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ABSTRACT 

Solar concentrating systems are often used to 

decrease the cost of solar energy by redirecting the 

incident sunlight from a relatively large area onto a 

photovoltaic cell of smaller area. In addition to the 

convergence characteristics of the concentrator, indices of 

refraction and reflectivities which are functions of 

wavelength can result in an illumination which varies both 

spatially and spectrally on the solar cell. Nonuniformity 

can also be induced by concentrator tracking error. The 

effects of such nonuniform illumination on solar cell 

performance are of interest. 

In this investigation, a model of a concentrator 

solar cell consisting of a network of preexisting 

one-dimensional models has been developed. This model is 

analyzed for three sample grid configurations for both 

spot-focusing and line-focusing concentrator applications. 

Ada computer programs have been created which, 

together with a few other pieces of readily available 

software, are capable of simulating the model. Sample 

simulations have been performed for line-focusing 

concentrator applications. These results are presented and 

discussed. 
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optical generation rate, #/cm3*s 

current, A 

current through the load resistance, A 

solar cell current at Pmax' A 

photodiode current, A 

short-circuit current, the current for a load 
resistance of zero, A 

sheet ~urrent or finger current, A 

current density, A/cm2 

a multiplicative constant relating Rf to Rsx 
through Rf= K Rsx' dimensionless 

a multiplicative constant relating Rsy to Rsx 
through R =LR , dimensionless sy SX 
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n 

p 

R 

Rloadincr 

R loadmax 

Rloadmin 

V 

vload 

vmaxpower 

voe 

X 

electron carrier concentration, #/cm3 

acceptor dopant density, #/cm3 

donor dopant density, #/cm3 

hole carrier concentration, #/cm3 

recombination rate, #/cm3*s 

bulk resistance of the base layer of the 
solar cell, Q 

finger resistance, Q 

the load resistance connected across the 
solar cell terminals, Q 

the load resistance increment used in 
generating the solar cell I vs. V curve, Q 

the final load resistance value used in 
generating the solar cell I vs. V curve, Q 

the initial load resistance value used in 
generating the solar cell I vs. V curve, Q 

series resistance, Q 

shunt resistance, Q 

sheet resistance in the x, or lateral, 
direction, Q 

sheet resistance in they, or longitudinal, 
direction, Q 

voltage, V 

voltage across the load resistance, V 

solar cell voltage at Pmax' V 

open-circuit voltage, the voltage for an 
infinite load resistance, V 

photodiode voltage, V 

the lateral direction across the solar cell 
front surface 

V 



X 

y 

y 

6x 

6y 

y 

µ 

p 

Psheet 

a column matrix containing as its elements 
the sheet and finger currents 

the longitudinal direction along the solar 
cell front surface 

a column matrix containing as its elements 
the photodiode currents 

unit cell width, cm 

unit cell length, cm 

effective asymmetry factor, dimensionless 

the number of columns of photodiodes under 
consideration, dimensionless. Columns are 
labeled laterally. (n is often used in other 
references for efficiency, although by 
context no confusion should occur.) 

the number of rows of photodiodes under 
consideration. Rows are labeled 
longitudinally. 

normalization factor, units depend on 
application 

resistivity, Q*cm 

sheet resistivity, p/thickness, Q/0 
(pronounced "ohms per square") 
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I. INTRODUCTION 

It has been the purpose of this research to build on 

the work of previous investigators Kevin Bryan [1], Jeff 

Conte [2], Dr. Ronald Cosby [3,4], Albert Heavilin [5], 

Stan Johnson [6], Momtaz Shaheen [7], and Yong Zhan [8], 

toward the ultimate goal of assembling a collection of 

models and accompanying computer simulations of these 

models for the various components of solar concentrating 

systems. Such an assemblage would enable the simulation of 

numerous solar cell-concentrator combinations. This would 

permit one to predict the performance of a particular solar 

concentrating system design for a fraction of the time and 

cost that would be involved in actual construction and 

testing. 

More specifically, this work concerns itself with 

the modeling and simulation of an entire solar cell under 

nonuniform illumination conditions such as those which 

often result from the use of a solar concentrator. The 

solar cell has been modeled as a network of previously 

developed one-dimensional solar cell models interconnected 

by sheet resistances, bulk resistances, and collection grid 

resistances. This network model has been designed to 

permit the use of various different one-dimensional models. 
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Several different front collection grid configurations have 

been examined both for general nonuniformity of 

illumination, e.g., spot-focusing concentrator 

applications, as well as for nonuniform illumination in the 

lateral direction only, e.g., line-focusing concentrator 

applications. The method which was developed for analyzing 

this network will be presented, as well as model simulation 

results for the latter illumination case. 



II. BACKGROUND 

A. Review of Solar Concentrators for 
Photovoltaic Applications 

Probably the single most influential factor 

inhibiting the widespread use of solar energy today is the 

final cost for the energy consumer. Of particular 

importance is the cost per kilowatt-hour (kW-h), where one 

kilowatt-hour is equivalent to 3.6 megajoules (MJ) of 

energy. The present price for using conventional sources 

of electricity is approximately $0.08/kW-h. To determine 

the cost per kilowatt-hour for a solar energy system, one 

would sum all of the costs incurred over the life of the 

system and divide this by the number of kilowatt-hours that 

the system had produced during its lifetime. For the 

consumer, the total cost typically consists of the 

accumulated depreciation expense plus the accumulated 

maintenance expense. The total depreciation expense is 

defined as the acquisition cost minus the salvage value, 

where salvage value is the amount for which the system can 

be sold at the end of its useful life.[9] One of the ways 

of reducing the cost per kilowatt-hour is to decrease the 

acquisition cost, typically by lowering the purchase price 
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of the system. This is one of the purposes of the solar 

concentrator. 

The price of a solar energy system utilizing 

concentrators is lower than that of a non-concentrator 

system of similar power output. This is due to the light 

collection characteristics of the concentrator. A solar 

concentrator allows one to reduce the required area of 

solar photovoltaic cells by using relatively inexpensive 

optical elements to redirect the light to a smaller area. 

In this way, a comparable power output can be achieved for 

lower cost because of the fewer number of relatively 

expensive cells which are needed. Obviously, other ways of 

reducing the cost of solar energy relative to conventional 

sources include decreasing the cost and/or increasing the 

output of solar cells. 

1. Categories of Solar Concentrators 

Hu and White classify concentrators as being either 

imaging or nonimaging, with the result that for an imaging 

concentrator, " the sun's image is formed on the cell 

surface."(10] The distinction between imaging and 

nonimaging, however, often is not very clear as Hu and 

White themselves mention. Perhaps a more appropriate 

criterion is whether the concentrator primarily refracts or 

primarily reflects. The following will be regarded as 

refracting concentrators: point-focusing Fresnel lens, 
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line-focusing Fresnel lens, and holographic optical element 

concentrators. The following are labeled as reflecting 

concentrators: spherical mirror, paraboloid, parabolic 

trough, compound parabolic concentrator, V-trough, 

reflecting strip concentrator and other similar reflecting 

concentrators, dichroic mirror concentrator, and the 

internal reflection concentrator. 

2. Refracting Concentrators 

Perhaps the most prevalent type of solar 

concentrator is the point-focusing Fresnel lens. A Fresnel 

lens maintains nearly the same optical performance as a 

regular converging lens without as much volume and 

accompanying mass. This type of lens has been used for 

years in overhead projectors and is likely to become even 

more familiar. Recently, Deutsch reported an experimental 

procedure for correcting both myopia and hyperopia 

(nearsightedness and farsightedness) by reshaping the human 

cornea into a point-focusing Fresnel lens.[11) The Fresnel 

lens is normally constructed of acrylic due to its high 

transmissivity and durability over many years of use. For 

photovoltaic applications, this type of concentrator is 

usually fabricated in modules which resemble gigantic egg 

cartons and has been tested by Martin Marietta, Intersol 

Power, and Sandia as reported by Edenburn and Boes.[12) 
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Another common form of refracting concentrator is 

the line-focusing Fresnel lens. This concentrator is used 

to f ocus light onto a line of solar cells or onto a pipe in 

thermal applications. This lens is also normally made of 

acrylic. Line-focusing Fresnel lens concentrators have 

been tested by Entech (12], and the characteristics of 

different versions of this lens have been examined in 

computer simulations by Heavilin [SJ and Johnson [6]. 

Because the index of refraction depends on wavelength, half 

of this lens can be used as a concentrating spectral 

divider as was shown by Conte [2]. 

A recent attempt was made by Zhang et al. to design 

a holographic optical element concentrator. The 

concentrator consisted of a Fresnel lens with a holographic 

element near the focal point of the lens. Their initial 

goal was to prevent infrared wavelengths from striking the 

cell. They mention near the end of their report, however, 

that if removing infrared radiation is the goal, then they 

suggest replacing the hologram with a field lens and" 

fill ... the cylindrical field lens with water. The water 

absorbs in the IR and is used as heating."[13) 

3. Reflecting Concentrators 

Two representatives of the point-focusing reflecting 

concentrator are the spherical mirror and the paraboloid. 

Spherical mirrors and paraboloids are typically not used as 
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much as are other concentrator designs. This is due to 

difficulty in fabricating the curved reflecting surface as 

well as in maintaining it. A good example of this is the 

high cost of large spherical mirrors for use in reflector 

telescopes. 

Parabolic troughs are afflicted with some of the 

same problems of fabrication and maintenance of the 

reflecting surface as are the spherical mirrors and 

paraboloids. Their use, however, is much more common. On 

a smaller scale, the compound parabolic concentrator, or 

CPC, has been the subject of much interest lately. The CPC 

consists of two parabolas oriented such that the focus of 

the right parabola lies on the left edge of the solar cell, 

and the focus of the left parabola lies on the right edge 

of the solar cell.[14] Because of its size, the CPC is 

often considered for use as a secondary concentrator. By 

secondary concentrator is meant that this optical component 

further redirects light which has already been at least 

partially focused by a primary concentrator. Secondary 

concentrators are usually of a smaller size and are placed 

closer to the solar cell. 

Another concentrator along the same lines as the CPC 

is the v-trough. Av-trough consists of two plane mirrors 

forming a sort of funnel such that incident light is 

reflected onto a cell at the base of the trough. This 

concentrator was recently examined by Irshid and Othman. 
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They found it to achieve high concentration ratios with 

uniform illumination while requiring less space than a CPC 

with similar output characteristics.(15] The v-trough 

also has potential applications as a secondary 

concentrator. 

Whereas a Fresnel lens maintains nearly the same 

optics as a bulkier lens, a reflecting strip concentrator 

achieves similar optics to a parabolic trough. This is 

accomplished by placing angled reflecting strips onto a 

flat base such that the incident illumination is redirected 

to a focal point. The use of plane reflecting strips 

reduces the problem of surface fabrication and maintenance. 

Zhan has recently examined the case of constant width 

reflecting strips which results in lower fabrication cost 

for the concentrator and nonuniform illumination of the 

solar cell.(81 Singh, Mathur, and Kandpal, however, have 

examined varying the strip width to attain uniform 

illumination of the cell while opting for the associated 

higher fabrication cost.(16] 

Additional reflecting concentrators along these same 

lines have recently been studied in the Soviet Union. 

These include metal biparaboloids by Abdurakhmanov et al. 

(17], facet solar-energy concentrators by Alimov and 

Shamuratov (18], and optimization of the shape of a 

cylindrical concentrator by Simanovskii.(19] 
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Another type of reflecting concentrator is the 

dichroic mirror. According to SERI (Solar Energy Research 

Institute), "A dichroic mirror ... divides the spectrum 

into two parts - one transmitted, the other reflected." 

(20] This enables one to illuminate different varieties of 

solar cells with those parts of the spectrum which will 

result in increased performance. If a cell is illuminated 

with light of an energy much higher than the band gap 

energy, then the excess energy will be "wasted" in the 

cell. Also, if the incident light is of energy lower than 

the band gap energy, then this light will not be used or 

will heat the cell. 

The final type of concentrator to be mentioned is 

the internal reflection concentrator. Internal reflection 

concentrators are typically shaped blocks of material with 

solar cells mounted on one or more of the surfaces. Most 

of the light which is incident on the material is 

internally reflected until it encounters a cell. Green 

mentions one such type of concentrator which uses a 

luminescent material so that intercepted sunlight is" 

reemitted by luminescence in a narrow-wavelength 

range."(21) 

4. Present Directions for Solar Concentrators 

Several different types of concentrators have been 

reviewed. Of these, Edenburn and Boes point out that 
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"Point and line focus Fresnel lenses have been by far the 

most successful and are now used exclusively in our 

technology research and development project."[22] In most 

cases, higher concentration ratios are achieved only by 

constant tracking of the sun. It is anticipated that more 

use will be made of secondary concentrators such as the CPC 

or v-trough to compensate for any tracking error by 

redirecting the stray light rays back onto the solar cell. 

Also, as more technological advances are made by the 

growing fiber optics industry, one should expect to see an 

increased use of internal reflection concentrators. 

Whatever changes occur will have an ultimate goal of 

reducing the cost of solar energy relative to that of 

conventional sources. This means lowering the installation 

cost of a solar energy system. This cost is estimated by 

Edenburn and Boes who state, "With current technology and 

large scale production, installed systems can cost less 

that $2/W, and advanced technology offers even lower energy 

cost."[23] 



B. Modeling of Concentrator Solar Cells 

1. Fundamentals of Solar Cell Operation 

One of the special characteristics of semiconductors 

is the spacing between the valence band and the conduction 

band, where the valence band ends at a lower energy than 

that at which the conduction band begins. This spacing, or 

band gap width, is not as large as that which occurs in 

insulators. If an incident photon has an energy equal to 

or greater than the band gap width, then its absorption 

results in the relocation of an electron from the valence 

band to the conduction band, along with an accompanying 

"hole" which is now in the valence band. It is this 

liberation of electrons from the valence band to the 

conduction band which is the basis of operation of solar 

cells. 

In the absence of an electric field, however, these 

electrons eventually return to the valence band, or 

"recombine." Such an electric field is commonly achieved 

by a junction consisting of two different types of doped 

semiconductor material. These two types are n-type and 

p-type. In the case of silicon, with four outer shell 

electrons (column IVB of the periodic table), n-type doping 

consists of replacing some of the silicon atoms in a 

crystal lattice with atoms which have five outer shell 

electrons (column VB of the periodic table). Similarly, 
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p-type doping consists of replacing some of the silicon 

atoms in the lattice with atoms which have three outer 

shell electrons (column IIIB). A measure of the quantity 

of doping is given by the number of dopant atoms per cubic 

-3 centimeter of material (# cm ). Analogous doping 

procedures are performed on other types of semiconductor 

material, such as GaAs. Then-type material contains 

electrons throughout the lattice which are not participants 

in the covalent bonding, whereas p-type material has holes 

in which an electron would be "welcome." 

When a junction is made with n-type material and 

p-type material in contact, some of the conduction band 

electrons from then-type diffuse across the interface to 

the p-type material due to the concentration gradient. 

This is also analogous to holes diffusing across to the 

n-type material. The region in which this occurs is called 

the depletion region. This means that n-type depletion 

region atoms have net positive charges (one more proton 

than electron) while p-type depletion region atoms have net 

negative charges. This depletion region is the source of 

the electric field for p-n junctions. 

One of the most common uses of a p-n junction is the 

ubiquitous p-n junction (rectifying) diode, the electronic 

symbol for which is shown in Figure I. In this figure, the 

triangle corresponds to the p-type material whereas the bar 

represents then-type material. Ideally, the rectifying 



Figure I. Symbol for a rectifying diode 

l(mA) 

V{volts) 

Figure II. Current vs. voltage curve for a 
diode without illumination 
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diode should have zero resistance when the p-side is at 

higher potential than then-side, and infinite resistance 

when then-side is at the higher potential. In practice, 

however, the diode has a small resistance when the p-side 

is at higher potential, and a very large resistance when 

then-side is at higher potential. This results in an I 

vs. v curve (current-voltage) for the diode which is 

similar to that shown in Figure II.[24] The 

first quadrant portion of the curve has the p-side at 

higher potential, whereas the third quadrant has then-side 

at higher potential. One of the uses for this type of 

curve is identifying unique operating characteristics for a 

particular type of diode. 

When a photon with energy equal to or greater than 

the band gap width is absorbed, an electron-hole pair is 

produced. Therefore, a p-n junction under illumination 

undergoes generation of excess carriers (i.e., charge 

carriers). If these carriers do not recombine, they 

diffuse to the depletion region. This diffusion is due to 

the existence of a concentration gradient and results in 

the motion of carriers from regions of high concentration 

to regions of lower concentration. Once in the depletion 

region, the carriers are separated by the electric field, 

electrons to then-side and holes to the p-side.[25] 

A p-n junction solar cell with no illumination has 

an I vs. v curve like that of Figure II. Illuminating the 

\ 
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diode has the effect of moving the curve downward as is 

shown in Figure III.[26) The region of interest here is 

the fourth quadrant. This quadrant is typically inverted 

so that the negative I axis becomes the positive I axis, 

and is labeled the photodiode characteristic curve. This 

characteristic curve implies that the p-side of the 

photodiode is the positive terminal whereas then-side 

serves as the negative terminal. A characteristic curve 

f 1 2 + + ·1· 1 11 d AM 1 5 or a cm n -p-p s1 icon soar ce un er one sun . 

illumination is shown in Figure IV. This curve was 

generated using the one-dimensional solar cell simulation 

of Bryan.[1] The p+ indicates that this region is more 

heavily doped than the p region while AM 1.5 (air mass 1.5) 

indicates the spectral content of the incident 

illumination, i.e., the wavelengths and their corresponding 

intensities. The air mass number represents the distance 

in atmospheres through which sunlight travels before 

striking the solar collector. AMO is the spectrum 

immediately outside Earth's atmosphere, while AM 1 is the 

spectrum with the sun directly overhead (normal to the 

Earth's surface). AM 1.5 means the spectrum associated 

with sunlight which has traveled at an angle to the normal 

to the Earth's surface such that the distance is 1.5 times 

the thickness of the atmosphere. 

Several items of importance can be determined from 

the characteristic curve of a solar cell. Some of these 



page 16 

l(mA) 

I 
V(volts) 

Figure III. Current vs. voltage curve for a 
diode under illumination 
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are: short-circuit current I , where the I vs. V curve 
SC 

intercepts the vertical axis; open-circuit voltage V , oc 

where the I vs. V curve intercepts the horizontal axis; the 

maximum power point Pmax' where the product IV has its 

maximum value,· fill factor FF, defined as P /(I V ) max sc oc ' 

which is a measure of how rectangular the I vs. V curve is; 

and efficiency~, defined as Pmax/Pin' where Pin is the 

power incident on the solar cell. If the value of the load 

resistance to be used is known, then the operating point of 

the solar cell for that particular load can be determined. 

This is accomplished by superimposing the line IsV/R onto 

the characteristic curve where R is the load resistance 

value. Where this line intercepts the characteristic curve 

is the solar cell operating point for that load. 

2. The Need for Concentrator Solar Cell Modeling 

Because of the time and expense involved in 

fabricating a solar cell design, measuring its 

characteristic curve, and making subsequent revisions to 

this design in an attempt to optimize performance, it is 

desirable to have a model which can predict the performance 

of such a cell. In particular, cells for use with solar 

concentrators are responsible for producing larger amounts 

of energy per unit cell area than non-concentrating cells. 

Therefore a small change in cell efficiency can mean ,a 

substantial amount of energy in a concentrating system. 
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The modeling of concentrator solar cells can be 

divided into three main categories: one-dimensional models, 

two-dimensional models, and three-dimensional models. 

One-dimensional models typically take their one dimension 

as that direction which is normal to the front surface of 

the solar cell. For this reason, this type of model 

concerns itself with the thickness of the cell and its 

associated layers. There is some difficulty in 

distinguishing between two- and three-dimensional models in 

that some models which claim to be two-dimensional have an 

implicit third dimension. An example of this is the 

two-dimensional model of Fang and Hauser.[27] Even though 

they have treated primarily the front surface, they state 

that the " ... model considered here is actually a 

two-dimensional array of ideal one-dimensional solar cells 

interconnected by series resistance."[28] 

3. One-Dimensional Models 

An equivalent circuit of a solar cell has been 

presented by Green in which the cell is modeled as a 

photodiode with a shunt resistance and a series 

resistance.[29] This same equivalent circuit is also shown 

by Lundstrom.[30] The circuit is shown in Figure V. 

Relatively recent work by Slonim and Tslaf has 

resulted in an equivalent diagram of a solar cell which is 

based on a circuit similar to Figure V.[31] Their circuit 
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Figure V. One-dimensional photodiode with a shunt 
resistance, Rsh' and a series resistance, Rs 
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differs from Figure Vin that the diode is replaced with a 

voltage source E, the series resistance is relabeled rsc' 

and the shunt resistance is relabeled roe· According to 

their work: 

Eis constant and does not depend on irradiation; 
r is constant for given irradiation; r is 
c8Rstant for given irradiation under theoc 
open-circuit condition, but changes its value 
with varying load.[32] 

Manfredotti and Meliga have reported using the Monte 

Carlo method (MCM) in what they claim is the " ... first 

example of the possibility of using the MCM in the 

simulation of solar cells."[33] According to them, solar 

cell modeling involves a simultaneous solution of Poisson's 

equation and electron and hole continuity equations. They 

state that "A problem of this kind may be solved 

essentially in two ways: by numerical analysis and by the 

Monte Carlo method .... "[34] Their work considered an 

n-type Au-Si Schottky barrier solar cell. Their simulation 

relied on generating a random number which corresponded to 

a photon of the solar spectrum. A total of 10 4 incident 

photons was used in their simulation. 

Based on analytical solutions of the continuity 

equations, Bryan has developed a one-dimensional computer 

model of an n+-p-p+ solar cell.[1] The accompanying 

simulation program was written for silicon as the 

semiconductor material, but" ... only two additional 

subroutines are needed if it is desired to make 
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calculations for another material."[35] This simulation 

can also easily be adapted to an n+-p cell " ... without any 

coding effort at all."[35] This can be accomplished by 

making the thickness of the p+ region approach zero or by 

giving the p and p+ regions the same doping concentration. 

The simulation is capable of handling various intensities 

as well as various spectra of incident light. 

Bryan's model utilized the following technique: 

Current density equations at each junction of the 
cell ~re a function of the voltage~ across both 
then -p junction, Vj, and the p-p junction, 
Vlh. Since the current densities are equal at 
each junction, there were two equations and two 
unknowns. However, th~ complexity of the 
equations prevented one of the unknowns from 
being solved as a function of the other. 
Therefore, it was necessary to create a function, 
JnpJpp, which, given one of the unknowns, allowed 
the bisection routine to converge upon the other 
unknown. [36] 

This bisection algorithm is described in Appendix A. 

Shaheen [7] extended the one-dimensional analytical 

model for an n+-p-p+ solar cell to account for nonuniform 

carrier generation over the thickness of the cell and a 

finite back surface recombination velocity.[37] She then 

derived the transport equations which related" ... 

generation, recombination, diffusion, and field induced 

drift of the photo-excited carriers."[38] Her solution 

proceeded as follows: 



The transport equations ... are non-homogeneous 
differential equations which can be solved 
numerically as well as analytically. In the 
present work, solutions of the three equations 
are performed analytically, considering the 
boundary and surface conditions applied to the 
cell.[39] 
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Shaheen's model was also designed to accommodate different 

input values for illumination intensity and spectral 

content. 

Another one-dimensional model was developed by 

Lundstrom.[30] His work culminated in a simulation program 

entitled SCAPlD which is an acronym for Solar Cell Analysis 

Program in 1 Dimension. Lundstrom used Poisson's equation, 

[ 401 

d 2v 
- • ~l (n - p - DOP) 
dx 2 

in which DOP • ND - NA. He also used normalized hole and 

electron continuity equations,[41] 

dJP 
• ~2 (G - R) and 

dx 

dJn 
= - ~2 (G - R) 

dx 

in which JP and Jn were given by 

- -

and 

J - - µ n n 

[ 

p d 

dx 

(V - (y - l)VG) - dp l 
dx 

[ n 
d (V - yVG) - dn l 
dx dx 

Lundstrom then stated that because " ... JP and Jn are zero 

in equilibrium " these equations reduce to [42] 
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d 2V 
__ eg_ = exp(V + yVG) 
dx2 eq 

He then solved this equation numerically for the potential 

by using a finite difference mesh in which he related the 

potential at each point, Vj' to the potential of the two 

points adjacent to it, vj-l and vj+l.(43] He then used a 

variation of the Newton-Raphson iteration, or "Newton's 

method," to converge to a solution. Newton's method is 

also described in Appendix A. 

In Lundstrom's simulations, " an AM 1 solar 

spectrum (multiplied by a constant to account for 

reflection and shadowing by the metal grid) was 

used."(44] The int~nsity was allowed to vary, but no 

nonuniformities were mentioned. As for the computer 

resources required to run SCAPlD, times on the order of a 

few minutes on a CDC-6600 were reported.(45] 

The team of Rover, Basore, and Thorson have 

developed a similar simulation which they call 

PC-1O.(46] PC-1O solves " ... the five time-dependent 

semiconductor equations in one dimension using a 

finite-element approach."(47] These five equations are 

reduced to three equations in three unknowns and are then 

solved using Newton's method. According to their article, 

It runs on the IBM PC and compatible personal 
computers that are equipped with an 8087 NOP, 
color graphics card and monitor, and 320 
kilobytes of RAM. The code is written in Pascal 
with assembler routines for certain input/output 
functions and matrix operations.(47] 
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The importance of the 8087 NOP to PC-1D is expressed in 

their statement, 

Using the 8087 numeric data processor, the 
program yields precise results in a reasonable 
amount of time while providing the user with a 
completely interactive environment.[48) 

Their simulation program can use either monochromatic 

illumination or AM 1.5 illumination. [47) 

4. Two-Dimensional Models 

Toward the end of his work, Lundstrom expanded the 

techniques which were used in SCAPlD to two dimensions and 

began the development of SCAP2D (Solar Cell Analysis 

Program in 2 Dimensions). This development was later 

continued by Gray.[49) Whereas SCAPlD utilized a finite 

difference mesh in which the voltage at each point was 

related to the two adjacent to it, SCAP2D related the 

voltage at each point to the four adjacent to it. For a 

particular point (i,j), this means relating this voltage to 

that of the points (i+~,j), (i-1,j), (i,j+l), and 

(i,j-1).[50] Once again, a variation of the Newton-Raphson 

method was used. For Lundstrom and Gray's work, one 

dimension was the depth of the cell, i.e., normal to the 

front surface. The second dimension was perpendicular to 

the first so that, in effect, they were examining cross 

sections of solar cells. Gray applied SCAP2D to 

conventional, IBC (interdigitated back contact), and EMVJ 
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(etched multiple vertical junction) solar cell designs.[51] 

Gray's work used an AM 1 spectrum and various intensities, 

but again no nonuniformities were mentioned. 

Another "two-dimensional" model was developed by 

Fang and Hauser.[27] As was mentioned previously, Fang and 

Hauser describe their model as " ... a two-dimensional array 

of ideal one-dimensional solar cells interconnected by 

series resistance."[52] In this sense, their model is 

actually a three-dimensional model because the 

one-dimensional solar cells are perpendicular to the front 

surface. Fang and Hauser assumed that the busbar was at a 

constant potential and stated that "The node voltage 

equation can be written for each point of the array in the 

active area ... , for points under the grid contact and 

for the points on the grid pattern .... "[53] They then 

used a variation of the Newton-Raphson method to solve 

these simultaneous equations. Because of the derivative 

used in the iteration, Fang and Hauser's modification 

involved holding all but one of the variables constant. 

This approach caused them to encounter a situation 

described by the statement: "An important question is which 

variables should be used to calculate the next approximate 

solution and in what order."[54] They decided to examine 

the functions to determine which partial derivative had the 

highest value. The function with the steepest slope 

(highest partial derivative) for that variable was then 
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chosen for use with that variable. In their work, the 

iterative procedure was continued until the voltage at each 

-4 array point was known to within 10 volts.(55] Fang and 

Hauser did examine two cases of nonuniform illumination for 

a concentrator solar cell which had one longitudinal busbar 

and 39 lateral fingers: 

The first model assumes a cosine intensity 
profile with the maximum intensity farthest away 
from the bus bar and zero intensity at the bus 
bar. The second case uses a similar cosine 
intensity profile but with the maximum intensity 
at the bus bar and zero intensity at the opposite 
edge of the cell.(56] 

What Fang and Hauser discovered was 

... that the non-uniform illumination is found to 
decrease the cell efficiency at high 
concentration levels irrespective of the 
illumination profile, if the surface sheet 
resistance is the dominant loss factor. (57] 

In their results for 3 µm and 6 µm collection grid 

thicknesses, the uniform illumination had the highest 

efficiency for the thicker (lower resistance) grid whereas 

the cosine distribution with the maximum intensity near the 

busbar had the highest efficiency for the thinner (higher 

resistance) grid. (58] 

Belkhaoua and Boucher have reported a 

two-dimensional model for thin film polycrystalline 

semiconductor p-n junction solar cells.(59] Using the 

assumptions of columnar orientation and uniform 

illumination, they have modeled the cell as parallel 
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diodes. This enables them to find "Approximate solutions 

... by the application of finite differences."(60] 

5. Three-Dimensional Models 

Kerschen and Basore have recently developed a 

three-dimensional model and accompanying simulation program 

for concentrator solar cells.(61] In their words: 

A new model has been developed that estimates the 
performance of front-gridded cells exposed to the 
expected illumination conditions of point focus 
Fresnel concentrator module optics. The model 
uses standard test data of a reference cell to 
estimate the performance of similar cells exposed 
to the nonuniform ilumination [sic] conditions of 
a PV concentrator module. It also is capable of 
analyzing the impact of a prismatic cover on cell 
performance.(62] 

What they essentially did was divide the front surface of a 

cell into an array of one-dimensional photodiodes. Each of 

these elements was then treated as having characteristics 

similar to the reference cell tested. The particular cell 

modeled had a front contact grid which consisted of two 

longitudinal busbars with lateral fingers. A point focus 

Fresnel lens simulation program, PVOPTICS, was adapted for 

use in their work. This program used Monte Carlo methods 

to trace the paths of N rays onto the surface of the 

cell.(63] The use of Monte Carlo methods implies that some 

type of random number generator was used to generate each 

of the N rays incident on the Fresnel lens. The point on 

the cell surface where each ray struck was then determined 
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from the optics involved. In order to reduce the number of 

calculations and associated computer time, a" ... 

two-dimensional Gaussian distribution centered at the point 

of impact .... " was used on the cell surface.[64) The 

distribution radius r 0 (equivalent to the standard 

deviation of the distribution) was calculated using [64) 

N * r 0
2 = cell area . 

The short-circuit current for each cell element was 

then calculated and the sum of these formed the total 

short-circuit current. An approximation was used to find 

the open-circuit voltage of this nonuniformly illuminated 

cell by using the uniformly illuminated reference cell. 

This same type of approximation was used to determine 

series resistance of the cell. The fill factor was then 

calculated, and the product FF*V
0
c*Isc yielded the maximum 

power point for the simulation. One of the interesting 

aspects of their work was the determination of the effects 

of module tracking error on power output. 

Swanson has reported a three-dimensional model of a 

point-contact solar cell (PCSC).[65) The PCSC has both 

contacts on the back surface, like the IBC cell, except 

that the metal collection grid contacts the cell only at 

certain points on this surface. He describes his model as 

follows: 



page 30 

The model solves the semiconductor transport 
using a variational approach to obtain the base 
carrier density. Knowing this, the terminal 
voltage is calculated by assuming constant 
quasi-Fermi levels across the n-i and p-i space 
charge regions. Finally, the terminal current is 
found by subtracting the total recombination 
current from the photo-production 
current.(66) 

Swanson states that this type of cell is promising because 

"The cells reported here have the highest reported 

efficiency to date for silicon concentrator 

cells."(67) 



III. NETWORK MODEL OF A SOLAR CELL 

The network model of a solar cell was developed and 

analyzed for two types of illumination: general 

nonuniformity in both directions on the solar cell front 

surface, and nonuniformity in the lateral direction only. 

The latter case is actually a special case of the former 

and readily lends itself to the use of symmetry arguments 

to reduce the magnitude of the procedures involved. Three 

particular front contact grid configurations were 

examined in this research, although the method used can 

easily be adapted to other configurations. 

The following assumptions were made in this work: 

1) The back surface of the solar cell is entirely covered 

by contact. 

2) The collection fingers are of constant dimensions (i.e., 

no taper). 

3) In the case of one busbar, the fingers extend to the 

edge of the solar cell. In the case of two or more 

busbars, the fingers connect the busbars. 

4) The entire solar cell can be treated as a collection of 

isolated unit cells connected through resistances, i.e., 

the two-dimensional or lateral diffusion effects are 

negligible. 
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5) The busbars are of negligible resistance, therefore all 

busbars are at the same potential. 

6) That portion of the solar cell which is covered by front 

contact grid is inactive. Instead of regarding this 

portion as a collection of dark (not illuminated) diodes, 

it is assumed to have negligible effect on the solar cell 

and is therefore treated as inactive. 

7) Metal-semiconductor resistances at the front contact are 

negligible, as are effects from recombination at the 

contacts. 

A. Network Analysis for General Case 

In this work, the solar cell is modeled as a network 

of one-dimensional photodiodes connected by sheet and 

finger resistances. That portion of the solar cell which 

is not covered by front collection grid is divided into 

similar elements of volume, each of which forms a "unit 

cell." All of these unit cells have the same square or 

rectangular front surface area, given by 6x6y. Each unit 

cell consists of a photodiode, a bulk resistance in series 

with the photodiode, and sheet resistances in the lateral 

and longitudinal directions (the x and y directions, 

respectively) emanating from the bulk resistance. 

For this work, the photodiode is represented as an 

emf in series with an ideal rectifying diode. This 

representation aids in the writing of Kirchhoff equations 
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which will arise later. Each emf has associated with it a 

characteristic curve (I vs. V) such as that which was shown 

in Figure IV. This curve is determined by a 

one-dimensional model based on the average illumination of 

the front surface area of the unit cell. The ideal 

rectifying diode simply indicates the only possible 

direction of current through the emf. The direction of the 

emf and rectifying diode within the unit cell depends on 

the solar cell structure. If the front layer of the solar 

cell is of n-type, then the unit cell is as shown in Figure 

VI. Following convention, the larger plate of the emf is 

positive. The unit cell for the opposite case of a p-type 

front layer is . shown in Figure VII. The first unit cell 

will be used throughout the remainder of this work. 

Although it is not explicit in these diagrams, the entire 

bottom of the unit cell is covered by back contact. 

The sheet resistances in the x and y directions are 

represented by Rsx/2 and Rsy/2, respectively. The factor 

of 1/2 arises because the distance from the center of the 

front surface to an edge is Ax/2 in the lateral direction 

and Ay/2 in the longitudinal direction. The numerical 

values of these sheet resistances are calculated using 

R=pl/A where p, 1, and A refer to the top layer of the 

solar cell only. The bulk resistance, Rb' acts as a 

"catchall" term that primarily represents the resistance of 

the base layer of the solar cell. If the one-dimensional 
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Figure VI. Unit cell for a solar cell with an n-type 
front layer 
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T 

Figure VII. Unit cell for a solar cell with a p-type 
front layer 



page 36 

model already takes this base resistance into account, 

however, then Rb in the network model unit cell does not 

need to include it. Rb can also be used to include other 

resistances in series with the emf, such as the resistance 

of the back contact. 

The first contact grid to be considered was the 

somewhat simplistic case of two longitudinal busbars along 

the edges of the solar cell. The unit cells combine to 

form a network for this configuration as shown in Figure 

VIII, in which the solar cell is divided into 24 volume 

elements. The top view is shown in Figure IX. In both of 

these diagrams, the "dangling" resistances which lead to 

the upper and lower edges of the solar cell have been 

eliminated from consideration because no current flows 

through them. Each emf has a specific characteristic curve 

determined by the illumination of the solar cell. As can 

be seen from Figure VIII, increasing the number of volume 

elements decreases the effect of Assumption 4. The 

resistance value between photodiode locations in the 

lateral direction is R , and in the longitudinal direction sx 

is Rsy· The resistance value between a photodiode location 

and a busbar is Rsx/2. 

A more realistic grid configuration is the result of 

connecting the two busbars by lateral fingers. The network 

for two lateral fingers is shown in Figure X and its 

corresponding top view, Figure XI, also for 24 volume 
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Figure VIII. Network for a solar cell with two 
longitudinal busbars 
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Figure IX. Top view of the network for a solar cell with 
two longitudinal busbars 



Figure X. Network for a solar cell with two longitudinal 
busbars and lateral fingers 
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Figure XI. Top view of the network for a solar cell with 
two longitudinal busbars and lateral fingers 
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elements. Once again, the resistance between photodiode 

locations in the lateral direction is R and that for the sx 

longitudinal direction is R . The resistance value sy 

between a photodiode location and a busbar is Rsx/2, while 

that between a photodiode location and a finger is Rsy/2. 

The fingers introduce another resistance term. The finger 

resistances shown in the figures are each Rf' except for 

the ones adjacent to a busbar which are Rf/2. Note that 

there are no emfs under the collection fingers, in keeping 

with Assumption 6. 

The third type of grid configuration considered was 

that of one longitudinal busbar with lateral fingers, 

sometimes referred to as the "comb" configuration. The 

network for the case of two fingers is shown in Figure XII, 

and its corresponding top view in Figure XIII, also for 24 

volume elements. The resistance value between photodiode 

locations in the lateral direction is Rsx and in the 

longitudinal direction is Rsy· The resistances adjacent to 

the busbar are Rsx/2 and adjacent to the finger are Rsy/2. 

The finger resistances are all Rf' except for the one 

adjacent to the busbar which is Rf/2. An important feature 

of this configuration is the last finger resistance at the 

right end of each finger. Because of the presence of a T 

junction, this finger current is known in terms of the two 

sheet currents into which it branches. Use will be made of 

this later in analyzing this network. 



Figure XII. Network for a solar cell with one longitudinal 
busbar and lateral fingers 
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Figure XIII. Top view of the network for a solar cell with 
one longitudinal busbar and lateral fingers 
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For all of these networks, what is desired is the 

current and voltage of the entire solar cell for any given 

load resistance, i.e., the solar cell I vs. V curve as 

measured at the terminals. For the networks shown, the 

back contact of the solar cell is the positive terminal 

while the front busbar(s) become(s) the negative terminal. 

The current of each emf in the network flows to the back 

contact, through the load to which the solar cell is 

connected, and then to the front busbar where it is 

returned to the emfs via the finger, sheet, and bulk 

resistances. Throughout this work, the conventional 

designation for current is used, i.e., the direction of the 

curren t is opposite to the direction of the flow of 

electrons. For this model, the total solar cell current is 

the sum of the currents of all the individual photodiodes 

in the solar cell. Once the terminal current is known, 

terminal voltage can be calculated using the value of the 

load resistance and V=IR. 

1. The Front Surface Matrix Equation AX•BY 

The situation for the front surface of the solar 

cell can be expressed by one large matrix equation, AX•BY, 

which represents Kirchhoff current equations and voltage 

loops for the front surface of the solar cell. In this 

equation, Xis a column matrix consisting of sheet and 

finger currents and Y is a column matrix of the photodiode 
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currents. A and Bare coefficient matrices which arise 

from the Kirchhoff equations. Each row of A, and therefore 

also of B, corresponds to an individual Kirchhoff equation. 

In writing the equation AX=BY, the following labeling 

conventions were used: 

1) The photodiodes are numbered first, and are numbered 

from left to right, from top to bottom, as in reading a 

book. 

2) The sheet currents are numbered next and are numbered 

from left to right, top to botto~. 

3) The finger currents are numbered last, and are numbered 

from left to right, top to bottom. For the case of one 

busbar with lateral fingers, the last finger current in 

each finger is not numbered because it is known in terms of 

the two sheet currents into which it branches. 

4) The directions of the photodiode currents are known from 

the solar cell structure. For an n-type front layer, these 

currents flow toward the back contact; for a p-type front 

layer, these currents flow toward the front surface of the 

cell. 

5) In labeling the directions of the sheet and finger 

currents, if the direction of the current is known, then 

this is used. For example, for an n-type fropt layer, the 

finger currents flow away from the busbar as do the sheet 

currents adjacent to the busbar. For the same n-type 

front layer, the sheet currents adjacent to a finger also 
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flow away from the finger. If the current direction is not 

known, then it is assigned to be from left to right or from 

top to bottom. 

By writing the front surface matrix equation AX=BY, 

one is capable of finding the sheet and finger currents (X) 

as functions of the photodiode currents (Y). This is 

accomplished by multiplying both sides of the equation by 

A-l to obtain X=A-lBY. The right side of X=A-lBY is 

associative according to Kolman, who ·states that if Dis an 

m x n matrix, Eis an n x p matrix, and Fis a p x q 

matrix, then D(EF)=(DE)F.(68] What this means is that 

A- 1 (BY)•(A- 1B)Y. This enables one to first calculate A- 1B 

using readily available matrix computation software, and 

then use this result to multiply Y, the photodiode 

currents, once the numerical values of the elements of Y 

are determined. The actual computation of A-1 B is aided by 

the fact that A and Bare both sparse matrices, i.e., each 

has a large number of elements which are zero. This 

property arises from the network nature of the model. 

As was already mentioned, Xis a column matrix for 

the sheet and finger currents, and Y is a column matrix for 

the photodiode currents. The number of elements of Xis 

equal to the number of sheet currents and finger currents. 

The number of elements of Y is equal to the number of 

photodiodes. A is a square matrix in order to be inverted 

and is compatible with x. Bis a rectangular matrix which 
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is compatible with Y. 

In this research, the Kirchhoff current equations 

were written first, and then the voltage loops were 

written. The total number of equations needed is equal to 

the number of sheet and finger currents. In writing 

voltage loop equations, loops were taken as small as 

possible within the front surface. For the cases with two 

busbars, a voltage loop can be taken from busbar to busbar, 

traversing a finger, since the busbars are at the same 

potential. In order to factor resistances out of the 

voltage loop equations, all resistances were represented by 

their relationship to R according to: sx 

and 

Rf= KR sx 

R = L R sy sx 

The values of the elements of Y are affected by 

illumination and by the load resistance to which the solar 

cell is connected. Once these values are known, however, 

multiplying Y by A- 1B yields the magnitude of each sheet 

current and finger current. If the sign of a sheet or 

finger current is negative, then this indicates that the 

actual current direction is the opposite of what was 

assumed. Knowledge of the sheet and finger current 

magnitudes enables one to easily calculate the I 2R losses 

which occur as a result of these currents. This front 

surface matrix equation also has the advantage of 
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permitting the mapping of potentials on the front surface 

of the solar cell. 

To illustrate this front surface matrix approach, 

examine the three grid configurations which have been 

presented. Each has 24 volume elements (or photodiodes), 

therefore Y for each case is a 24 x 1 column matrix. For 

the case of two longitudinal busbars with no fingers 

(Figures VIII and IX), there are 46 sheet currents. For 

this case, A is a 46 x 46 square matrix, Xis a 46 x 1 

column matrix, and Bis a 46 x 24 rectangular matrix. For 

the case of two longitudinal busbars connected by lateral 

fingers (Figures X and XI), there are 58 sheet currents and 

14 finger currents for a total of 72 sheet and finger 

currents. For this case, A is 72 x 72, Xis 72 x 1, and B 

is 72 x 24. For the third case of one longitudinal busbar 

with lateral fingers (Figures XII and XIII), there are 54 

sheet currents and 12 finger currents, but only 10 of these 

finger currents need to be considered because the other two 

are explicitly known in terms of sheet currents. For this 

case, A is 64 x 64, Xis 64 x 1, and Bis 64 x 24. Even 

though 24 volume elements have been used here to illustrate 

the three different grid configurations, the same 

procedures apply for any desired number of volume elements. 
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2. Determining the Elements of Y 

Each photodiode in the network model has associated 

with it an I vs. v curve. For a given load resistance 

connected across the solar cell terminals, the problem is 

one of determining at what point on its I vs. V curve each 

photodiode operates. By finding this, the terminal current 

can be calculated as the sum of the photodiode currents, 

and the terminal voltage can be calculated using V•IR. 

Finding these operating points is accomplished by 

taking Kirchhoff voltage loops through the load resistance. 

Although by definition a Kirchhoff voltage loop equals 

zero, the numerical approach taken here uses an expression 

for the voltage loop and attempts to solve this for zero. 

One voltage loop is taken for each photodiode under 

consideration. Here the loop equations are labeled f 1 , f 2 , 

etc. Each loop begins at the negative plate of an emf, 

traverses the emf increasing in potential, goes to the back 

contact, traverses the load resistance decreasing in 

potential, and goes through the collection grid and sheet 

resistances to return to the negative plate of the emf, 

where it has decreased back to its original potential. I~ 

writing the £-equations it is very important to remember 

that the current through the load resistance is the sum of 

the currents of all the individual photodiodes in the 

entire solar cell. 
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A new equation, g, is used which is defined to be, 

for N volume elements, 

N 
g = E 

i=l 
If. I l 

The objective here is to find a solution such that g=O. 

Absolute values are used to eliminate the possibility of 

fi's of opposite sign giving a false g=O. At g•O, the 

Kirchhoff voltage loops through the load are solved for the 

operating points of the individual photodiodes. The 

photodiode currents at these operating points provide the 

numerical values for the Y matrix for the particular load 

resistance value being used. 

For N photodiodes, one can consider a space with N+l 

dimensions in which g is plotted as a surface. N axes of 

this space are the operating point axes of the N 

photodiodes, each of which varies from 1 (short-circuit 

current) to the total number of data points in that 

photodiode I vs. V curve. The one remaining axis is the 

g-axis. Since g is always~ 0, the plot is a surface which 

has as its bounds the corresponding Isc and V
0

c for each of 

the photodiodes. Determining the elements of the Y matrix 

consists of finding the set of photodiode operating points 

where g is zero, i.e., a global minimum of the g-surface, 

or at least within some tolerance value of zero. This 

research has indicated that the g-surface possibly has 

local minima and/or trough-like depressions which have 
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interfered with several different approaches to finding the 

global minimum. In effect, these convergence techniques 

have occasionally converged to some point other than the 

global minimum. 

Once the photodiode operating points are found, the 

terminal current for that particular load resistance is 

given by 

where Ik is the current contributed by the kth photodiode. 

This load current value multiplied by the load resistance 

yields the terminal voltage. By allowing the load 

resistance to vary and repeating this procedure, the solar 

cell I vs. V curve can be generated. From this curve can 

be calculated such things as maximum power point, fill 

factor, and efficiency of the solar cell. 

B. Nonuniform Illumination in the Lateral Direction Only 

When the illumination incident on the front surface 

of the solar cell is uniform in the longitudinal direction 

but still nonuniform in the lateral direction (e.g., a 

line-focusing application), symmetry is introduced. This, 

together with any front collection grid symmetry, enables 

one to regard the entire solar cell as being several 

similar smaller portions operating in parallel. The main 

cause of this is the fact that each photodiode in a line 
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parallel to the longitudinal axis has the same I vs. V 

curve as all other photodiodes in that line. Because of 

this, if two photodiodes are connected in the longitudinal 

direction by a sheet resistance and yet each of these 

photodiodes is the same distance from its corresponding 

busbar and/or collection finger, then there is no potential 

difference across this specific sheet resistance. As a 

result, such resistances may be eliminated from 

consideration in the network model. 

What this means in terms of the first case of two 

longitudinal busbars with no collection fingers is 

illustrated in Figures XIV and XV. Here, there is no 

current in the longitudinal direction, except at the 

busbars, so that the entire solar cell is modeled as 

several similar strips of width 6y operating in parallel. 

The number of photodiodes which have to be considered has 

been reduced from 24 to 6. Each strip now has 7 sheet 

currents. Matrix A is now 7 x 7, Xis 7 x 1, Bis 7 x 6, 

and Y is 6 x 1. The number off-equations required has 

also been reduced from 24 to 6. 

Some nomenclature which has been used in this work 

for the case of longitudinally uniform illumination 

pertains to the photodiodes. In referring to the 

photodiodes, µ has been used to indicate the number of rows 

of photodiodes under consideration while n has been used to 

indicate the number of columns of photodiodes under 



+ + + + 
Figure XIV. Network for a solar cell with two longitudinal 

busbars and exposed to longitudinally uniform 
illumination 
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Figure XV. Top view of the network for a solar 6ell with 
two longitudinal busbars and exposed to 
longitudinally uniform illumination 
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consideration. Using this, the case illustrated in Figures 

XIV and XV corresponds to µ=l (one row for a slice) and 

A VERY important item needs to be mentioned at this 

point. Because of the reduction in the number of 

photodiodes which have to be considered, it is easy to lose 

sight of the fact that the current through the load 

resistance is still the sum of the currents contributed by 

ALL photod~odes in the solar cell, and not just the sum of 

the currents of the photodiodes w~ich are under 

consideration. As a result for this front contact grid 

case, 

instead of what it was under nonuniformity in both 

directions: 

This integer coefficient which appears in front of the 

summation is easily calculated as the total number of 

photodiodes in the entire solar cell divided by the number 

of photodiodes under consideration. 

Returning to the network for two longitudinal 

busbars with no collection fingers, after the solar cell 

has been divided into similar portions operating in 

parallel, one of these portions needs to be analyzed. 



page 56 

This is illustrated in Figure XVI in which both the side 

view and top view of a slice of thickness 6y are shown. In 

this diagram, the photodiodes have been numbered from left 

to right as indicated by the photodiode currents Iphl 

through IphG· The directions of these photodiode currents 

are assigned to be their known directions as dictated by 

the solar cell design and the one-dimensional model. For 

the cell top view in Figure XVI, each photodiode current is 

indicated by the tail of an arrow (a circled "x") to 

represent a current vector heading into the plane of the 

page. The sheet currents have been numbered from left to 

right as indicated by Ishl through Ish?. The directions of 

Ishl and Ish? are also known from the solar cell design and 

are assigned to be their known directions. The directions 

of Ish2 through IshG' however, are not known so they have 

all been assigned to be from left to right. In writing the 

front surface matrix equation AX=BY, seven Kirchhoff 

equations are needed to solve for the seven sheet currents 

in terms of the photodiode currents. Six of these are 

Kirchhoff current equations and one is a voltage loop 

extending from the left busbar to the right busbar, which 

are both at the same potential. The current equations 

follow the pattern (for h photodiodes across) 

I h' - I h' 1 a I h ' S 1 S 1+ p 1 
for i • 1, ... ,h-1 

and 1 shh + 1 shh+l = 1 phh 



Ish2 
--► 

Ish3 

► 
Ish-4 
-► 

Ish5 
--► 

Ish6 
-► 

Iphl Ish2 Iph2 Ish3 Iph3 Ish-4 Iph-4 Ish5 !e,,s Ish6 ~h6 Ish7 
®--► ®-► ® ► ®-► Q9--► Q9.__ 

Figure XVI. Side view and top vi~w of the labeled network 
for a solar cell with two longitudinal busbars 
and exposed to longitudinally uniform 
illumination 'O 
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The voltage loop has the form 

I hl*R /2 s sx I . *R sh1 sx 
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For this research, the above voltage loop equation has had 

Rsx factored out and has been multiplied by two. 

Expressing these equations in matrix form results in the 

equation AXsBY which is, explicitly, 

1 -1 0 0 0 0 0 
0 1 -1 0 0 0 0 
0 0 1 -1 0 0 0 
0 0 0 1 -1 0 0 
0 0 0 0 1 -1 0 
0 0 0 0 0 1 -1 
1 2 2 2 2 2 -1 

I 
1
shl 

1
sh2 

1
sh3 

1
sh4 

1
sh5 
sh6 

1 sh7 

1 0 0 0 0 0 
0 1 0 0 0 0 
0 0 1 0 0 0 
0 0 0 1 0 0 
0 0 0 0 1 0 
0 0 0 0 0 1 
0 0 0 0 0 0 

Multiplying both sides of this equation by A-l yields 

-1 
X=(A B)Y, which is the equation representing the sheet 

currents as functions of the photodiode currents. 

Determining the actual numerical values of the 

elements of Y involves writing one Kirchhoff voltage loop 

equation for each photodiode being considered, which means 

six f-equations for this case. Two such loops are 

and 

f2 • Vph2 - 1loadRload - 1 sh1Rsx12 - 1 sh2Rsx - 1ph2Rb. 

The remaining four loops proceed analogously. Once again, 

!load in these f-equations is the sum of all 24 photodiode 

currents and not just the 6 under consideration. In these 

equations, each combination (V h' ,I h') is one point on the p 1 p 1 
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I vs. V curve for the ith photodiode. The actual operating 

points of the N photodiodes for a given load resistance are 

that set of points (V h' ,I h') for i=l, ... ,N at which the p 1 p 1 

sum of the absolute values of the f-equations is zero 

(i.e., all the individual f-values are zero). 

In examining the other two contact grid 

configurations, several similarities appear in the analysis 

of their networks. For the case of two busbars with 

lateral fingers, the same symmetry argument as was used for 

the previous case results in a line of symmetry equidistant 

from and parallel to the collection fingers. Because no 

current crosses this line, the sheet resistances which were 

previously crossing this line have been eliminated from 

consideration resulting in the situation shown in Figures 

XVII and XVIII. A similar line of symmetry also occurs for 

the case of one busbar with lateral fingers as illustrated 

in Figures XIX and xx. In both of these cases, the 

resistances are the same as those for general 

nonuniformity. The entire solar cell can be regarded as 

several similar portions operating in parallel, each of 

which is centered about a collection finger. In effect 

then, each unit cell in the solar cell is networked to the 

closer finger. 

Another useful feature which arises in these two 

grid configurations is the further symmetry which occurs 

within that portion of solar cell centered about a 



Figure XVII. Network for a solar cell with two 
longitudinal busbars and lateral fingers and 
exposed to longitudinally uniform 
illumination 'O 
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Figure XVIII. Top view of the network for a solar cell 
with two longitudinal busbars and lateral 
fingers and exposed to longitudinally 
uniform illumination 



+ 

Figure XIX. Network for a solar cell with one longitudinal 
busbar and lateral fingers and exposed to 
longitudinally uniform illumination 
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Figure XX. Top view of the network for a solar cell with 
one longitudinal busbar and lateral fingers and 
exposed to longitudinally uniform illumination 




















































































































































































































































	BinderJKS
	BrooksC_1989-3_BODY (1)
	MSThesis(2)(p64-to-p106)
	MSThesis(3)(AppendixA)

	MSThesis(4)(AppendixB)
	MSThesis(5)(AppendixC)
	MSThesis(6)(AppendixD)



