg = 0.5, 1, 2, 4, 8 and 12%, where the 12% curve

represents a subcell without a shunt. Unless ofkerstated, TCO sheet resistanceds

n=05%

20 - 1%
10 2%

4%
0

8%
_10_

12%

_20_

-0.2 0.0 0.2 04 0.6 0.8 1.0
Voltage (V)

=8Q/sqr.

J (mA/em?)

Fig.4.3. SubcellJ-V curves for shunts of different magnitude.
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Figure 4.4 shows dependence of absolute module-efficiencg yg on the

distribution pattern of identical shunts over thedule.

ne=1%, Ag = 6%

ng=1% Ay =6%
larger module (A)

A1 (%)

0.1 1 10
P

Fig.4.4. Anvs. shunt-distribution parameter Solid lines forAs = 9%, dashed fols =
6%.

Figure 4.4 shows that the absolute module-efficiency ldgsvaries significantly with
distribution pattern of shunts over the modul®. (Solid lines in thefigure 4.4
correspond to the module wifls = 9% and different values ofs (0.5, 1, 2, 4 and 8%).
The dashed line corresponds to the same moduleAgith6% andzns = 1%, and triangle
icons, which fall on that line, correspond to ay&armodule that has 120 cells, eadhyl
60 cm in size with the same shunt area fraction sserity. The coincidence of the
curves for different size modules confirms tRas a reliable distribution parameter.

One common feature to all of the curvedfigure 4.4 is a maximum absolute-
efficiency reduction at an intermediate valuePofThus, the worst-case scenario occurs
when shunted subcells are evenly distributed overentire module. The fact that,

monotonically decreases &sgets larger suggests that the smallest efficiatexyrease
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occurs when all shunted subcells are clusteredsmall number of celldzigure 4.4 also
implies that with all other parameters the same, ttaximum reduction shifts towards
larger values oP when 7s is less severe. Also shown in tfigure 4.4, whenAg is

smaller, the maximum reduction is less, but it es@i nearly the same valueRf

Fig.4.5. Contributions tod7 caused by different-V parameters.

Figure 4.5 illustrates the individual contributions &F, Voc andJsc to the total

module-efficiency losglz (total). The variables shown in the figure are defined as:

AFF AV, AJ
AU(FF)ZUOE, AnWVoc) = VOOCC . An(Jsc) =10 .JSSCC' (4.1)

Second and third order contributions are negligdsid are not shown in tHiegure 4.5.
Figure 4.5 suggests that in the worst-case scenario, atneiiate values oP, An is
primarily due to theFF loss and to a smaller extent to Wg: loss, while for the large
values ofP, theFF andVoc losses are comparable. Thg loss has a nearly negligible

impact in all cases:igure 4.6 illustrates moduld-V curves corresponding to poirAsB
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and C, from figure 4.5. The black line in thdigure 4.6 is the baseling-V with no
shunts. Circles highlight the maximum power poidsrvesB, CandA represent typical
module J-V curves with the largest, smallest, and intermediamhpact of shunt
distribution respectivelyFigure 4.6 reaffirms that in the worst-case scenario (B¥,
suffers the most, while in the best-case scen®ip Voc suffers the most, which is

consistent with théigure 4.5.

20 A

10 A

J (mA/cm2)
o

-10 1 baseline

-20 -+

-0.2 0.0 0.2 04 0.6 0.8 1.0
Voltage (V)

Fig.4.6. ModuleJ-V curves with small, intermediate, and large valfeB.

Figure 4.7 shows the absolute module-efficiency lodg in the worst-case
scenario (point B) as a function of relative shdraecaAs for different values of shunted
subcell efficiencyns. Figure 4.7 suggests that even thougly depends orboth 7s and
As, it depends more strongly op compared tdAs. Figure 4.7 also shows that estimates
of An based on simple area-weighted efficiencies yiesigaificant error. For example,
for As= 6% andzys = 1%,the area-weighted efficiency lossdg = 0.7% compared to the
2.8% impact of shunted subcells. Similarly, whgy= 8%, the area-weighted efficiency

loss would be 3 times less, 0.2% compared to 0.6%.
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2.8vs. 0.7 %

411 (%)

As (%)

Fig.4.7. Anin the worst-case scenario (point B) #sfor differents.

Figure 4.8 shows module-efficiencys in the worst-case scenario as a function of
relative shunted are&s with 77s = 1% for two different TCO sheet resistances: 8 and 16
Q/sqr. The non-shunted module-efficiencies age= 12% and 11% respectively. Since
the TCO sheet resistance tends to isolate the fmmtthe rest of the area, a higher sheet

resistance diminishes the impact of shunts on neadfiiciency (smaller slope).

13

ns=1%

12 1

11 4
ps =8 sqr, n,=12%

15 (%)

10 -

As (%)

Fig.4.8. Module-efficiencyrs in the worst-case scenario for two sheet resisgnc
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Because of the power dissipation from lateral aisrén the TCO layer, however, higher
TCO sheet resistance also yields smafierEventually though the two curves intersect,

and for sufficiently large area shunting, highezetiresistance could be advantageous.

4.4. Effect of multiple weak-diodes on thin-film chdes

The number of weak-subcells over the module arepaimmeterized by the

relative weak ared (%), and the weakness level of a subcell is paramzed by its

open-circuit voltag&/oc-w -

20 -

10 -

02v Jo4v Jo6V Jo8V
N ///J
_20 i
0‘4 016 018 1

J (mAem?)
o

E—

-0.2 0.0 0.2 .0

Voltage (V)

Fig.4.9. SubcellJ-V curves with different values &oc.

Figure 4.9 shows subcell-V curves with different values of the open-circwttageVoc
=0.2, 0.4, 0.6 and 0.8 \The J-V curve withVoc = 0.8 V represents the baseline subcell
J-V with 12% efficiency. The solid curves representarm subcells with all microcells

being identical and having specified open-circattages (0.2, 0.4, 0.6 and 0.8 V). The
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dashed curve, however, corresponds to a non-unisoitmsell that has a small very weak
area in the center of the subcell and the reshefsubcell area witNoc = 0.8 V. The
motivation to use uniform-weak subcells is thairtdeV curves differ from each other in
a systematic fashion, which makes comparison ofir timapact on the module
performance easier. However, analysis of the immpdchon-uniform subcell on the
module performance allows one to see the effettieTCO sheet resistance.

Figure 4.10 shows that the absolute module-efficiency lagg is a strong

function of distribution pattern of weak-subceli'eothe moduleR).

0.1 1 1I0

Fig.4.10. An vs. weak-diode-distribution parameter
Black solid curves in théigure 4.10 correspond to the module wi of its area
covered by uniform weak-subcells with values/gt.w= 0.2, 0.4 and 0.6 V. The dashed
curve corresponds Moc.w= 0.4V, but withnon-uniform weak subcells.

Figure 4.10 suggests that if uniform subcells are assumég, decreases

monotonically ag® gets larger. Thus the largest decrease in perforenaccurs whepR
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is small, and the smallest wheénis large.Figure 4.10 also shows that the dashed curve
differs only slightly from the corresponding blackrve over a wide range Bf

Figure 4.11 illustrates the contributions dfoc and FF to the total module-
efficiency lossAn (total) when uniform weak-subcells are used. The variasiesvn in

the figure are defined as follows:

AVoc
AnVoc ) = k, An(FF)=no——k
77( oc) o Voo 77( ) o == (4.2)

wherek is a correction factor that accounts for non-rigle second order terms due to

bothVoc andFF defined as follows:

_[q_ AVocAFF
FFAVOC +VocAFF ’

(4.3)

Figure 4.11 suggests that botln(Voc) and An(FF) are comparable over the whole

range ofP. Contributions fromlsc and other second and third order terms are nétgigi

3
A
An (total)

2 - o
-~ A’
J
& (R .
<

. 7 (Voo)

0 ,

0.1 1 10

P

Fig.4.11 Contributions tod7 caused by different-V parameters.
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Figure 4.12 shows modulel-V curves corresponding to poindgs B, C and A’
from figure 4.11. The black line irfigure 4.12 is the baselingd-V curve. Solid circles
highlight the maximum power points. Current voltagevesA, B andC progress in a
systematic fashion, and bolF andVoc decrease similarly as is expected fréigure
4.11. The dashedA” curve infigure 4.12, however, does not follow the systematic
progression due to the non-uniform nature of wadicslls usedrigure 4.12 also shows

that there is essentially no lossJis

Ay =6%, Voo =04V

-10 A baseline

J (mA/cmz)

-15 |

-20

-25 ‘ T : :
0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Fig.4.12. ModuleJ-V curves for three values of weak-diode distribupamameteP.
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Voo =02V

3.7vs. 0.3 %
4 4

1.7vs. 0.2 % 04V

A1 (%)

06V

0 1 2 3 4 5 6
Ay (%)

Fig.4.13. An in the worst-case scenario ¥g for differentVoc.w

Figure 4.13 shows the absolute module-efficiency lo$s in the worst-case
scenario (point A) as a function of relative weakag for different values oVoc.w
Estimates of47 based on simple area-weighted efficiencies yielceaen greater error
than for shunts. For example, fé = 3% andVoc.w = 0.4 V, the area-weighted
efficiency loss isAn = 0.2% compared to the actual 1.7% impact of umfaveak-
subcells. Similarly, whenVoc.w = 0.2 V, the area-weighted efficiency loss is 0.3%

compared to 3.7%, again for uniform weak-subcells.
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nw(%)

0 1 2 3 4 5 6
Ay (%)

Fig.4.14. Module-efficiencyny in the worst-case scenario for two sheet resisg&nc

Figure 4.14 shows module-efficiencyw at point A as a function of relative weak
areaAy with Voc.w= 0.4 V for two different TCO sheet resistanceanl 160/sqr. Non-
uniform subcells are used as weak ones here. Baselodule-efficiencies argy = 12%
for the smaller resistance TCO and 11% for theelasieet resistance. The dashed line
has a smaller slope, because a higher sheet remstiminishes the impact of weak-
diodes on module-efficiency. Here also, higher T€l@et resistance yields smalbgy;
and the two curves shown intersect.

D

R

Thus, the effect of multiple identical shunts andak-diodes on the module
performance was analyzed with the help of threp &debcell-cell-module) simulation
framework. Introduced here parameters such as wtiesatodule efficiencydn, non-

uniformity distribution parameteP, non-uniformity fractional areaAsy and non-
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uniformity severity measur@s or Voc.w proved to be helpful to analyze the losses in a

systematic way. The summary of obtained resulggvisn in the last chapter.
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Chapter 5
Electroluminescence and 2-D
simulations

Standard characterization techniques such asntwwoftage, quantum efficiency
and capacitance measurements provide informati@utakolar cells that is spatially
averaged over the cell area. However, most polyaityge thin-film solar cells are
inherently non-uniform and spatially resolved cloggization techniques are required to
unravel the effect of different microscopic nonfommnities in different layers on the
overall performance of solar cells. There are aulyeseveral spatially resolved
techniques that are being used in PV researchdairaes: Light Beam Induced Current
(LBIC), Electron Beam Induced Current (EBIC), PHotoinescence (PL) and
Electroluminescence (EL) etc. Electroluminescenceome of the spatially resolved
characterization techniques, which in recent yeassgained increasing popularity in the
thin-film PV community. In the current chapter, wal consider how 2-D numerical
simulations and analytical calculations can be foélp understand experimental EL data
and what helpful recommendations can be providdwe focus will be on thin-film
modules with multiple shunts and/or weak-diodese Phimary goals are to understand
how the EL image of a uniform module depends offediht controlling parameters,

deduce how that image would change due to non-umifies, develop recommendations
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on how to experimentally detect and quantify thesa-uniformities and give other

gualitative experimental guidelines.

5.1. The general experimental setup

Performing an electroluminescence measuremergsisnéially operating a solar
cell in reverse as a light emitting diode. The sall is held under forward bias and
some of the injected minority carriers go througldiative recombination and emit
photons, which are then collected with a sensi@@D camera to obtain a spatially
resolved image of the distribution of radiativeaebination in the cell.

The experimental setup of the EL measurementlasively simple and requires
three primary pieces of equipment — CCD camera,gp@upply for the cell or module
and some sort of temperature controller. The CCinhera is placed on a vertical
translation stage right above the sample solar. déle translation stage allows for
different display windows, which makes measurementdifferent size cells possible.
The objective of the CCD camera can also be eqdipyth additional optics to allow
detailed close-up images (higher resolution). TED@amera is also cooled to diminish
thermal noise. The cell or module may also be plage translation stages to allow
movement inX andY directions and is forward biased by the power Bupfhe whole
system should be covered by a dark box to prevemetpation of ambient light.

Figureb5.1 illustrates a schematic of the experimental satupe Nara Institute

of Science and Technology (NAIST) in Japan.
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Fig.5.1. Schematic of the experimental setup at the Nasditlte of Science and
Technology (NAIST), Japan.

Fig.5.2. Electroluminescence measurement system at theetsity of Konstanz,
Germany (photo by David Kiliani).

Figure 5.2 is a photograph of EL system at the UniversitKofistanz in Germany. The
light emitted by the solar cell generally has vy intensity and that fact sets certain

limits on the CCD camera. The camera must haveaa gensitivity in the operating
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wavelength and a small thermal noid@gure 5.3 illustrates typical commercially

available CCD cameras.

Sensovation, CoolSamBa
PCO. 1300 solar HR-830, 400, 320

ok

il %
i

PCQ sensicam em Andor i-Kon M

Fig.5.3. Examples of typical CCD cameras.

Another important part of the EL setup is thelowpsystem for the solar cell,
which allows temperature dependent EL measuremdat®n though basic EL
measurements can be performed under room tempsragome measurements, for
example those to recognize the transition from daton of acceptor-donor
recombination to that of band-to-band recombinatioery low temperatures are
required®® To identify that transition in Ref. [12] and [13mperatures as low as 90K
for Si and 120K for CIGS were required. The nedgssi a high cooling system, of
course, depends on the goal of the experimentxXample in Ref. [12], temperature of
only 243K was sufficient for the temperature demsmeaneasurements. However, in the

current work we will not consider any temperatuepehdent effects.
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5.2. 2-D simulations

2-D simulations can be very helpful in the anaysf EL images and for
providing useful recommendations for further expemts. In Chapter 3 it was shown
that with 2-D simulations one can calculate therod®ode voltage distribution in the
subcell. The voltage map can then be used to recohs spatially resolved EL image,
because the EL signal is related to the diode geltdarough the so called reciprocity
relation, which says that the intensity of the Egnal ¢ depends exponentially on the

voltageV across the diodé&

qv
¢ocekT. A%

Figure 5.4 shows the calculated 3-D map of microdiode volageer the shunted

subcell in the dark under forward bias. The shsihbc¢ated at the center of the subcell.

Vio (V)

Gridline

0.5 0.0

X (cm)

Fig.5.4. 3-D graph of microdiode voltages.
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The applied voltage fofigure 5.4 is Vapp. = 0.69 V, which yields dark curredt= 2.2
mA/cn?. The position of the gridline is shown by blueigdine. The red solid curve
illustrates the microdiode voltage profile for theiform case at the same applied bias.
The 3-D map of microdiode voltages with a weak-milbiode in the center instead of a
shunt would look similar depending on the weak-otddode severity, but as discussed
later in this chapter, there are differences wiheng&L current is varied.

Figure 5.5 illustrates electroluminescence image of the stdirgubcell that

follows from the voltage map iiigur e 5.4, using the reciprocity relation (5.1).

I 0.0
I 0.2
I 04
06
0.8
. 1.0

y (cm)

0.5 1.0

x (cm)

Fig.5.5. Simulated electroluminescence image of the shusubdell.

The color bars represent the ratig(x,yY #(0,y), whereg(x,y) is the intensity of
the EL signal and the subscript O represents tlirom EL signal. The normalization

here is relative ta = O (at the gridline), where the EL signal intens#t the largest. This

78



ratio is one of the parameters that is introducedralyze EL images and is calleell-

contrast (C-contrast)C-contrast allows one to compare different paftthe same cell

(shunted or not). It allows one to reconstructdbtial physical picture of the EL signal

from the cell or module in arbitrary units (a.u.).

In addition to the C-contrast, another paramegtarred to agell-to-cell-contrast

(CC-contras} is introduced here to analyze EL data. The CQresh is defined as:

X, Y)ldo(X,y), rather than the C-contrast normalizedkte 0. CC-contrast allows one to

compare EL signals at same coordinates betweeroromifand non-uniform cells.

Obviously, for a uniform cell CC-contrast is unéyerywhere.

5.3. Dependence of electroluminescence intensityuorent

The current is the primary parameter that drivesEL measurement. Therefore,

it is important to know how the EL intensity depsrah the current.

EL intensity (a.u.)

3500 4
3000 4
2500 1
2000 A
1500 -
1000 -

500 4

0

0.000

T T T
0.004 0.008 0.012

Current Density (Alem’)

T 1
0.016 0.020

Fig.5.6. ¢ vs.J data for a typical CdTe/CdS device at room tentpeegfrom Ref. [15])
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Price et a° made EL measurements on a CdTe/CdS solar celslamied that the EL
intensity varies as a power-law function of curreft P. An example from Ref. [15] is
shown infigure 5.6. The solid line is a fit tap= a-F, whereb = 1.7. It was found that
values of parameteesandb vary from sample to sample and that b < 2.5.

Thus we know that ¢ ~ expgV/kT) and thal® ¢ ~ P, but we also know that the
dark currentl ~ exdqV/AKT), which suggests that the empirical exporieshould be the
diode quality factoA. This is consistent with & b < 2.5, which is the typical range for
diode quality factors of thin-film solar cells. T$uwe further assume that ~ J*
However, even if this assumption is not completaliyd, it will have minimal impact on

the results.

5.4. Analytic approach of EL image for the unifosabcell

It is helpful to have approximate analytic res@ittsthe simple uniform subcell.

Front contact Lateral current density (mAfcm)

ot

FeF = 1 TCO layer

o [R——

X
n-p junction

L

Fig.5.7. Schematic picture of lateral currents in TCO layer
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It turns out that with certain approximations oa@ clerive functional dependence of the
C-contrast on positiorx, currentl, sheet resistances and cell geometryL( and W).
Figure 5.7 shows schematic picture of lateral currents in TGQer, whereJ(x)
represents the lateral dark current density pet oinwidth (mA/cm), andj(x) is the
longitudinal dark current density in (mA/&n

If diode shunting is negligible, then t}{8) is given by simple diode equation:

qV(x)
i(%)=joe AKT = joe™), (5.2)

wheref = ¢/AKT. In the linear approximation the lateral curreansity (per unit width) is

given as:
J(x)= j(xfL-x)= joeﬂv(x)(L—x). (5.3)

The total current per unit width in the circuitJ&®) = Jo. The differential form of the

Ohm’s law is given by:

3(%)= 1 dv(x)

From equations (5.3) and (5.4):

1 dV(x) . av(x
_p_S dx :Joeﬂv( )(L—X) (55)
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Rearranging the terms in (5.5):
e ™Mgv(x) = —psjo(L - X)ax
Integrating (5.6):

2
_le_ﬂv(x) :MJ‘O‘FC,

p 2

whereC is the integration constant. From (5.7xat O:

2
C:_ie_ﬂv«))_' 'OSL .
o) 2

On the other hand, from (5.3)»at O:
Jo = joLe™.
From (5.9):

1ol _ 1ok

B B

Further substituting the first term in equatiorBj9y equation (5.10):

1oL . pel?
c-_=lJo _JOPS .
B Jo 2
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Substituting (5.11) into (5.7) and solving for #onent:

1
) _| oL o psL® o ps(L=xf | _
N —[ 3 + Ao > Ao > =

oot

From (5.12) ak = 0:

The uniform EL signal is:

From (5.14):
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Since the total lateral current density per umgth isJ, = I/W, the C-contrast of the EL

signal will be:

o)

#0(0) 2 W L (5.17)

Figure 5.8 shows the C-contrast given by equation (5.16) asination of
position. Solid lines and open circles figure 5.8 represent analytic results given by

equation (5.16) and simulation results obtaine@®8pice respectively.

1.0 9<s
08\ \,

0.6 -

Fo(x)/$5(0)

0.4 -

0.2 4

0.0

0.0 02 04 06 08 1.0
x (cm)
Fig.5.8. The C-contrast as a function of position (analycsimulation results)
Equation (5.16) was obtained with two primary difgimg assumptions in mind:
1.) the lateral current density per unit lengthegivby equation (5.3) assumes a linear
approximation and 2.) the longitudinal current digngiven by equation (5.2) has no

conductance term. These approximations lead tol stisdrepancies between analytic

and simulation results, especially for large valok.
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Equation (5.17) is a helpful tool in the analysi€L images of uniform cells. It
can be used to estimate the sheet resistance f@#Lt image. It can predict how the C-

contrast, or equivalently the EL image, would clength current.

5.5. Simulation example

Figure 5.9 shows an example of simulated EL image of thréls a@ a module,

one of which is shunted. The color bar on the rigbtesents the scale of the C-contrast.

—_———— —_———
Uniform L
[T [ A —
Il oo
Il o2
I 04
Shunted 06
0.8
Il 10
Uniform

Fig.5.9. EL image of three cells in a module.
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Both uniform and shunted cells have a gradient -@o@trast from the gridline to the
edge of the cell, though the gradient in the shdiil is distorted. The C-contrast is
unity at the gridline of the uniform cell in accartte with the definition of that
parameterFigure 5.9 shows how the actual normalized EL image of theuf® would
look if one of the cells had a mild shur@s(; ~ 5 mScrif) and the current is ~ 2.2
mA/cn?. If instead of a shunt we had a weak-microdiode gicture would be similar
depending on the weak-microdiode severity. It falilt to distinguish a shunt from a
weak-microdiode using only C-contrast and a silidlecurrent density.

Figure 5.10 shows comparison of C-contrast and CC-contrase €l in each

case is shunted (bottom) and the other is unifoom)(

CC - contrast C - contrast

B(x.v)/ 4y (x.) #(x. )/ (0. )

Fig.5.10. Calculated CC-contrast vs. C-contrast.

Obviously, for the uniform CC-contrast we have yverywhere.
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5.6. Range of interest for shunts

For the simplicity of further analysis, it is h&lpto narrow the range of potential
modules in terms of their absolute module efficieloss due to multiple shuntSigure
5.11 is the same asgure 4.7 in chapter 4. It shows absolute module efficielusg as a

function of relative shunted arég for different values of shunted subcell efficiaagi

4%

1 8%

Range of interest

0 2 4 6 8 10
As (%)

Fig.5.11. Absolute module efficiency loss. Green area with< 2% is the region of
practical interest.

This figure is presented here again to show thgeaof interest for the EL analysis
conducted here. In the current work we will focusstbe range colored in green for two
reasons:
1. When the absolute module efficiendy is small, the voltage across shunted
and uniform cells is approximately equal. This digantly simplifies the
analysis because it makes possible determinatiosirajle value for the

current at which one can extract most informatiohaf the EL data.
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2. If the absolute module efficiencyl is too large, then the module is
essentially unusable. Probably, in such situatithres entire manufacturing
process needs to be checked and fine-tuning basé&d @nalysis would not
be helpful. Such modules will probably be discarddgter basic module
parameters are measured.

To get maximum information from the EL image ot tmodule, we need to

satisfy two primary conditions:
1. One would like to have highest possible C-contsthe shunted area. This
allows detecting the shunt.
2. One would also like to have highest possible oVarensity of the EL signal that
is as large current as possible (best noise/srgiial). The maximum current that

one can practically drive through a module is ledito ~(3-4)Jsc

5.7. Optimal current for shunt detection

In the previous section, it was stated that tongaximum information out of the
EL data, one must use current that maximizes tleer@rast. The C-contrast depends on
the difference in current between shunted and tmifsubcells at the same voltage. This

difference is given by:

AJ = JsHunTED— JUNIFORM (5.18)

, WhereJsyuntepandJunirorm @re dark current densities of shunted and unifewbrells

respectively.
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Fig.5.12. Shunted subcell-V curves.

Figure 5.12 illustrates darkl-V curves of shunted subcells with different shunted-

subcell efficiencies — 2, 4 and 8%. The red sohe s the baseling-V curve from the

uniform cell (7 = 12%). Dashed straight lines represent linear@pprations.
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T 1 T T T ITT

10 100

Junirorm (MA/ cm’)

Fig.5.13. AJ vs. Junirorm foOr different 7.
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Figure 5.13 showsA4J as a function oflynirorm fOr different values ofy. The dashed
lines have similar meaning, but whégyunTep is approximated by a straight line as is
shown orfigure 5.12. Thus the maximum odJ (that is the maximum of C-contrast) is at
2-3 mA/cnf. The current at which the C-contrast is maximizesh to a reasonable
approximation be found analytically. Neglecting tregasitic resistances the dark current

of the uniform microcell is given by:
ju = ioe” 9)1

, wherefs = JAKT. From (5.19):

V = %In[JLJ (5)20

o
Using a linear approximation for the shunted miethg = GV, and with definition ofj:
Aj=]js—ju=GV-jy. (5.21)

Substituting (5.20) into (5.21):

G, (iv) .
Aj==1n| 2% |,
j ﬁn[ioJ ju (5.22)

Taking the derivative of (5.22) with respectjtoand setting it to 0 we find thjg.uax at

which 4j is maximized:
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A
U-MAX B (5.23)

For exampleG ~ 30 mScrif (17 = 4%) andB = 20 V* (T = 300K) yieldjyvax = 1.6
mA/cn? for the maximum EL C-contrast.

Thus the current at which the C-contrast is maz@uiiis independent of most
properties and basic parameters of solar cellsnamdule geometry. It only depends on

the conductance of the shunt that is the shuntiggve

5.8. The CC-contrast

So far, the focus has been on C-contrast. How&/@rcontrast can also help to

extract useful information from the EL-data.

1.0

0.8 -

2
06 | 80.0 r\nA/cm

27.2 mA/em? \

HY.)/Bo(v.J)

0.0 0.2 0.4 0.6 0.8 1.0
y (cm)

Fig.5.14. Calculated EL CC-contrastat 0.5, for different current densities.
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For simplicity here shunt is used as test non-umiity. Application of CC-contrast in
case of weak-microdiodes is considered in secti@f.%igure 5.14 shows CC-contrast
atx = 0.5 for different values of current. The shunt(4%) is located in the center of the
subcell. Figure 5.14 implies that higher current tends to localize #ieint. The CC-
contrast grows very slowly as you move away from shunt locationy(= 0.5) and for
low currents it might never reach unity becausectlewidth is limited. This means that
at low currents, the EL signal from the entire \Widif the cell can be significantly
affected by a single shunt. There are two competsugects to this effect. On one hand, at
low current it is easier to identify the shuntedl tecause the entire cell will have a
lower EL signal compared to the uniform cell. Ferthore, the lower the EL signal from
the shunted cell, the more severe the shunt is @lhdws quantification of the shunt
severity. On the other hand, at low current, ih&sder and sometimes impossible to
localize the shunt within the shunted cell. Thesenctusions are supported

experimentally.

5.9. Experimental evidence

Experimental evidence presented here is basetiepaper by Uwe Rau efal
The paper presents experimental electroluminescemages of a CIGS mini-module at
two different currents 1.25 and 50 mAfcniThe mini-module has typical thin-film
geometry with 42 cells each 20 by 0.4 cm in size Mmini-module has 10-20 localized
shunts of different severity. The fact that it IEESS rather than a CdTe baseline is not a

problem because the qualitative conclusions ares#imee. There are, of course, other
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experimental papers on electroluminescence, but teal with lab-scale solar cells
rather than modules, have different geometriesroply do not have color images with
decent resolution. The paper by Rau et al provédesique opportunity to verify some of

the analytical and simulation conclusions.

1.25 mA/icm? 50 mA/cm?

e
B (two cells)

e t H !
1.5 2 50 150 250 350

05 1 ;
electroluminescence intensity [a. u.]

Fig.5.15. Experimental EL image of the CIGS mini-module (R2f).

Figure 5.15 shows experimental EL images of the CIGS mini-nedt two different
currents 1.25 and 50 mA/énThe color bar below each image is the relativerisity (or
the C-contrast) in arbitrary units (a.u.). The dapots on both images indicate the
presence of a shunt. To verify several of the amichs we made earlier, we will focus
on three sets of cells shownfigure 5.15 at both currents: A (one cell), B (two cells) and
C (four cells). Both B and C include shunted andanm cells (CC-contrast), while A

has shunted cell only (C-contrast).
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Small scale

50 mA/cm?

= i i |
50 150 250 350 (au)

Large scale

Fig.5.16. Close up EL image of cell A with small (top) dadge (bottom) currents. (Ref.
[2])

Figure 5.16 shows a close up EL image of a cell A at two défé currents: 1.25
and 50 mA/crfi The shunt is located close to the edge of the(pedbably because of
the scribe delineating the cell). The color scalesdifferent, because the intensity of the
EL signal depends on the current. This allows nesthe assumption that~ J*, which

implies the following:

N In(¢1 ¢2j
In

(J%zj' .28)

Thus, ¢ = 2 a.u.,J; = 1.25 mA/cni, ¢ = 350 a.u.,J, = 50 mA/cnf yield a diode quality

factor A = 1.4 (or the exponenb if earlier analysis is not valid), which is a reaable
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value for a thin-film solar cell (and falls withthe range found by Priced b < 2.5).
This observation implies that the assumpijonJ” is at least plausible.

Figure 5.16 also shows that for small current, the intensitythe EL signal
changes very little from the gridline to the otleefge of the cell, while for the high
current it changes significantly and rapidly in @cance with the analytical prediction
(equation (5.17) anfigure 5.8).

In principle, this experimental data allows onectdculate the sheet resistance

using equation (5.17).

shunt shunted celf

n- 5 v
1.25 mA/em?

uniform celf

é shunted celf

50 mA/cm? uniform celff

le
|\

S|
“

Fig.5.17. Close up EL images of cells B at two differentreats (Ref. [2]).

Figure 5.17 shows a close up EL image of two cells shunteduaniidrm (set B)
at two different currents. The fact that we are parmg shunted and uniform cells
means that we are actually dealing with the CCreshtFigure 5.17 implies that at
small current the EL signals from shunted and umfaells away from the shunt are
significantly different. In other words, at smallreent the shunt affects the EL signal of
the entire cell. At high current there is no diffiece in EL signal between shunted and

uniform cell away from the shunt and the shunte atself is very well localized.
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Both figures 5.15 and5.17 show that at small current “uniform” cells havéea
slightly dark regions at the edges (left and rigiit)is is probably because there are weak
shunts along the edges (left and right), probaldp &ecause of the scribing. At small
currents one can detect both very weak and veongtshunts. This allows quantifying
shunts by their severity with an appropriate calilon. All of these observations are in

accordance with the conclusions obtained from satmans {igure 5.14).

Unfform cells

W

L3

1.25 mA/cm? Shunted cefls “‘Impossible to focalize the shunts”

Unfform cells

50 mA/em? Shunted cells

shunts
20 cm

Fig.5.18. Close up EL images of cells C at two differentrents (Ref. [2]).

Figure 5.18 shows a close up EL image of four cells (set Qyvatdifferent currents. As
already mentioned, at small currents the shuntcafféhe EL signal of the entire cell.
However, if the shunt is too severe then it becommgmssible to localize the shunt. In
the example presented in tfigure 5.18 at small current one can tell that two cells are

badly shunted, while at high current one can tékre the shunts within the shunted cells
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actually are (shunt localization effect at highreuat). These observations are again

consistent with conclusions obtained above fromudations figure 5.14).

5.10. Weak — microdiodes vs. shunts

So far, only uniform and shunted cases have bemrsidered. However,
electroluminescence measurements can just as welséd to detect and quantify local
weak microdiodes. In this section it will be shotnow EL data can be used to not only

detect non-uniformities but also to distinguistharg from a weak-diode.

50
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30 -

J (mA/cmz)
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Fig.5.19. SubcellJ-Vswith weak microdiodes in the center.

It is worthwhile to illustrate how dark subcélV curve is affected due to a weak
microdiode in the subcelFigure 5.19 illustrates darkJ-V curves of subcells for weak
microdiodes with different values ®bc.win the center of a subcell: 0.2, 0.4 and 0,6 V
while the baselind/oc = 0.8 V. The red solid line is the baseli®@/ curve from the

uniform subcell.
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It was found numerically that in the weak-micimde case the optimal current
for maximizing the C-contrast is slightly larger 4-5 mA/cnf) than it was for shunts.
However, a closed-form analytic approach is muchendifficult than it was for shunts.

Just as it was for shunts here the range of palctveak-diode interest is also
limited. Figure 5.20 is the same aBgure 4.13 in chapter 4. It shows absolute module
efficiency loss as a function of relative weak afggfor different values of weak-subcell

open-circuit voltages.

Voo =0.2V

3 04V

Range of interest

14 0.6V

0 1 2 3 4 5 6
Ay (%)

Fig.5.20. Absolute module efficiency loss. Green area with< 2% is the region of
practical interest.

The green area is the area of practical interedihf®oreasons similar to those mentioned
in section 5.6.

It is very difficult to distinguish a shunt fromveeak-diode using the C-contrast.
However, analysis of the CC-contrast allows devielpa strategy to distinguish a shunt
from a weak-diode.

Figure 5.21 shows the calculated CC-contrastat 0.5) of a subcell with a mild

(A: Voc.w= 0.6 V) and a severe (Boc.w= 0.2 V) weak microdiode in the center of the
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subcell for different values of currept= 1, 4, 10, 40 and 100 mA/émFigure 5.21
implies that the minimum of the CC-contrast and theve itself shift down with
increasing current independent of the weak-micrdeliseverity (though in the severe
cases curves may intersect). Furthermore, compaonsbigures 5.21-a and-b implies
that in the mild weak-microdiode case the minima apread, while as the weak-
microdiode becomes more severe, the minima teriwbtlo bunch and shift down. This

allows a quantification of weak microdiodes in i&sing order of their impact.

A) MILD B.) SEVERE

1.0 1.0
= = Voo =02V
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S 081 j=1mAlkn’® S 08 -
R 2 >
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o 1 o 1
S e 10 mA/cm? S 08
= S
1} Il
z 0.4 4 40 mA/em’® 3 0.4 4
g > § , . 4,10, 40, 100 mA/cm?
$ 0.2 | 100 mA/cm $ 02 Li= 1 mA/cm
O O
2 o Vocw =06V o . _,,%

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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Fig.5.21. Calculated CC-contrast of a subcell with a mAjl &nd severe (B) weak

microdiode.
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Fig.5.22. Calculated CC-contrast of a subcell with a mild é&d severe (B) shunt.

99



Figure 5.22 shows the CC-contrast (at= 0.5) of a subcell with a mild (AGsy = 11.8
mS, 7s = 8%) and severe (B5sy = 30.4 mS,ns = 4%) shunt in the center for different
values of current = 1, 4, 10, 40 and 100 mA/énFigure 5.22 implies that CC-curves
shift upward as current increases, independerttethunt severity. Thus, in the case of
shunt the progression of curves with increasingeruris opposite to what is seen for
weak-microdiodes. This is the primary criteriontthalps one distinguish a shunt from a
weak-microdiodeFigures 5.22 -a and-b also imply that minima at different currents are
bunched together independent of the shunt sevétdwever, all minima shift down as
shunt gets more and more severe. This is anotherian that can be used to distinguish
a shunt from a weak-microdiode and to quantifyshent severity.

There is another subtle difference between thieget of CC-contrast in the shunt
and weak-microdiode cases. In section 5.8 it wastioed that for shunts the curve
representing the CC-contrast tends to localizesthant with increasing current. In other
words, the minimum of the CC-contrast curve foharg “narrows down” and becomes
“sharper”. However, this is less true in the weakfodiode case, where there is “parallel
shift” of curves and hence, a secondary criterion distinguishing shunts from weak
microdiodes.

Figure 5.23 presents a chart that highlights the differencesveen the CC-
contrast of the shunt and weak-microdiode in aesgatic fashion. It is recommended to
do EL measurement at three different currents4-niA/cnt, ~ Jscand ~ (2-3)sc (red).

This is consistent with Ref. [2], which used 1.26 &0 (about 1.5sd mA/cnt.
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Fig.5.23. Chart summarizing: weak-microdiodes vs. shunts.

The summary chart in tHegur e 5.23 highlights the general trends of CC-contrast csirve
and their minima. For example, the progressioncadr bars in the two cases are
opposite. For the weak-microdiode, minima at dédfércurrents not only decrease, but
also change from being spread to being buncheldeasicrodiode increases in severity.

For the shunt, minima are bunched independenteosiinint severity and decrease with it.
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5.11. General recommendations

Electroluminescence measurements coupled with 2dBherical and analytic
calculations can indeed be a powerful tool in thalgsis of thin-film modules both in
research labs and as an in-situ measurement mahefacturing process. The functional
form of the C-contrast (equation 5.17) can be usqutedict the EL image of the uniform
cell depending on the current, sheet resistanceratiile geometry. High resolution EL
data of uniform cells in a module can be used terd@ne the sheet resistance.

The general strategy of experimental module arsalysing EL measurement
should consist of five basic steps:

1. EL measurements should be at three different cterenl-4 mA/cm, ~ kg ~ (2-
3)-Jsc

2. A 2-D C-contrast image of the module should be peced for the smallest
current (~ 1-4 mA/cr) to note which cells in the module have non-umifities:
dark spots somewhere in the cell (low EL sign&ig, whole cell is darker, etc.

3. 1-D CC-contrast plots should be made at all thigeeats of non-uniform cells.
(The Y-coordinate is the variable and is fixed at the location of the non-
uniformity.) If it is not possible to accuratelytdamnine theX-coordinate of the
non-uniformity from the C-contrast at small curretien identify it from the C-
contrast at the highest current ~ (233)-

4. Based on the 1-D CC-contrast plots at all threeretus and using criteria

mentioned in section 5.10, distinguish shunts freeak-diodes.
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5. Based on 1-D CC-contrast plots at all three cusramid using criteria described
in section 5.10 put non-uniformities in increasorger of severity. For example,
assign labels such as mild, intermediate, sevew eatremely severe, keyed to
impact module performance.

Additionally, for a manufacturer to implement an Bleasurement system for uniformity
screening, it is highly recommended to do a systientalibration of stand-aloneells
(that have same geometry, as cells in a moduléhthae an externally induced shunt or a
weak-diode of varying severity. Such calibratiorddfierent currents should allow one to
guantify non-uniformities in terms of the absolg®wer loss, rather than assign them
labels (mild, intermediate, severe, etc) as reconu®e in step 5. The final product of
such systematic calibration would be a chart thatulds establish a one-to-one
correspondence of CC-contrast minima at a giverentiand the absolute power loss of
the stand-alone cell at MPP. Such systematic eidr can be done initially and then

the patterns (graphs or charts) used for the inagialysis.
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Fig.5.24. EL measurement of the stand-alone cell with thereally induced non-
uniformity.
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Figure 5.24 shows a schematic of the EL measurement of thelstbbne cell with an
external circuit element to simulate non-uniforn{giunt or a weak-diode) of known and
variable severity. The top-probe should be very ttd not obstruct the emitted EL
radiation. Ideally one would like to have two prela the same location opposite to each
other in contact with TCO and back-contact-metapeetively. However, in the substrate
configuration the back-contact-metal is coverechvglass, and the back-contact bottom
probe can only be connected at the edge of thembete current is collected. This is not
a serious problem because back-contact-metal ig ®enductive. In the superstrate
configuration, however, the situation is opposttee TCO layer is covered with glass
while the back-contact-metal is accessible everyaheut the TCO is very resistive and
same approach will not work. This means that in skhperstarte configuration the
external circuit element to simulate non-unifornggn only be placed at the very edge of

the cell.

i)

DChe

Thus, we have seen that electroluminescence friootopoltaic devices, which
continues to gain popularity, is indeed a very peimg spatially resolved
characterization technique when coupled with 2-Ddeting. Electroluminescence
measurements can be very valuable when integratedraening and analysis tool in the
manufacturing process. The simplicity of the measwant setup, its analysis capabilities
and relatively small cost (the CCD camera, whicthesprimary piece of the whole setup
costs about $18,000.00-$25,000.00) make electrolessence measuring system a good

investment for a PV company. The benefit is paldidy true for thin-film PV companies
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because thin-film solar cells are inherently norfarm and non-uniformities are the

primary source of power loss.
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Chapter 6
Effect of shading on thin-film
modules

The chapter discusses the effect of partial slgadin operation of thin-film
modules. A mathematical formalism of current-vo#tagharacteristics of thin-film solar
cells in reverse bias is developed on the basihexdretical and empirical findings for
crystalline cells. The formalism is then used talgre power conditioning of a partially
shaded module. In particular, power dissipatiorstaded cells and their temperature

increase is investigated.

6.1. Shading as a type of non-uniformity

As opposed to shunts, weak-diodes or any otherostgopic types of non-
uniformities, which can be analyzed and studiedtlom lab-scale solar cells, partial
shading is a macroscopic type of non-uniformityt tla&kes place at the PV module level
when it operates out in the field. In fact parthbding is a non-uniformity in the level of
illumination.

Figure 6.1 illustrates different obstructions that can capadial shading of PV

modules out in the field. Adjacent solar panels patentially cause shade on each other
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if the available space is limited. Non-uniformity illumination over a string of cells

connected in series is a particular case of midmata module.

major obstacles
(tree)

precipitation
(snow, rain)

AN

Shade from the
adjacent panel

miscellaneous

Fig.6.1. Different causes of partial shading.

Besides differences in illumination over a singledule, there can also be
partial shading of large PV arrays. Also PV moduiesa string are never exactly
identical, even without partial array shading. Tdwerall efficiency of the array is
reduced to near the efficiency of the worst periagrmodule in the array if there are no
active electronics to compensate. One way to ateéd mismatch is to use DC-AC
inverters which connect every module or a sub-gtoihseveral modules separately to the
AC grid. Another way to avoid mismatch problemdasplace a DC-DC converter on

each sub-string of modules and connect these sinigsstin serie$”. The work here,
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however, will focus on the mismatch between indmaldcells within a module due to
partial shading.

In the crystalline PV industry solar cells in theodule are categorized into
different performance bin%™ different interconnection patterns (bridge-linkseries-
parallel, etc.) are used, and bypass diodes or dghes of fault tolerant circuitf**22
are integrated. However, binning methods are omylieable when solar cells are
manufactured individually and are then connectéal @amodule. This is generally not the
case for thin-film PV modules. A thin-film module most often produced as a single
monolithic piece, and if one of the cells has dtfauotherwise causes a mismatch, one
cannot simply remove the undesired cell and replas@h another one. Individual cells
in thin-film modules are connected in series, applieation of intricate interconnection
patterns is not common, since this would complicdite production line and add
additional expense. Bypass diodes and other faldtant circuitry are not usually
integrated into individual cells in a thin-film mol@ for the same reason. Therefore,
mismatch problems are more critical for thin-filmnels, and partial shading of thin-film
panels and related issues need to be studiedystensatic fashion.

Partial shading of a PV module may cause sevedl@ms related to module
deterioration and its safety. In a typical thin¥filmodule cells are connected in series.
When some cells in the module are shaded, thefpered by other illuminated cells into
the reverse bias, which, depending on the cellmpatars, can become quite large. If cells
are not tolerant to large reverse voltages, onas dhe shaded can be permanently
damaged. Furthermore, because of the high reveitssge across the shaded cell, a large

amount of power may be dissipated in the single telkome cases, the high generated
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temperature can result in physical deterioratiothefmodule which may cause cracking,
delamination of layers, or other serious problems.

The operation of a partially shaded thin-film maalid essentially determined by
the reverse voltage characteristics of shaded. ¢dtigever, little attention has been paid
to reverse bias characteristics BV curves of thin-film solar cells. Therefore, westir

discuss the mathematical formalism of Q¥ curve in the reverse bias.

6.2. Mathematical formalism of thkeV characteristics in the reverse bias

In this section we briefly discuss physical prples behind the reverse voltage
characteristics of the solar cell, Miller's empaicrelation, and the mathematical

formalism that can be used to analyze the consegsesf partial shading.

6.2.1. Theoretical background of the breakdown mechanisms

At a sufficiently high reverse bias, breakdowrtlté p-n junction takes place and
large current flows through the junction. There e primary physical models that
explain this effect in different circumstances.

In 1934 C. Zener published his paper titled “A d@te of the Electrical
Breakdown of Solid Dielectric&®. In that paper he made the first attempt to give a
physical explanation of the breakdown mechanisnedam internal field emission. It
was later found that such physical mechanism tplka® only when both sides of the p-n

junction are heavily doped and the depletion lagyeery thin.
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In 1953 K.G. McKa§* suggested a different explanation of &id Ge p-n
junction breakdown, which in fact was an extension Townsend’s g-avalanche
breakdown theory in gases. Since then many reseraram the field verified the validity
of McKay’s theory of the avalanche breakdown inhspen junctions.

The model used to analyze the effect of partiadsig of the module deals only
with numerical J-V curves of microcells. These, in principle, can bbtained
experimentally without referring to physical origifThus, the obtained simulation results
do not depend on the actual physical mechanisnisiétarmine the microcellV curve.
However, understanding what physical mechanisnespansible for the breakdown is
important because it allows development of a realimathematical formalism and
parameterization of th&V curve, which makes simulations more universal nadtical.
Therefore, both Zener and Avalanche breakdown nmesims are discussed further
below.

#252627 on the diode breakdown effect was done on

Most of the researé
crystalline Si and Ge p-n junctions, while the bhabaof thin-film polycrystalline or
amorphous solar cells under reverse bias has dineezn overlooked. However, with

appropriate assumptions, the theoretical and ecapiresults obtained for crystalline Si

and Ge p-n junctions can be applied to mda€icharacteristics of thin-film solar cells.

6.2.2. Zener breakdown

The Zener process is the name given to the ocmeref “tunneling” in the

reverse biased diode. If the electric field in degpletion region is sufficiently large it will
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tend to displace valence electrons with respet¢héa atomic cores. Thus, the electric
field will tend to break the bonds. According tonge's theory, a spontaneous breaking
of the valence bonds occurs before the electrid fig large enough to rupture them
directly. As a result of this spontaneous breakiigch is induced by strong electric
fields, generation of hole-electron pairs will ocdn the diode’s depletion regitif® In
other words, valence electrons on p-side of thetjan pass through the barrier to empty
states at the same energy in the conduction batigeom-side of the junction. The greater
the reverse bias, the larger the number of filletence-electron states on the p-side
placed opposite empty conduction-band states om-+ide, and hence the greater the
reverse-bias tunneling current. For tunneling to sigmificant, the barrier thickness,
roughly the depletion width, must be <6m (0.01um), which is much thinner than the
typical thin-film solar cell depletion width (~ 18lum). The Zener process is therefore
important only in diodes that are heavily dopedboth sides of the junctidhand have
very thin depletion width. Thus, Zener’s breakdawechanism is not likely to take place

in thin-film p-n junctions.

6.2.3. Avalanche breakdown

Avalanche breakdown theory for semiconductors imalified version of the
simple gas discharge theory, which states thabteakdown mechanism in p-n junctions
is a direct result of multiplication by collisiokor the sake of mathematical formalism
discussed in the following sections, it is impottamunderstand the physical meaning of

the multiplication factor introduced here.
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Following the brief description of the theory asggested by McK& and
Miller?® in the Townsend'@-discharge theory, the rate of ionizatiaffE) is defined as
the number of electron-hole pairs produced by anteln per centimeter it travels in the
direction opposite to the electric field In the same manner we defigdE) as the

number of electron-hole pairs produced by travglholes.

junction

p-type n-type

X X+dx

Fig.6.2. The geometry assumed for calculation of avalamctkiplication.

Figure 6.2 illustrates the geometry of the problemg;is the number of electrons entering
the junction atx = 0, n; is the number of electrons produced by electrantiates
between 0 and, andn; is the number of electrons produced betweandW. Then the

number of electrons produced betwaemndx + dxis:
dry = (g + e — 4 Jox+ (ng +ny + 1 )3 dlx 6.1)

Integrating equation (6.1) with boundary condition®) = 0 andny(W) = 0 we get:

W X
1—ﬁ= Jai ex —I(ai i )X’ |dx, (6.2)
0 0
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whereM = (ng + N1 + Ny)/ng is the multiplication factor. The breakdown occutsenM

— o0, corresponding to the integral reaching unity.
6.2.4. Miller multiplication factor

Miller showed that the multiplication factor inettavalanche breakdown theory
for Ge and Si p-n junctions can be expressed bfoltmving empirical relatioff>"

1
MV)=——— (6.3)

=
l_[VVBj

where Vg is the breakdown voltage and parameteés a number which depends on the

resistivity of the low carrier density side of @stlike p-n junction. Miller found that for

Si and Ge the values of the exponantange from 2 to 6. In the empirical expression

(6.3) the breakdown voltage is defined as the geltaehen the multiplication factor is

essentially infinite.

The breakdown voltage depends on temperaturéeltémperature is increased
the phonon scattering is enhanced and the averatgnce between two collisions is
reduced. This means that a larger electric fieldeisded to achieve the threshold kinetic
energy, and hence the increase in temperatureasesethe breakdown voltage (positive
temperature coefficient). Incorporation of tempearat dependence significantly
complicates the model. Therefore, since the modaleldped here is essentially
phenomenological rather than fundamental, the lo@ak voltage of thin-film solar cells

Vg is assumed to be weakly dependent on temperature.
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6.3. Reverse bias characteristics of thin-film so&lls

There has been no systematic experimental studgvefse bias characteristics of
thin-film solar cells, and no rigorous theory haseib developed, because the physical
structure of polycrystalline thin-film solar celsgranular and is therefore more complex
than the structure of crystalline ones. It has bieend, though, that the breakdown in
thin-film solar cells occurs at lower voltages ansdess abrupt than that of crystalline
ones.

A reasonable way to model a thin-film solar-cethhvior in reverse bias is to
apply the framework from crystalline solar cellsaus, figure 6.3 shows the circuit
diagram of a microcell with the voltage-dependeiitdvimultiplication factor (6.3).

| @ .

“~

Fig.6.3. Circuit diagram of a microcell with Miller multiation factor.

Figure 6.3 implies that the microcell-V can be represented as follows:

_ iole® -1)-j, +GV,V>0
J(V){Jo(e i (6.4)

(iole? -1~ ) M) +ov.v <0
Using a similar approach Spirito and Albergdfhdistinguish two types of solar cells
depending on their reverse bidsV characteristics: a.) ones dominated by avalanche
multiplication; b.) ones dominated by shunt condace. Such differentiation of solar

cells by two types has been adoptdsy International Standards (IEC 61646).
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Miller's multiplication term has been used in difént ways to model behavior of
theJ-V curve in the reverse bias by a number of otheamehers as wéft*2. Depending
on the dominating factor in the equation (6.8)(Y) or G) we can have the two

gualitatively different operations of a partiallyagled module.
6.3.1. Breakdown vs. shunt

Figure 6.4 illustrates examples of subcgHV curves with different mechanisms

that dominate in the reverse bias.

Fully illuminated
baseline case

Shunt
dominated case

J (mA/em?)
o

-15 7" “Breakdown
dominated case
/
-20 + v [, a
'25 T T T T
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

Voltage (V)

Fig.6.4. SubcellJ-V curves.

Both breakdown and shunt dominated subcells are §@®ded. The red curve represents
baselinel-V of the fully illuminated subcell. The microcgHV curve used to generate the

subcellJ-V curve for the breakdown dominated case is giveeduation (6.4), withm =
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4,Vg=-1.5V, andG = 1 mScrif, while for the shunt dominated cage= - © andG = 1
mScni. In the following sections the partial shadingtieé module is analyzed for both
extremes separately.

There is experimental evideritethat sometimes neither regular shunt nor
breakdown dominates. For example, sudi\acurve is shown iigure 6.4 by a dashed
line. These types of intermediate situations (wheither shunt nor breakdown
dominates) will not be considered in the presentkwO@peration of a partially shaded

module in such situations can be deduced fromnlagysis of two extremes.

6.3.2. Analysis of partial shading of a module at the short-cir cuit

It is useful to consider a short circuit conditimnshow why shaded cells (if there

are only a few of them) in the partially shaded oledare reverse biased.

g partially shaded cells p not shaded cells

N

Short circuit condition.

Fig.6.5. Circuit diagram of the partially shaded modulehtq cells.

Figure 6.5 shows the circuit diagram of the short-circuiteddule withqg equally shaded

cells andp fully illuminated ones.
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Figure 6.6 showsJ-V curves of fully illuminated cells in red and patty (50%)
shaded cells in blue for the breakdown dominates#.dagure 6.6 illustrates a step by
step iterative process of how cell voltages cafobed (in the shunt dominated case the
logic is the same).

Since all cells are connected in series the ctjrémat flows through each cell
must be the same. In the first iteration we asstimatethe maximum curreft that passes

through the fully illuminated cell is equal to tehort circuit current of the stand alone

shaded cell.
0
Break down dominated case
-5
-V, x(p/q) Vv,
_—— V; /
O _ i -VaX(p/q V.
g 10 2
Y
<
&
~ '15 7
-20
V,
25 - . . '
-1.6 -1.2 -0.8 -04 0.0 0.4 0.8

Voltage (V)

Fig.6.6. Calculated current-voltage of shaded and non-gheelés in a module for the
breakdown dominated case.

At j1 the fully illuminated cell has voltagé,. Since cells are connected in series and the
module is short-circuited all voltages across cedise to add up to zero, which implies
that the voltage across the shaded cell has t&¥/p€p/q). However, at that voltage the

shaded cell has currept which is different fronys, while the fully illuminated cell at
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that current has voltagé. This in turn implies that voltage across the gldlacell has to

be -V,x(p/q). This is now the second iteratioRigure 6.6 shows that the current of the
third iteration j3 is in-betweenj; and j,, which means that the iteration process is
converging. This iterative process illustrates v8hgpded cells are in reverse voltage. The
exact value of the voltag¥s across the shaded cell in both breakdown and shunt

dominated cases is derived in the following section
6.3.3. Voltage across the shaded cell in a module at the short-cir cuit

Depending on the rati@/q) the current that passes through each cell magdse |
than the short-circuit current of the fully illunaited cell. However, in the present work
we consider the more dramatic situation when mb#tecells are fully illuminated and
only few are partially shadedj¢p) This implies that in the short-circuited, patyal
shaded module, the current that passes through aedicts the short circuit-current (or
equivalently light generated current)of the fully illuminated cell.

To find the voltage across the shaded cell, et consider the breakdown
dominated case. Using a lumped-series-resistangeamation theJ-V curve of the

shaded cell in the breakdown dominated case cale$eibed as:
i'= (1o RD -1)- i) M) ov, ©5)

whereM(V) is the Miller's multiplication factor given by eqguien (6.3) and the prime
superscript (') refers to the shaded cell. In rexdrias {Y<0) and when the shunt is

insignificant, equation (6.5) can be simplifiedfaows:
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Mv)=—Jb 6.6)

The voltageVs across the shaded cell can be found fy¢ws) = - j_. Thus, from equation

(6.6):

L= (6.7)

After mathematical simplifications from (6.7):

Vs =V (L-7)"", (6.8)

wherey=j.'[j_is the illumination coefficient (wavelength indeypkent). The illumination
coefficient is 0 <y< 1, where 0 corresponds to no illumination (completadag) and 1
to full illumination (no shade).

In the shunt dominated case (lakgg) atV < 0 from (6.5):

j'=-j_ +GV. (6.9)
Settingj'(Vs) = - j. from (6.9):
_
Vs __E(l_ 7). (6.10)

Both equations (6.8) and (6.10) are true only when:
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|vs|<v[,-L')x§. ®)1

However, sinceV(j.') < Voc, one can also set stronger and more practical ittons!
separately for (6.8) and (6.10):

For thebreakdowrdominatedtase Vg =Vg(1— 7", when Ve|<Voc xap;

i i 6.12

For theshuntdominatedtase Vg = —%(1— 7) Wher{% <Voc P (612)
!

Even though equations and inequalities (6.12) areveld when the module is at short-
circuit, they can be applied when the module isneated to a load and operates at
maximum power point. This is becayse =~ jL andVs is a weak function off' in both

breakdown and shunt-dominated cases.

5
0
. Vy=-15V,n=4
(\lg Ny
< -10 L
g ]
=
-15 -
+20% (n), .
20 1 [ J,
— — —/ /7 - e —— |
+20% (v [ f
-25 . ; . .
2.0 15 1 -1.0 0.5 0.0 0.5 1.0
Vs Voltage (V)

Fig.6.7. Variation of a cell’s]-V curve in the breakdown-dominant case Wighandn.
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In the shunt-dominated cadg; can be very large. For example, baseline vglues
=22 mA/cnf andG = 1 mS/cr yield Vs = - 22.0V at = 0. In the breakdown dominated
case Vs values are generally much lower. Typical valMgs - 1.5 V andn = 4 yieldVs
=-1.5V aty=0.

Experimental data for Miller's exponentas opposed t¥g, is only available for
crystalline solar cells. Numerical values mfused in the simulations here are purely
speculative. It is, therefore, important to knowsensitive equation (6.8) is to variation
in n. Figure 6.7 illustrates a set of cell-V curves aty = 0.5 with varying parametek4
andn. The black line representslaVv curve whervg = -1.5V andn = 4, green whe/g
=-1.5V butn = 4 £ 20% and grey whewig = -1.5 V + 20% and = 4. Both equation
(6.8) andfigure 6.7 imply that Vs is much more sensitive to variation g thann.
Figure 6.8 illustrates how sensitive¥s is to Vg andn as a function of the illumination

coefficienty.

2.0

15 1—

0.5 4

0.0

0.0 0.2 0.4 0.6 0.8 1.0
4

Fig.6.8. Voltage across the shaded cell as a functiodwhihation coefficient.
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Figure 6.8 shows that for the region of most interest (valoegless tharf).6), variation
in n has only a very small effect oWs, which partially justifies application of
experimental values af obtained for crystalline (Si ar@e) solar cells to thin-film solar

cells. In the simulations to follow= 4 is chosen as the baseline.

6.4. Partially shaded module

In most of the sections to follow the same issuesaaldressed for both breakdown and

shunt dominated cases.

6.4.1. Examples of module|-Vs

In the following examples afV curves of partially shaded modules, all shaded
cells in each particular example are assumed tegoally shaded. Furthermore, if the

cell is said to be shaded it means that the whaa af the cells shaded. Other shading

configurations are addressed in the last section.

Figure 6.9 illustratesJ-V curves of cells in the breakdown dominated cash wi

different values of= 0.0, 0.2, .., 1.0yg =-1.5 V anch = 4.
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]
[&)]
L

J (mAem?)
o

-1.5 -1.0 -0.5 0.0 0.5 1.0
Voltage (V)

Fig.6.9. Cell J-V curves for the breakdown dominated case.
The dashed line ifigure 6.9 represents light generated current Igyelln accordance

with equation (6.8), the dashed line intersects ¢beves at different values ofs

depending on the illumination coefficient

0.2

Vg=-15V,n=4
q =1 (out of 40)

0.0

-0.2 4

-0.4 -

Module current (A)

-0.6 4

-0.8 A

y=1.0

-1.0

0 5 10 15 20 25 30 35
Module voltage (V)
Fig.6.10. Modulel-V curves for the breakdown dominated case.

Cell J-V curves shown ihigure 6.9 are used to calculate modud¥ curves.Figure 6.10

shows moduld-V curves in the breakdown dominated case when oh®uwteof 40 is
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shaded with different values gf For comparison, the dashed line figure 6.10
represents moduleV curve when 10 cells out of 40 are shaded withD.2.

Since cells in the module are connected in sdhesunusual bending of the
module I-V curve takes place approximately at the currenelleletermined by the
illumination coefficienty. For instancefigure 6.9 implies that fory = 0.2 the light
generated current of the shaded cejl'is j.-y = - 22-0.2 = - 4.4 mA/cfSince the area
A of the cell used in simulations is 40 %rit follows thatl Bending= JLA = - 0.2 A.

Figure 6.11 is similar tofigure 6.9 but in the shunt dominated case wa@h= 1
mScni. Figure 6.11 shows thal/s values in the shunt dominated case are much larger
than in the breakdown dominated case. ThieSecurves are used to simulate partially

shaded moduleV curves shown ifigure 6.12.

G =1 mScm?

-10 -

-15 -

J (mAem?)

-20 A

25 ——————-}r"‘”"

-30 e .

-5.0 -4.5 -4.0 -35 0.0 0.5 1.0
Voltage (V)

Fig.6.11. Cell J-V curves for the shunt dominated case.
Figure 6.12 shows modulé-V curves in the shunt dominated case when one aelbfo

40 is shaded. Again, for comparison, the dasheditifigure 6.10 represents moduleV

curve when 10 cells out of 40 are shaded withD.2.
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0.2
G = 1 mScm* /
0.0 q = 1 (out of 40)

Module current (A)

0 5 0 15 20 25 30 38
Module voltage (V)
Fig.6.12. Modulel-V curves for the shunt dominated case.

Modulel-V curves shown ifigure 6.12 in the vicinity of maximum power points have a
guasi-linear behavior. The slope in that regionicaprinciple be calculated analytically.
The current level at which module/ curve bendslgending IS again determined by just

as for the breakdown case; the same calculatiogs/as above can be applied here. The
dashed line idigure 6.12 has a much lowdkc This is because the inequality (6.12) for
shunt-dominated case is not satisfied andlfutlannot pass through the shaded ¢el

22 mA/cnf andG = 1 mScnf yield j/G = 22 V, while Voc = 0.8 V,p = 30 andg = 10

yield Voc: (p/g)=2.4 V <22 V.

6.4.2. Shaded-cell voltage

Module safety, lifetime and stability depend ore tbperating voltage of the

shaded cell in the partially shaded module.
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Cell voltage (V)

Cell baseline V.

Shaded cell voltage
q = 1 (out of 40)
n=4

Module baseline V.,

T T T

0 10 20 30
Module voltage (V)

40

Fig.6.13. Shaded-cell voltage vs. module voltage in the ksteavn dominated case.

Figure 6.13 shows shaded cell voltage as a function of mogaleage in the

breakdown dominated casés(= - 1.5 V andh = 4) for two values of, 0.2 and 0.6. Only

one cell out of 40 is shaded. The baseline modntk cell Voc values are shown by

dashed lines for reference purposes.

Cell voltage (V)

-10

15 -

Baseline cell V.

Shaded cell voltage
q = 1 (out of 40)
G =1 mScm?

/ Module

MPP

T T

Baseline module \<oc

0 10 20 30
Module voltage (V)

40

Fig.6.14. Shaded cell voltage vs. module voltage in thekotean dominated case.

The voltage of the shaded cell\4jp of the module is limited byg. UnlessVg is very

large, voltage across the shaded cell cannot cposatial problems to the module.
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Figure 6.14 is similar tofigure 6.13 but for the shunt dominated ca&% 1mScn¥). In

the shunt-dominated case the voltage across tluedleell can get very high depending

on y. Large reverse voltage across the shaded celiamfiat the power dissipated in that

cell may be very high. High power dissipation imteauses increase in the temperature
of the cell. The temperature, in principle, canemathe upper limit of the safe range for

the module. Furthermore, if the cell is frequerghaded for a long period of time (thus

being frequently exposed to high temperatures argelreverse voltages) it will degrade

faster than the rest of the module. Power and testhyoe aspects are considered in more

depth in the following sections.

6.4.3. Power of partially-shaded modulein the breakdown dominated case

Figure 6.15 shows modulel-V curves with different percentage of shaded cells O,

5,..,25% withy= 0.2 in the breakdown casés(=-1.5V, n=4).

0.0

Vy=-1.5V,n=4

MPP Transition

-0.2 |

-0.4 -

-0.6 -

Module current (A)

-0.8 |

Percentage of
shaded cells

-1.0

0 5 10 15 20 25 30
Module voltage (V)

Fig.6.15. Modulel-V curves with different percentage of shaded celthénbreakdown
dominated case.
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The dashed arrows show propagation of the maximowep point (MPP). There is an
abrupt transition in voltage of the MPP when thecpetage of shaded cells shifts from
20 to 25%.If the module is equipped with the MPP trackingcefenics the operating
voltage of the module will follow dashed arrows eeging on the percentage of shaded
cells.Figure 6.16 shows the module power curves corresponding tb-Yheurves shown

in figure 6.15. The dashed arrows iingure 6.16 have the same meaning asfigure
6.15. When the percentage of shaded cells in the masluen-zero, the power curve has
two maxima. The transition in MPP takes place wihie®m local maximum at higher

voltages becomes the global maximum.

20

Vg=-1.5V,n=4  Percentage of 0% —
-02 shaded cells ’
y=0. v
15 -
§ L 5%
& g
§ 10 P 10%
@
3 o 15%
s}
= & 20%
\\\ -7
______ 25%
0 MPP Transition
0 5 o 15 20 25 30

Module voltage (V)

Fig.6.16. Module power curves with different percentagelafded cells in the
breakdown dominated case.

The transition in MPP is basically the onset ofiffecent regime of the partially shaded
module operation. This is more clearly illustratedigure 6.17, which shows cell power

as a function of percentage of shaded cells imtbéule.
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1.0

Vg=-15V,n=4
Not shaded

0.5 &—&—8—&_-—0—0—0—0—05 9
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0.2Pyy | %:8
0.0
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3 y=0.6 I y=0.2 |
S | /|
Q. | .
% 05 - MPP Transition !
) MPP Transition
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-1.5 ‘ ‘ ‘ ‘ :
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Percentage of shaded cells (%)

Fig.6.17. Cell power vs. percentage of shaded cells in thakilown dominated case.
In figure 6.17 open circles and filled triangles correspong$00.2 and 0.6 respectively.
The red lines with corresponding symbols show thegr generated by fully illuminated
cells in the module. The blue lines and their sylmlsorrespond to power consumed or
generated by shaded cellsgure 6.17 shows that the MPP transition takes place when
the shaded cells shift from being consumers to rg¢oies and the shaded cells start to
dominate the module operation. MPP transition tgldase sooner for higher values jof
Once the MPP transition takes place with an inengagercentage of shaded cells, both
the shaded and fully illuminated cells tend to gatePyax-y, wherePuax is the baseline
generated cell power at MPP. Dashed lineBguare 6.17 showPyax:y levels fory= 0.2
and 0.6. In each case, the limit with all cellsdddhisy times the fully illuminated power.

Figure 6.18 shows the total power of the partially shaded nhedas a function of

percentage of shaded cells.
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Fig.6.18. Module power vs. percentage of shaded cells ilbthakdown dominated case.

The symbols irfigure 6.18 have the same meaning adfiigure 6.17. The total module

power decreases quasi-linearly with increasinggreege of shaded cells until the MPP

transition. After that it saturatesRax:.

6.4.4. Power of partially-shaded modulein the shunt-dominated case

This section is similar to the previous one budescribes the shunt dominated

case. Therefore, all the symbols and curves indrpe figures shown in this section

have the same meaning as the corresponding figuthe previous section.
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Module Voltage (V)

Fig.6.19. Modulel-V curves with different percentage of shaded celishfe shunt
dominated case.
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Fig.6.20. Module power curves with different percentagelafded cells for the shunt
dominated case.

Both figures 6.19 and6.20 show that there is no abrupt change in moduleabioer, the
MPP changes gradually as the percentage of shadisdirrcreases. Another important
difference is that power consumed by shaded celthe shunt-dominated case is much

larger compared to breakdown-dominated case dwwrsinfigure 6.21.
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Fig.6.21. Cell power vs. percentage of shaded cells fobtkakdown dominated case.

Even though shaded cells do not abruptly shift fleimg consumers to being generators,
they do gradually become generators as the pegmntd shaded cells increases.
Furthermore, in the shunt dominated case shadésl lmetome generators sooner than
they do in the breakdown case. The last stateroéogurse, depends on actual values of

Vg, N andG, but it holds for reasonable values of these patars.

20

G = 1 mSem’?

15 |

10 1 60% of P,

Module power (W)

20% of P,

0 5 10 15 20 25 30
Percentage of shaded cells (%)
Fig.6.22. Module power vs. percentage of shaded cells ®stiunt dominated case.
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Figure 6.22 shows that in the shunt dominated case the tatakbp saturates ®yax:7,
though there is no quasi-linear behavior and ablengling off as is in the breakdown

case.

6.4.5. Temperature differential

In the previous section ifigure 6.21 it was shown that in the shunt dominated
case the power dissipation in the shaded cell eamely high depending opand the
number of shaded cells. This implies that the teatpee of the shaded cell increases
substantially. The temperature of the shadedTeglis determined by the power density

dissipated in the ceRp and the coefficient of thermal conductivityas follows:

(6.13)

o PD|\N |+100d\N |1 £R 7/[ W }

Tsc—Ta m2 °c |’

whereT, is the ambient temperature agglis the reflection coefficient of the module.
The second term in the numerator of equation (6.48younts for partial solar
illumination of the shaded cell, which can be digant if yis large enough. In principle,
equation (6.13) allows one to calculate the tentpezaof the shaded celllsg but
thermal conductivityx is generally not a known parameter of the module iarrarely
provided by the manufacturer for commercially aafaié PV panels. However,
manufacturers of PV modules do provide anotherrpatar, known as NOCT (Nominal
Operating Cell Temperatuf&)

NOCT is defined as the equilibrium mean solar tathperature within an open-

rack mounted module in the following standard refiee environment (SRE):
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- tilt angle: at 45° tilt from the horizontal

- total irradiance: 800 W-h

- ambient temperaturE: 20°C

- wind speed: 1m/s

- electrical load: nil (open-circuit)

NOCT can be used by the system designer as a ¢oitlee temperature at which a
module will operate in the field. It is thereforeuaeful parameter when comparing the
performance of different module designs. For masnhmercially available modules
NOCT is 45 £ 5°C. Given the definition of NOCT, ocen express thermal conductivity

of a module as follows:

(6.14)

__80qw-m2fa- gR[ w}

NOCT-20°C 2oc |

Typical values oNOCT= 45 °C andx = 0.1 yieldk = 30 W/nf°C. Thus, with the known
value of thermal conductivity of the module, thengeerature differential of the shaded

cell ATsc= Tsc— Ta as a function oPp from equation (6.13) is:

Alsc =~ W(PD [vv/ m2]+ 904\N/ mz]- 7) (6.15)

Figure 6.23 shows the calculated temperature differentialhef shaded celliTsc asa

function of module voltage in the shunt dominatadec
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Fig.6.23. Temperature differential of the shaded cell.

Solid, dashed and dash-dot lines correspond=td.2 andy = 0.6 with one cell shaded
and y = 0.2 with two cells shaded respectively. Openlesgcorrespond to MPP. The
temperature of the shaded cell can increase abevambient temperature by 20 - 80PC
the module is equipped with MPP-tracking electrenithe shaded-cell temperature
depends ory and the number of shaded cells, but in many cesede greater than the
temperature of the fully illuminated cells. If tiees no MPP-tracking electronics then the
increase can be even higher. Furthermore, if theiemhtemperature in the summer on a
very hot day is ~ +35°C then the absolute tempegatfi the shaded cell can be in the
range of 100 - 120 °C, which may cause diffusiorlagkrs, cell cracking, and other
serious problems.

The temperature problem becomes more dramat&olar panels that have larger
values of light generated current. As an examplés tcompare a CIGS modulg ¢ 35
mA/cn?) with CdTeone (22mA/crf). Even though th&oc of the CIGS (~ 0.64 V) is

lower than that of CdTe (~ 0.8 V) if the numberadls in a CIGS module is large
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enough (> 60) inequality (6.12) will be satisfifithis means that equation (6.10) can be
applied and/g(CIGS)Ng(CdTe)~ j(CIGS)j.(CdTe) ~ 35/22 1.6, which in turn implies
that Pp(CIGS)YPp(CdTe ~ 1.6 =~ 2.6 since P, ~Vgj~ j.°>. Thus, while for a CdTe
module in the shunt dominated case, the temperdttiezential ATsc of the shaded cell
can reach 100°C for CIG6Bcan be as high as 260°C. On a hot summer day {@3the

actual temperature of the shaded Ct@tbcan be over 300°C.

6.4.6. Other shading configurations

Figure 6.24 shows different shading configurations with simgéometry. In the

discussions above only configuration A was congdgerut it is straightforward to

deduce configurations B and C from A.

A) S

Fig.6.24. Different shading configurations.
Given the same shaded area, configuration B &lgl@referable to configuration

A, because in B there is no mismatch between eglf though the module is partially
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shaded. The moduleV curve in B will be the same as in the baseline asept for a

shift in the current. The light generated curieff! in the shaded configuration B is given

by:

|L(B) = jLW-o)L+j L= IL{1+ (7—1)%} =1 7eff (6.16)

wherev, L andW are shown ifigure 6.24, I, andj,_ are baseline light generated current
and current density respectively.

Configuration C is a particular case of B, howewehere there is a mismatch
between cells. All results presented above forigondtion A are applicable to C, where
an effectiveyis:

v
Vett =1+(r —1)W- (6.17)

Usage ofy is valid because within the frames of the mod@@eht subcells in a cell are

independent.

D

Ly

Thus, using developed in this chapter mathematicadalism and the simulation
model it has been shown that shading can causeusgoroblems to module operation
and even its safety. It has also been shown hatentimerical simulations and analytic
calculations can be helpful in the analysis of @fecaused by shading. It was found that
reverse voltage characteristics of thin-film sotall determine the operation of the

module under partial shading conditions. Shadeds acedn be either generators or

137



consumers of power, depending on different circamsts. Two distinct shaded module
operation regimes were outlined. It was also cated that in some extreme cases
temperature of shaded cells can be dangerously Bigédes of different configurations

can be treated by introducing an effective shadogfficient.
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Chapter 7
Summary and conclusions

A 2-D circuit model was used to estimate losses@ated with distributed nature
of sheet resistance in the uniform cell. The prymgoal of the 2-D circuit model was to
analyze the effect of different types of spatiahtumiformities. The three step design of
the model (subcell-cell-module) allows one to amalthe impact of non-uniformity with
varying parameters (severity, area, distributidn,)e@n a lab-size cell, module-size cell,
and the whole module.

Besides the fundamental advantages of 2-D modais DD models there are
practical and technical advantages. Even thoughdmresent work only three types of
non-uniformities were addressed (shunts, weak-gi@iel shading) the model has the
capability of addressing any spatial non-uniformitghout changing the framework of
the model and without introducing additional citceilements. This is possible because
instead of using circuit elements, such as diodescarrent sources, numericaV tables
of microcells called GTABLEs were used here. Foaragle, a standard 2-D circuit
model that implies a network of diodes, currentrees and resistors to simulate a back-
contact barrier spatial non-uniformity, one woukkd additional diodes opposite to main
ones at spatial locations of non-uniformities. Heare in the approach presented here,

one would only have to change the numerical tabléhe non-uniform microcell and
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keep the structure of the model unchanged. This sgm to be a purely technical
advantage, but it adds universality to the analgsd allows a researcher using the 2-D
model much more efficiently.

The TCO sheet resistance is a primary numericenpater of any 2-D circuit
model of a solar cell. It is important to have aralgtic relation between the sheet
resistance, which is a physical parameter, and hicd® resistanc®. Such an analytic
relation betweerps, R and discretization levell has been derived in the present work
based on calculation of power dissipation in theTl&yer. Having such analytic relation
allows comparison of results from different resbars who use relations betweanand
R based on other principles.

Even though a single-parameter series resist®de applicable only to non-
distributed TCO sheet resistance models, it is mamb to have a relation between an
effective Rs and ps for practical purposes. Such an analytic relahas been derived in
the present work. For a given typical thin-film geetry series resistandg&s can be
expressed in terms of sheet resistgngdength of the cell, absorber layer resistivity
and its thickness. It was also shown that for typical thin-film pareters the absorber
layer resistivity has negligible effect ¢t Such a relation can be used by manufacturer
to estimate the sheet resistance of the TCO fraanJt¥ curve of the uniform cell or
module.

Based on the analysis of the uniform subcell & haen empirically shown that
there is a global parametéthat can be used to estimate Eteloss of a subcell or cell

due to sheet resistance. It was shown dhdgpends on four parametegrs Voc, Jsg and
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L. Such a global parameter can be used by a maaotgat¢od predict howF will change
with these four parameters.

It was shown that in the uniform case there a® power losses associated with
distributed TCO sheet resistance: dissipation@enft@O layer due to lateral curreitso
and power loss due to variation in microdiode opegavoltagePyvp, which is generally
less tharPrco It was also shown that at MPP to a good approxan#&co ~ ps-Jscz. In
the uniform case thByp increases withps and at sufficiently large values p§ becomes
comparable withPrco. Typical thin-film solar cell parametergpq Jsg L etc.) in the
uniform case yield total power loss associated wiigtributed TCO sheet resistance
(Prco+ Pwmp) around 10-20%. Just as in the uniform case péugsrwas used to evaluate
the impact of micro-shunts and weak microdiodesa sabcell.

It was found that the location of the shunt in sii@cell makes a relatively minor
difference. The further away the shunt is from gnlline the better. In the shunted
subcell case the dominant power loss is the povesipdited in the shunt itsébgy Even
thoughPsy was found to be in the range of ~ 1-10 mW theiplided power density can
be on the order of ~ 1 W/¢mlepending on the physical shunt area. Such higrepo
density may cause elevated temperature (hot-spat)im turn can significantly alter
material properties in the vicinity of the shumt.the shunted subcell caBgco increases
with ps just as in the uniform case, bep stays relatively constant. It was also found
that Psy decreases semi-linearly witg (TCO sheet resistance screening effect), but at a
relatively modest rate. The overall loss dpwl in particular are smaller for largdgc
This was found to be qualitatively consistent wahalytic relation between shunt

screening lengttsc and Jsg Lsc ~ Js¢?. Therefore, CIGS cells are more tolerant to
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shunts than CdTe cells because the of CdTe is larger than that of CIGS. For a
manufacturer this implies that shunts are morerofsaue to CdTe solar cells than to
CIGS.

It was shown that the subcell is more sensitivehi® location of the weak-
microdiode then it is for shunts and the trendgpasite and more complex. If the weak-
microdiode is very weak it serves as a power comsuather than power generator. The
primary difference of weak-microdiode from micradsh is that for weak-microdiode
Puwp is the dominant power loss. Power lost in the weakrodiode itself Pyp is
comparable tdPrco Also it was shown thaPwp exponentially depends on the weak-
microdiode severity. The major loBgp decreases with increasing sheet resistagce

Thus, a single micro-shunt or weak-microdiode bawe a severe destructive
effect on a small size cell (subcell). However, re@esingle extremely severe shunt or
weak-diode cannot have a serious effect on the evhwdule. Therefore, a collective
impact of multiple non-uniformities on a module, ialis typical for thin-film modules,
was studied. For simplicity of analysis, the effeaft multiple but identical non-
uniformities was studied. To address that issua more systematic fashion an easy-to-
work practical numerical paramet®r was introduced to characterize non-uniformity
distribution pattern of identical non-uniformities/er the module. It was found that
absolute module efficiency los$n, (%) is a strong function of not only the fractional
shunted areés and shunted area efficieney but also of the shunt distribution pattern.
The same was found to be true for weak-diodes.

It was found that for given values & and s independent of the module size the

An has a maximum (the worst case scenario) when slawatdistributed uniformly over
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the module area. In the worst case scenario atlgeimtermediate case scenario, when
shunts are evenly distributed over all cells in thedule, thedz, is mostly due td~F
reduction while decrease Wy is insignificant. It was also shown that concetidra of
shunts in a few cells is the most preferable s¢éenand in that case reduction in béth
andVoc is comparable. Thus, in some cases compahgndVoc reductions from the
moduleJ-V curve one can identify which shunt distributioritpen is taking place. The
decrease idsc and second order terms in all scenarios is infsogmit. It was found that
An depends more strongly ops compared tdAs, which generally means that one would
rather have many mild shunts than a few strong.ddepending oAs and ;s absolute
module efficiency4n (%) varies around ~ 1-4%. Simple area-weightedciefficy
calculations underestimatty; by 3-5 times.

Same distribution patterns of weak-diodes affbet tnodule performance in a
different way compared to shunts. For the giveotioaal weak ared, and weak area
open-circuit voltag®/oc-wthe worst case is when weak diodes are evenlghuistd over
all cells in the module and the most preferableedgasvhen they are clustered in just a
few cells. Situation when weak-diodes are uniforspyead over the whole module area
happens to be intermediate. In the worst case doemauction inAz; is due to decrease
in FF and Voc to comparable extents, while in the best caseasmemostly due to
decrease iNWoc. Decrease idsc and second order terms have little effectdarreduction
just as it is for shunts. An important practicalsetvation is that for all situations,
decrease in/oc is generally larger for weak diodes compared tongh This to some

extent may be used to identify the nature of noifieumities from the moduld-V curve.
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Just as for shunts simple area-weighted efficiegstymates yield a significant error in
An and the range o7 is essentially the same as for shunts.

There are several spatially resolved experimetgahniques such as LBIC,
thermograph, photoluminescence, electroluminescéflceetc. that can screen for non-
uniformities like shunts and weak-diodes in module®wever, experimental data
obtained from these techniques is of little valumdess there is a model based on which
one can extract useful information from the gattledlata. In the current work it was
shown that the developed 2-D circuit model can becessfully used to analyze data
obtained from EL measurements, which are gainingulasity in PV as a promising
screening tool.

It was shown how the microdiode voltage distribntimap in a cell can be
translated into EL intensity(x,y) map through the reciprocity relation. Two differen
parameters were introduced to extract useful inédion from EL data. Both parameters
reflect same EL intensity but normalized in twofeliént ways: 1.)4X,y)/¢«0,y) called
C-contrast, and 2.)(x,y)l¢Ax,y) called CC-contrastwhere subscript O refers to the
uniform cell. The dependence of the EL intensityconrent was analyzed. It was found
that the following dependence may be vajid:*, whereA is the diode quality factor.

For the uniform cell an analytic dependence of@heontrasbn positionx, sheet
resistanceps, currentd, and cell length. was derived. That analytic expression can be
used to predict how EL image (C-contrast) wouldngfgawith current and estimatg
from EL data of the uniform cell. Results obtairfemin simulations were consistent with

experimental findings in Uwe Rau’s paper.
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A general set of recommendations based on theg/sasaif the EL data (C- and
CC-contrast) that can help distinguish a shunt framweak-diode and put non-
uniformities in the module in order of their seweriwas proposed. Some
recommendations related to experimental calibrativet can enhance the proposed
analysis were developed. The benefits of integgadim in-situ EL measuring system into
thin-film module production line were outlined.

Shunts and weak-diodes are microscopic defects, there can also be
macroscopic non-uniformities, the most common oficwhis the non-uniformity in
illumination level caused by temporal or permarsh@des when the module operates out
in the field. To address the issue of partial shgdif thin-film modules theoretical and
empirical results obtained for crystalline solarllcewere adopted to develop a
mathematical formalism of reverse voltage chargttes of thin-film solar cells. The
core of the formalism is the analytic expressiothef microcellJ-V curve in the reverse
bias. In the developed mathematical formalism tusiintt extremes were identified:
shunt- and breakdown-dominated cases. A real tlimshodule would fall somewhere
in-between these two extremes.

A graphic explanation of why under certain circtemses shaded cells in the
partially shaded module are reverse-biased wasemies. Approximate analytic
expressions of the voltage across the shadedvgall the partially shaded module and
their range of validity were derived for both shuahd breakdown-dominated cases.
These simple expressions allow a manufacturerpgoosi estimate what reverse voltage
across shaded cells would be under common shadimgjtons. For the baseline it was

estimated that for shunt-dominated case\tgean be quite high (~ 20 V), while in the
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breakdown-dominated ca$k is essentially limited by/g, which for thin-film solar cells
happens to be rather small: ~ 1-5 V. For betteetstdnding of module operation under
partial shading conditions examples of calculdt®dcurves of partially shaded modules
for both shunt- and breakdown-dominated cases weesented and their primary
features were addressed in a systematic quangtishion.

A detailed analysis of power conditioning of shdaells in the partially shaded
module was performed. It was found that in bothnshand breakdown-dominated cases,
depending on the percentage of shaded cells amdiilation coefficienty, a partially
shaded module operates in one of two differentmmegi For a given, the first regime
takes place when percentage of shaded cells id smdlthe operation of the whole
module is dominated by fully illuminated cells. time first regime shaded cells serve as
power consumers. When the percentage of shadesl ioelleases a transition of the
module operation to the second regime takes placéhe second regime the module
operation is dominated by shaded cells and thefy §bm being power consumers to
power generators. In the second regime with ineréagpercentage of shaded cells both
shaded and illuminated cells tend to genemigx), where Pyax is the baseline
generated cell power at MPP. When all cells arelethdahey all generate exac®yax:y.
For larger values of the transition happens at smaller percentage adesh cells. The
only qualitative difference between shunt- and kdeayn dominated cases is that in
latter the transition is abrupt and in the fornteisigradual. Because of typically larger
values ofVs in the shunt dominated case in some extreme witgaf{only 1-2 cells

extremely shaded) the power dissipated in the sheelk can be quite high (up to ~ 40%
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of the baseline generated module power). This mspthat the temperature of shaded
cellsTsccan increase substantially causing some seriaisgms.

The issue ofTsc was addressed in a systematic fashion with the loél
internationally adopted solar panel parameter: NOQ@Jominal Operating Cell
Temperature). It was shown that for a typical Cdiaule ATsc (above ambient) under
some extreme shading conditions can be as higBGEC1 It was also shown thdTsc~
J.? and, for example, for CIGS the temperature difféiet ATsc ~ 260°C. Such an
analysis that allows one to estimate the upper éeatpre limit is helpful both for
consumers and manufacturers for module and gesafietly issues.

An effective illumination coefficienfers was introduced to address other shading
configurations. All results obtained for standatthding configuration (when shade
covers the entire area of the shaded cell) carxteme@ed to other shading configurations
if 7 iS properly used.

Thus, current work discusses the issue of nomeumities (shunts, weak-diodes
and shading) in a systematic fashion. A set ofuisetommendations and results related
to these non-uniformities were extracted from 2iDnerical simulations based on the
developed here circuit model. General strategiesaddressing the impact of non-

uniformities on both small size solar cells andjéaarea modules were outlined.
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