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ABSTRACT 

A DISTRIBUTED PARAMETERS MODEL FOR THE SOLAR CELL 

Fred M. Stuber 

In order to find a method for calculating the optimal 

gridding of p-n junction solar cells, a distributive-circuit- 

element model has been derived. It consists of a chain of T 

elements. They have a resistance in the series path. The 

shunt paths consist of the diode together with the series 

resistance, the shunt resistance and the current source. The 

parameters in the model can be derived from the measurements 

of the cell under reverse biased, forward biased and illuminated 

conditions. The model has been employed to derive the optimum 

stripe separation. This conforms with the prevalent design 

practice. 
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UNITS AND SYMBOLS 

V ^ ± J- JL J. 

Voltage at point x of p-layer surface V (x) V 

Applied Voltage at contact V 
a 

V 

Voltage at cell end V 
e 

V 

Current at x in p-layer I(x) A 

Applied Current at contact I 
a 

A 

Diode current at x JD
(s) A/mm 

Constant diode reverse saturation 
current J 

o 
A/mm 

Constant p-layer resistance per unit 
length p Q/rnrn 

Constant diode series resistance per 
unit length r Q/mm 

Constant shunt conductance per unit 
length g 1/ o mm 

Distance from cell end X mm 

Normalized Distance y 

Length of exposed area w mm 

Contact Width w 
c 

mm 

Output Power p 
a 

W 

Output Power Density Pa 
W/mm 

q/kT = 40 (for room temperature) a 1/V 
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I. INTRODUCTION 

Several resistance components present in solar cells 

cause power dissipation. The loss due to the sheet resis¬ 

tance of the diffused p-layer can be minimized by a grid 

structure contact.^ The purpose of this work is the deri¬ 

vation of a model for the solar cell suitable for the ac¬ 

curate design of an optimal grid. 

Lumped parameter models have usually been constructed 

for the interpretation of certain characteristics of solar 

cells, but most measured properties cannot be very accu¬ 

rately described under these assumptions. An example is 

the potential profile on the surface of the p-layer which 

is due to voltage drops caused by the current flowing through 

the sheet resistance. Optimized grids usually do not conform 

2 
too well with experimentally determined gnddmg. 

In this work a distributed parameter model is derived. 

It consists of a distributed resistance in the series path 

and shunted diodes with series resistance and current sources 

per differential cell length in the shunt paths. The analysis 

of this arrangement leads to a system of three coupled non¬ 

linear first order differential equations. It was solved 
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in closed form assuming negligible values of the diode 

series resistance and the sheet conductance. The general 

system was solved by computer methods. 

Most characteristics of the general model are in good 

agreement with the measured properties of actual cells. 

The model provides a means for accurately determining the 

optimum grid from a few simple measurements on the ungridded 

solar cell. This method would have many advantages over the 

usually very elaborate method of experimental optimization.3,4 

Grid optimization was made with respect to power density 

neglecting the contact resistance. The analysis was made for 

rectangular cells assuming one contact strip at one end (see 

Figure 1). In Section IV a contact grid structure is opti¬ 

mized which consists of a certain number of parallel, equally 

spaced metal strips which are connected together. 



II. EXPERIMENTS 

•k 

Experiments were performed on several commercial cells 

of different sizes, mainly on N220 CG 8% type. The measure¬ 

ments of reverse, forward, and light characteristics are de- 

5 
scribed very well elsewhere. The potentials on the diffused 

p-layer were detected with a thin tungsten wire probe (negli- 

ble shadow) mounted on a micro manipulator. Some difficulties 

arose in making contact. They were overcome by discharging a 

small capacitance through the probe touching the surface. 

The light source was a 500 W/120 V GE Projection lamp. 

The light intensity was varied by controlling the lamp current. 

In order to keep the cells at constant temperature they 

were bedded on a Dow Corning 340 Silicon Heat Sink Compound 

and cooled by air. 

Cells longer than 1 cm were obtained by cutting regular 

cells along the grid lines. 

Equipotential plots were obtained for the surface of the 

cell by measuring the voltage at the surface with respect to 
g 

a given reference point at the p-or n-layer. 

■k 
Manufacturer: Hoffman Electronics Corp., El Monte, California 
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As was mentioned elsewhere , commercial cells are 

often of a poor quality as far as homogeneity is con¬ 

cerned. In fact, the equipotential lines were seldom 

straight lines parallel to the contact as expected, and 

often pointed towards leaks, especially at the edges. It 

g 
has been shown by detailed measurements of local cell 

regions that the cell properties can change considerably 

from region to region in the same cell (probably due to 

imperfect fabrication techniques). The overall performance 

of a commercial cell is therefore made up of a number of 

individual characteristics. 

Measuring cells of different lengths established the 

fact that longer cells showed slightly less variation in 

their overall characteristics. With regard to optimal 

gridding, which can only take account of an average char¬ 

acteristic, long cells were therefore preferred for getting 

data. 

If not otherwise specified, all the calculations were 

made for rectangular cells with one contact and a depth of 

one unit length, i.e., 1 mm. Measurements from larger cells 

were scalled correspondingly. 
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III. DERIVATION OF THE MODEL 

In the following sections the model is built up step 

by step, using successively the p-layer potential profile 

under reverse and forward bias and exposure to light. 

A. Reverse Biased Cell 

A negative voltage was applied to the p-layer contact 

and the potential profile V(x) was measured for constant 

applied voltage V and current I . The results for three 
9. cl 

different applied voltages are shown in Figure 2. 

The characteristic of these measurements suggested 

the model illustrated in Figure 3a. 

Neglecting the n-layer bulk resistance and considering 

the n-layer contact extending over the entire n-layer surface, 

the n type bulk region is represented by a perfect conductor. 

The diffused p-layer is represented by a distributed constant 

resistance, p , per unit length. Furthermore, a shunt con¬ 

ductance, g is assumed per unit length. 

This arrangement is equivalent to a lossy dc transmission 

line and governed by the following differential equations: 

= - I (x) y 
dV (x) 

dx 
(1) 
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FIGURE 2. Potential Profiles Under Dark, 

Reverse Biased Condition 
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A) 

B) C) D) 

FIGURE 3. Model Configurations 
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ai(x) = 

dx 
= - g V (x) (2) 

Taking the second derivative of Equation (1) and combining 

with Equation (2) yields: 

d V (x) 

2 
= - P ^ -- = pg V (x) (3) 

dx dx 

Similarly: 

^—1 = pg V(x) 
(4) 

dx 

The solutions of Equations (3) and (4) are: 

( p g)^ x - ( 9 g)2 x 

V (x) = Ae ' * + Be 

and 

I (x) = Ce 
-l??)1* + De'

('?g) x 

Applying the boundary conditions that Ie 0 at x 

obtain: 

= 0, we 

0 = C + D or C = -D 

Hence: 

and 

or 

I (x) D £e( ? X - e g^X] = 2D sinh (9 g! 

A1 = 2D (0 g)^ cosh ( 9 g)2 x - g V (x) 
dx ’ 

V (x) = 2D(p/g)'2 cosh ( pg)2x 

X 
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At x = 0, we have 

Thus: 

V 
e 

= 2D ( 

Hence: 

V(x) = V 
e 

and 

I(x) = V 

V 

M. Ve ^ 
D = ~ f r. /~\2 

)Sh ( p g)2 x 

I(X) = Ve ( p /gft sinh ( pg)5 

Recalling that V(x) = v and I(x) = i 
cl 

Equations (5) and (6) we obtain: 

V 
a 
— = cosh ( p g)2 w 

(p /gY 

(5) 

(6) 

at x = w and combining 

and 

v ( P/g)2 = sinh ( pgj^ w 
e 

Eliminating (pg)2w from Equations (7) and (8) 

cosh2 [ ( Pg)2 WJ - sinh2 £( pg^wj = 
= 1 

v 1 ’ I "| 
— - a 
V I 
e J L e J 

or 

P 

g 

,, 2 2 
V - V 
a e 

From Equation (7) : 

rr 1 , “1 P g = ~ cosh 
w 

V 

V 

2 

e J 

(7) 

(8) 

(9) 

(9a) 
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Solving Equations (9) and (9a), we obtain: 

2 2 k p = (v - V )2 

a e 
1 .-1 V* W cosh V 
a e 

and 

9 = 2 2 k 
(V - V )2 

a e 

Ca -1 Va 
W COSh ~ 

e 

(10) 

(11) 

V , I , V , and W can be obtained from the measurements, 
a a e 

Hence, Equations (9) and (10) determine the unknown constants 

p and g of a model. Using Equations (10) and (11), p and g 

were determined for a number of different cells. Average 

-5 -1 
values were P = 16 Q /mm and g = 0.623 x 10 Q /mm. 

In order to check the validity of the model the above 

values for p and g were substituted in the equation of po¬ 

tential profile (Equation 5). Computed values of V(x) were 

plotted in Figure 3. 

The measured and calculated characteristics are seen to 

be in good agreement. 

B. Forward Biased Cell 

The potential profiles for two different applied positive 

voltages, V , are plotted in Figure 4. In order to study the 
cl 
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DISTANCE X (MM) 

FIGURE 4. Potential Profiles Under Dark, Forward Biased 

Condition for the Model Without Series Resistance 

g P JQ 

1) 0.623*10“5 0.5-107 
-17 

0.6-10 

2) II 15 
0.1*10 

-24 
0.1-10 
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potential profile obtained, two different models of the 

cell were considered. 

1. Model Without Series Resistance: 

In a first attempt to describe the forward poten¬ 

tial profile, shunt diodes were added to the previously de¬ 

scribed arrangement (see Figure 3b). The diodes are assumed 

identical throughout the cell and being characterized by 

their reverse saturation current, J , determined by material 
o 

properties. JQ is a new unknown constant of the model. The 

other constants are taken as determined previously. 

One can find an analytical solution in closed form 

of the differential equations governing this system if the 

shunt conductance is assumed negligibly small as compared to 

the diode conductance. The differential equations are: 

and 

dV (x) 

dx 

dl(x) 

dx 

P I(x) 

Vx) = -J (e 
aV (x) 

- 1) 

(12) 

(13) 

Introducing the dimensionless independent variable y = — 
W 

and neglecting 1 for the forward biased conditions in Equa¬ 

tion (13) 

1 dV(y) 

W dy p i(y) (14) 



and 
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1 dl(y) 
W dy 

- J e 
o 

av(y) 
(15) 

Combining Equations (14) and (15) we obtain: 

dy2 

2 , aV 
= P W J e 

o 
(16) 

T 4- dV 

Let — = p 
dy 

and 
d2V dp 
~2 = P dV 
dy 

Equation (16) becomes: 

dp 2 aV 
P dV W Jo e p 

Separating the variables: 

2 aV , 
p dp = p W JQ e dV 

and integrating: 

2 p W2 J 
p o aV . _ _   e + c 
2 a o 

and 

[dV 
2 dy 

P w2 J 
o aV 
  e + C, 
a 1 

(17) 

At the end of the cell y = 0 and V = V . J e 
Furthermore, 

dV 
I =0 or ~~ = 0 
e dy 

PW2 J 
Therefore, C = - 

o 
o aVe — e 
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and Equation (17) becomes: 

(g) 

2 2 P W J aVp aV, 
; e - e € (18) 

Separating again the variables: 

dV 

, aV aVe,% (e - e e) 

2 P W J 

, 2 * 
'2 PW J 

o| 
dy = 

dy 

aV 

1 + [e
a<v-v0)_^ j;a(v-ve)_1j -i 

1 a<v“ve>j — e ae dV 
a  

a(V-Vj J1 *5 
(19) 

Making the following substitution 

and 

U = [ea(v-Ve> -j] 

, x a(V-V ) 
du h ae e 
dV j^a (V-Ve) J h 

Equation (19) becomes: 

aV„ 
P W J a 

o 
dy = 

du 

1 + u 

Integrating both sides yields: 

aV 
e r 

P W J a 
o 

y = arctg u(v) + C. 

(" a(V-V_) ~\h 
= arctg [e v e -lj + (20) 
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Since at y = 0, V = Vg it follows from Equation (20) that 

C ^ = 0 . Then: 

a (V-Ve) , ^ 2 
e e = 1 + tan 

r aV e 1 2 \ 35 1
 W P JQ a\ 2 

e >1 C
M
 

- \ / J 

(20a) 

and finally: 

1 2 
V(y) = V + — In sec J e a 

’ aVe 
h JQ a^ 2 

e 2 J Y 
- / J 

(21) 

which is the potential as a function of y. 

1 clV 
From I(y) = - —— -r— one readily gets the current in the 

J P W dy J 

p-layer as a function of y: 

fX®. / 2J (2 

i (y) = -e 2 hr? tan 
aV, 

p J a 
^2 

F) (22) 

or using Equation (20a) as a function of the potential V: 

2J 
I (V) = -eaVe 

P a 
o a(V-Ve) _I (23) 

For checking purposes one can substitute y = 1 and apply 

L'Hospital's rule to Equation (22) for P —+ 0. This should 

yield the applied current for an ideal cell with no sheet 

resistance: 

I 
a ideal 

lim 
P -*■ 0 

aV„ 

2 
e 

aV0 2 % s / W J a\ x 
2 ( 0 ] p H 

tan _e V 2 / 
is 

( P ) 2 
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I = W J eaVe a.e.d. 
a . , n ° 

ideal 

Combining Equations (21) and (23) one obtains the following 

expressions for p and J for y = 1: 
o 

a 

These last two equations are of particular interest. p and 

J can be determined from the quantities V , V , I (and W) 
o a e e 

which are determined from the measured forward-potential pro¬ 

file. If this model is valid and consistent with the one 

previously derived from the reverse potential profile the 

following requirements have to be satisfied: 

a) Different sets of values for V , V , and I 
3. G a 

should yield the same p and J , 

b) the p determined here should be in agreement 

with the one previously determined from the reverse char¬ 

acteristic, and 

c) the values for p and JQ obtained from Equa¬ 

tions (23) and (24) can be substituted into Equations (21) 
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and (22) for the calculations of the potential profile. The 

result should be identical with the corresponding measurement. 

The above measurements and calculations were made 

for a number of different cells and applied voltages. It 

turned out that none of the mentioned requirements were satis¬ 

fied. The values of p and J for different values of V , V , ¥ o a e 

and I varied as much as 15 orders of magnitude. They did not 

conform with the ones previously determined. The calculated 

potential profiles V(x) are plotted in Figure 4 together with 

the measurements from which the corresponding p and JQ were 

determined. There is a drastic disagreement between measured 

and calculated plots. 

The plots of the calculated values of V(x) in Figure 4 

provide some hints for the improvement of the model. Close to 

the contact the slope is too high while closer to the other end 

of the cell the prediction is close to reality. The whole 

function is very similar to a transmission line characteristic. 

One has to keep in mind, however, that the shunt resistance 

(which is the diode forward resistance) is a function of the 

voltage across the diodes. It can be estimated for voltages 

close to the contact and to the other end of the cell. Sketches 

of transmission line characteristics with these resistances as 
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shunt elements have many similarities. The dependence on 

the constants suggests that the increase of the shunt re¬ 

sistance will produce a smaller slope. 

2. Final Model: 

now assume the improved model of Figure 3c, where r is a 

constant diode series resistance per unit length. The 

diodes are still characterized by JQ and identical through¬ 

out the cell. The values for p and g are known from the 

section on reverse bias. The equations describing this 

agreement are derived from Figure 3c. 

With regard to the previous observations we will 

dV(x) 

dx 
P I(x) (26) 

dx 
gv(x) - JD(x) (27) 

V (x) = VD(x) + JD(x) r (28) 

From 

Follows 

inserted in Equation (28) 

V (x) 
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or 

dV 

dx 

1 
a 

1 1 

J 
o 

ffo 
dx 

+ r 
% 
dx 

dv 
dx 

1 

a (J + J ) 
D o 

+ r 
dx 

Substituting the value of — in Equation (26) , we obtain 

dJD (x) 

dx 

p a [ JD (x) + JQ ] 

1 + r a [ JD(x) + J ] 
I(x) (29) 

The independent variable can be normalized for computational 

convenience 

y = 
x 

W 

and Equations (26), (27), and (28) become: 

dJD (y) 

dy 

p W a [ JD (y) + JQ ] 

1 + r a [ JD(y) + JQ ] 
I (y) (30) 

d I(y) 

dy 

dV(y) 

dy 

W [g V (y) + JD(y)] 

p i(y) w 

(31) 

(32) 

This is a system of non-linear, coupled, first-order differ¬ 

ential equations. There are three boundary conditions 

necessary for a unique solution. One is given by the physical 

configuration of the cell and stems from the fact that the 
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current in the p-layer disappears at the end of the cell, 

i.e., I(y = 0) =1=0. The remaining two boundary con¬ 

ditions enter the problem as experimental constraints. 

They are not independent of each other. Assuming V or V 

as one of them enables us to determine J or J bv the 
D D * 
a e 

following argument (see Figure 3c) 

a(V-r JD) ,D-, [ D o -1 

iln hr -1 - (v-r V = 0 (33) 

L o J 

This is a transcendental equation relating and V and can 

only be solved numerically. Newton's method was used to 

determine for given V. 

The fact that two boundary conditions are not inde¬ 

pendent stems from the differential equations being coupled 

with each other. 

Taking V (and J ) and I = 0 as the boundaries, 
a D e 

a 
the problem becomes a boundary value problem. Taking (and 

) and I = 0 we obtain an initial value problem. The latter 

a 

is much more suitable for numerical computations, but has the 

disadvantage of involving quantities which are only of minor 

interest, namely V0 and VD instead of the directly applied 
e 

quantities V and Jn . 
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The system of Equations (30), (31), and (32) is 

not solvable analytically. The only solution in closed 

form that could be found was by setting r = g = 0. This 

case is discussed in the previous section. 

Our approach was therefore the solution of this 

problem with either an analog computer or a digital computer. 

These two possibilities are discussed in the following 

sections. 

(a) Solution of the Differential Equations with 

an Analog Computer: 

The quickest way to solve a problem of this 

nature is usually to use analog techniques. We used a PACE 

TR 10 analog computer. Due to the inaccuracy of multipliers 

and dividers of this device it appeared to be impossible to 

get satisfactory solutions of this problem. It was at best 

possible to obtain a forward potential profile which con¬ 

formed only roughly with the solutions obtained with other 

methods. (But it was impossible to obtain a solution for 

the potential profile of the illuminated cell.) This method 

of solving Equations (30), (31) , and (32) was therefore dis¬ 

carded . 
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(b) Solution of the Differential Equations with 

a Digital Computer: 

Equations (30), (31), and (32) were solved on 

an IBM 7040 digital computer with a standard program for the 

solution of systems of first order differential equations 

7-10 
using Adams-Moulton's method with a Runge-Kutta starter. 

The program was checked for r = g = 0 and the 

parameter values as used in Section III for the analytical 

solution of the simplified system. 

For the sake of simplifying the numerical compu¬ 

tations, it was decided to take V , J-. , and I for boundary 
e D

e 
e 

conditions of the differential equations. In order for the 

model to be valid, the solutions, therefore, had to fulfill 

the following requirements: " 

(a) the computed values of V(y = 1) = V and 
cl 

I(y = 1) = I had to be identical with the measured quantities 
cl 

corresponding to the initial values of V(y = 0) = and 

I (y = 0) = 1^, and 

(b) the computed V(y) had to conform with the 

measured V(y). 

The values of p and g were known from previous 

sections. The problem was therefore to determine the values 
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of r and JQ SO that the above requirements were fulfilled. 

Figure 5, which shows some of the dependence of the solution 

on the values of r and JQ suggested the following procedure. 

With some assumed values of r and Jq, V(y) and 

I(y) were computed. In a first iteration, the value of r was 

altered until the value of V(y = 1) became identical with the 

corresponding measured value. If the resulting value of 

I(y = 1) was then not the same as the measured quantity, the 

value of J was altered. With this new J , the iteration for 
o o 

the determination of r was started again. This procedure was 

continued until the computed values of V and I were identical 
a e 

with the measured ones. The functions V(y) and I(y) corre¬ 

sponding to this case are plotted in Figure 5 (curves 3 and 

4 for two different applied voltages). Computed and measured 

plots are seen to be in good agreement. 

The values obtained were: 

J = 0.411 • 10-11 A/mm 

r = 55.6 ^ /mm 

The p-layer current, I(x), and the diode current, J^(x), are 

plotted in Figure 6. 

The reverse characteristic of this arrangement 

was calculated, compared with the results of Section IIIA, 

and found to be consistent. 
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This model appears to be a good description 

of the cell under a dark condition as far as the properties 

so far discussed are concerned. The step leading to a model 

for the solar cell under light is discussed in the next 

section. 

C. Illuminated Cell 

Potential profiles for a cell under light are plotted 

in Figure 7 for a short circuit condition. 

The previous model is modified by placing a current 

generator J parallel to g in each differential element. 
R 

(See Figure 3d) 

The quantity J , called the light generated or radiation 

generated current, is proportional to the incident light in¬ 

tensity, if the spectral distribution of the radiation is not 

varied. The magnitude of this current is further determined 

by material and geometric factors of the differential cell, 

but is independent of the current-voltage characteristic, 

V(y)-I (y) -5 

J is not directly accessible to measurements but can be 
R 

estimated from the open circuit voltage of the cell. Under a 

circuit condition I(y) =0, JR flows through the shunt 
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FIGURE 7. Potential Profiles Under Short-Circuit, 

Illuminated Condition 
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conductance g and the series connections of r and the diode, 

causing the open circuit voltage V . The current flowincr 
oc J 

through g is seen to be several orders of magnitude smaller 

than and can be neglected. Under these assumptions: 

J = J (V ) 
R D oc 

This equation is equivalent to Equation (33) and yields J 
R 

as a result of the incident light, e.g., V 
• oc 

The above model is described by the following equations: 

dJD(y) 

dy 

ai(y) 
dy 

p W a [JD(y) + Jo ] 

1 + r a [jD(y) + JQ] 

J
R - [gv(y) - JD(y)] w 

Ky) (34) 

(35) 

dV (y) 

dy 
P i(y) w (36) 

Equations (34) and (35) are identical to Equations (30) and 

(31) respectively. 

Using essentially the same computer program as in the 

previous section, the above equations can be solved for known 

values of V , V , J_ , and I . 
oc e D e 

e 

The procedure had to be modified slightly for high levels 

of incident light, because the potential profiles of actual 

cells appeared to be very sensitive to cell damages, such as 
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leaks. The upper measured curve in Figure 7, for example, 

clearly indicates a leak at the end of the cell. In such 

cases, VQC was adjusted so that 1^ became equal to the measured 

output current. The calculated potential profiles are plotted 

in Figure 7 together with the corresponding measurement. The 

deviations close to the cell ends are due to the leaks in the 

cells. The p-layer and diode-currents are plotted in Figure 8. 
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IV. APPLICATIONS 

So far our attention has been concentrated mainly on 

two characteristics of the solar cell, the potential profile, 

measured on top of the p-layers, and the corresponding out¬ 

put current. Two specific values of the surface potential, 

V and V , and the output current I of the cell under reverse, 
0 3. a 

forward, and light conditions, have essentially been used to 

determine all the constants of our model. In this section 

they are used for the determination of optimal cell geometries 

and the cell forward characteristic. 

A. Optimization of the Cell Geometry 

The feasible length of a cell with one contact is limited 

mainly by the p-layer resistance, p . The length can be opti¬ 

mized by maximizing either the power per cell or the power 

£ 
density, i.e., maximum power per unit cell length. The latter 

approach is important for gridded cells. Before discussing these 

two possibilities, some remarks have to be made about the losses 

associated with a contact. 
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1. Losses at the Contact: 

So far, the contact to the p-layer was assumed to 

be of negligible width and to cause negligible loss. This 

assumption was justified because the current lost at the 

contact was negligible compared to the total output current. 

If one operates with very short cells however, the losses at 

the contact become an important factor. 

V (y) under the metal contact is assumed to be 

constant and equal to V . The contact is regarded as a 

perfect conductor. It has been observed that the metal to 

semi-conductor resistance is very small and is therefore 

3 4 
neglected. ' Since light does not reach this region, the 

light generated current,J is equal to zero and the whole 

region can be lumped into a forward biased diode. Thus, 

the output current collected at the contact is decreased 

by the current flowing through this diode. Since the contact 

width has to be added to the cell length, there will be a de¬ 

crease in the current, and power density. 

In the following discussions and calculations the 

losses at the contact will be taken into consideration. 
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2. Optimal Length of an Ungridded Cell; 

Figures 8 and 9 clearly show that the feasible 

length of a single cell is limited. The plot of I(x) for 

a 2 cm long cell in Figure 8 shows that those parts of the 

cell at a distance greater than about 1 cm do not contribute 

significantly to I(x). An increasing amount of light generated 

current in this part flows through the junction (JD in Figure 8). 

Another aspect is illustrated in Figure 9 where the 

output current I is plotted versus the cell length. It is 

seen that I increases almost linearly up to a certain length, 

which depends on the applied voltage. Then I levels off 
cl 

sharply to a constant value. A cell for maximum short circuit 

current should therefore have a length of about 1 cm. 

Since the point where there is no further increase 

of I is dependent on V a plot of the output characteristic 
cl cl 

I = f(V ) for different cell lengths, W, is more instructive, 
cl 3. 

see Figure 10. Longer cells loose the favorable square 

character of their V-I characteristic and the points of maximum 

power get closer together. The latter point is more clearly 

illustrated in Figure 11 where the maximum power is plotted 

versus cell length. For cell lengths greater than about 9 mm, 

the maximum power hardly increases with an increase in W. This 

length is therefore the optimum length for an ungridded cell. 
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Illuminated Cell. V = 0.5 V. 
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FIGURE 10. Output Characteristics Under 

Illuminated Condition. 
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3. Optimizing a Gridded Cell: 

For certain applications, e.g. limited space, the 

power density, i.e. the output power per unit length of the 

cell, rather than the maximum power is of major interest. 

The power density 

P 
p _  -  
a W + W 

c 

is plotted in Figure 12 for various contact widths, W , as 
c 

a function of the cell length. 

Figure 13 illustrates the variation of the peak of 

maximum power density. The maximum available power density 

increases with decreasing contact width. At the same time, 

the corresponding optimum length is decreasing (which means 

that the number of contacts for a gridded type cell of a 

given size is increasing). 

The commercial cells used here have a grid contact 

width of 0.075 mm. According to our calculations, see 

Figure 13, the optimum cell length is 1.5 mm, which corre¬ 

sponds to a spacing of 3 mm between contact strips on a 

gridded cell. This value corresponds exactly to the one 

measured on actual cells. 
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CONTACT WIDTH WQ (MM) 

FIGURE 13. Variation of the Peak of Maximum 

Power Density with the Contact Width. 
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B. Forward Characteristic 

Calculated and measured forward characteristics 

I = f(V ) are plotted in Figure 14. 
cl d. 

Taking into consideration only radiative recombinations 

of the electrons and holes created by the incident photons, 

the forward characteristic of a junction without illumination 

is given by: 

The junctions in modern solar cells do not exhibit the ideal 

behavior of this equation but are described by a relation of 

the type: 

where A and J are introduced to fit this curve to experimentally 

determined curves. Values for A between 1 and 2 can be inter- 

6 
preted m different ways. 

Typical values for A of 3 or even higher are obtained, but 

their explanation is not clear. 

Using the model of Section III. B. 2. the factor A can 

(37) 

o 

be calculated in the following manner: 
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FIGURE 14. Forward Characteristic 

Under Dark Condition. 
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From Equation (37) : 

aVi 

In I = In J + In 1 e A -1 
1 o 

and 

In I = In J + In 
2 o 

aV2 

i A -1 

(38) 

(39) 

For — ^ 4 the factors 1 on the right hand sides can be 
A 

neglected. Substracting Equation (38) from (39) and re¬ 

arranging yields: 

A (40) 

This equation determines A from a pair of subsequent points 

of the output characteristic, which are either measured or 

calculated. A was calculated for a variety of different 

constants, g, p , r, and Jq, in order to determine their 

influence on A. The results are plotted in Figure 15. For 

p = g = r = 0 (curve a), which corresponds to an ideal 

junction, A = 1. 

For either P ^ 0 or r ^ 0 or both r ^ 0, P ^ 0, A in¬ 

creases for voltages V £ 0.4 volts (curves b and c). It 
cl 

is seen that values of A based on calculated and measured 

output characteristics conform at high values of (curves 
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FIGURE 15. Fitting Constant A 

p g r Jo 

a) — 0 0 0 0 

b) 0 16 6-lcf 6 0 5•10~12 

c) A 0 6•10~6 84 5•10~12 

d) o 16 6•10~6 84 5-10-12 

e) + 16 0 84 5 *10_12 

f) measured 
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d and e). For g = 0 and any value of p , r, and J , A 

approaches 1 for V 4 0.4 volts (f). The influence of g 

is demonstrated by curve a. For values g ^ 0, A increases 

for decreasing voltage V . Such behavior was not observed 

in our experiments but has been reported elsewhere.^ 

The measured dependence of A in the range of be¬ 

tween 0.3 and 0.6 volts, however, did not agree with the 

calculations. A does not seem to be explicable on the basis 

of a general shunt resistance. The above results indicate 

that the high values of A are probably a consequence of in¬ 

adequate knowledge of the junction characteristics. 
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V. SUMMARY AND CONCLUSIONS 

The model for the solar cell developed in this paper 

includes 5 constants. Their determination can be summarized 

as follows: (Sections III. A, B, and C) 

a) Measuring a set of V , V , and I of the reverse 
G cl cl 

biased call. Calculating p and g. 

b) Measuring V , V , and I of the forward biased cell. 
G cl G 

Calculating r and Jq. 

c^) Measuring V of the illuminated cell. Calculating 

JR* 

c^) Measuring I of the illuminated short circuited 
sc 

cell. Calculating JR. 

The model was used to calculate certain characteristics 

and properties. The following conclusions were drawn: 

a) The calculated potential profiles for the cell under 

all three conditions are in satisfactory agreement with the 

measurements (Sections III. A, B, and C). 

b) The output-characteristic-current and -power were 

calculated as a function of the length of the active area of 

the illuminated cell. The optimum length was determined from 

these features (Section IV. A. 2.) 
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c) The output power density was calculated as a 

function of the length of the active area and of the 

width of the contact strip. The optimum length for 

maximum power density was determined as a function of the 

contact width. An optimal grid thus determined is in agree¬ 

ment with practice (Section IV. A. 3.) 

d) The calculated forward characteristic of the model 

deviates somewhat from the measurements. The fitting constant 

A was calculated for different model constants. High values 

of A in a certain range of the applied voltage could not be 

explained. They seem to be due to some unknown properties of 

the p-n junction (Section IV. B.) 

Most calculations were based on numerical methods and 

were performed on a digital computer. All computations for 

the model constants and for an optimal grid, for example, can 

be combined in a single computer program. 
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