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ABSTRACT 

Presented here is an analysis of some of the 

existing methods used for the determination of the series 

resistance of solar cells which is one of the key parameters 

in solar cell fabrication and technology together with the 

diode ideality factor and the reverse saturation current. 

These methods are based on the network analysis of the 

single-exponential lumped constant parameters model which 

has been accepted as being operationally sufficient to 

describe the current-voltage characteristics of the solar 

cell. 

The methods analyzed in this study are divided into 

two main groups. Methods using two I-V characteristics and 

methods using a single I-V output curve. For comparison 

purposes, all methods are applied first using data extracted 

from existing I-V curves and then using in-lab measurements 

of a commercial solar cell. It is demonstrated that the 

determination of the series resistance of solar cells using 

two I-V characteristics has several advantages over methods 

using a single I-V output curve. It becomes evident that 

methods which use a single I-V output curve are only 

accurate for cells operating under very high illumination 

xiii 
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conditions. At normal intensities, however, such methods 

result in erroneous Rs values. This is due to the 

assumption of a constant diode ideality factor along the 

entire I-V output curve used in the derivation of these 

methods. It is shown that this assumption is inaccurate at 

normal intensity levels and can be appropriate only under 

very high illuminations. 

Three new methods are proposed in this study. One 

of the methods presents a new approach in determining the 

solar cell equation parameters. The new approach relies 

upon treating the diode ideality factor of the solar cell as 

a variable that is a function of both the terminal current 

and the light intensity level. The method uses two I-V out

put curves at different illumination levels in determining 

all solar cell parameters: The series resistance. the diode 

ideality factor and the reverse saturation current. 

Although somehow tedious. the new approach shows that, for 

accurate modeling of solar cells and prediction of illumina

ted characteristics at different light levels based on the 

single-exponential model. the diode ideality factor should 

be treated as a variable while the series resistance is held 

constant. Comparison between all methods is presented and a 

reasonable judgement and recommendations concerning the best 

method to be used are given. 



CHAPTER 1 

INTRODUCTION 

1.1 Solar Cells: History 

The idea of being able to get useful energy from the 

sun has been a dream of scientists for centuries. What is 

needed to utilize the energy in sunlight is some efficient 

way to convert the radiant energy in sunlight into some form 

of energy that is easier to use, such as electrical energy. 

Photovoltaic energy conversion is the direct transformation 

of light into electrical energy. The Photovoltaic effect 

was first discovered by Becquerel (1839) who observed the 

effect in electrolytic solutions [I}. In 1877 Adams and Day 

[21 observed the photovoltage developed across a selenium

metal junction when exposed to sunlight. The n-p solar cell 

was realized at Bell Laboratories by Chapin and co-workers 

[3] in 1954. It had an efficiency of 6%. It was this 

device realized by Chapin which, with its unusally high 

efficiency compared to previous devices, showed that a 

possibility existed for the direct useful conversion of 

solar energy into electricity. 



1.2 Solar Cells: Principles 

A solar cell is made by placing a thin layer of 

n-doped silicon in intimate contact with a layer of p-doped 

silicon thus forming an n-p junction. When the cell is 

flooded by a stream of solar radiation, photons from the sun 

having energy E > Eg , where Eg is the band gap of the 

semiconductor material, will interact with the solar cell. 

The following cases can occur as shown in Fig. 1. 

1. The photon is reflected at the surface. This is a 

loss for the device efficiency. 

2. The photon is transmitted completely through the 

device. This is a loss for the device efficiency. 

3. The photon generates an electron-hole pair in the 

space charge region (w). The electric field 

separates the two carriers with the electron 

drifting toward the n region and the hole toward 

the p region. 

4. The electron-hole pair is generated in the semi

conductor bulk. Assuming the generation to occur 

in the n-type material, if the generation occurs 

close enough to the space charge region, the hole, 

by diffusion, can reach the space charge region and 

be drifted in the p-type material resulting in a 

charge separation like case 3. 



figure 1. A pon planer junction exposed to soiar raciatlon. 
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Rgure 2. Maximum conversion efficiency and energy gap. 



5. The electron-hole pair. once generated, recombines 

without any contribution to the external current. 

The recombination can occur in the material bulk. 

in the space charge region and at the semiconductor 

surfaces. Opposite carriers generated by different 

photons may also recombine. 

The material most commonly used to make photovoltaic 

converters is silicon. Research has been conducted 011 

practically every semiconductor material and while theoret

ical efficiencies have looked very promising for many of 

them such as GaAs. Cadmium sulfide (Cu2S-CdS). InP. CdTe, 

and GaP, experimental results and cost considerations have 

always confirmed silicon's superiority for a combination of 

higher efficiency and lower cost. The silicon may be single 

crystal where the atoms align themselves in a perfect 

pattern. Another form of silicon that is much cheaper to 

produce than large single crystals and will also work in 

photovoltaic applications is polycrystalline silicon. 

Polycrystalline silicon is granular in nature. The size of 

the crystallites depends on the conditions under which the 

silicon is cooled. Silicon cells made from polycrystalline 

silicon are somewhat less efficient in converting sunlight 

into electricity typically about 10%. Even amorphous 

silicon, the noncrystalline material, can be used to make 

solar cells. Amorphous (without form) silicon is silicon 



that has no crystal properties. The silicon atoms in the 

solid are randomly distributed. Very little semiconductor 

material is used and expensive crystallization procedures 

are bypassed. Amorphous silicon films are doped either with 

hydrogen or flourine to make improved material. Since a very 

small amount of material is used and the crystallization 

step is avoided, amorphous silicon cells are very 

inexpensive. Conversion efficiencies of amorphous silicon, 

however, are much lower. Typically. 3-6 percent. compared 

with 15-16 percent for single crystal cells. 

Solar cells can be made from a number of materials 

other than silicon and formed in a variety of designs. 

Cells are classified both by material and by the type of 

junction they employ. One of the materials used in solar 

cells today is cadmium sulfide. The solar cell made from 

this type has a layer of copper sulfide formed on a layer of 

cadmium sulfide. Since dissimilar materials are used, the 

contact zone is called a heterojunction. Cadmium sulfide 

cells are relatively easy to manufacture. inexpensive, and 

have achieved conversion efficiencies of about 8 percent. 

Another material often used in solar cells is gallium 

arsenide. Gallium arsenide is far more expensive than 

silicon. However, gallium arsenide solar cells are able to 

operate at higher temperatures and have greater radiation 

tolerance, making them attractiv~ for some special 

applications. Gallium arsenide is one of the best materials 



known for use in concentrators. Concentrators focus sun-

light on a small area and produce high intensities and 

temperatures. Moreover, GaAs may be produced either in 

single crystal form or as a polycrystalline thin film. 

Efficiencies approaching 25 percent have been demonstrated 

with single crystal GaAs cells, while 15 percent conversion 

has been attained with thin film GaAs devices only 1-2 

micrometers thick. 

Some of the more promising semiconductor materials 

and their theoretical efficienci~s for converting sunlight 

into electricity are: 

Material 

Germanium 

Cadmium Sulfide 

Silicon 

Cadmium Telluride 

IndiUCl Phosphide 

Gall ium Ars enide 

Aluminum-Antimonide 

Haximum Conversion Efficiency. 

13 

18 

25 

25 

26 

27 

27 

Figure 2 shows the efficiencies of a number of solar 

cells as a function of their energy gap Eg . 

Several loss factors add up and contribute to the 

decrease in cell efficiency. That prevents the cell from 



achieving maximum theoretical efficiency. The losses can be 

divided into two groups. 

1. Basic loss mechanisms which are fixed and cannot be 

reduced for a given cell material, these include the 

following; 

a) A loss due to the unused part of the sun's 

spectruID due to the non-production of electron-

hole pairs for photon energies less than the 

band gap energy (E < Eg). 

b) A loss due to the unused part of the energy of 

the electron above the band gap energy which 

COIlverts to heat. 

c) A loss due to the fact that the open circuit 

voltage (Voe) is less than the energy gap (Eg ). 

2. Modifiable losses for which certain improvements can 

be expected, these losses include: 

a) The collection efficiency loss which is due to 

recombinations both in the bulk and at the 

surface (top and bottom). 

b) Reflection losses from the cell's top surface. 

c) Junction losses due to recombination in the 

depletion region, tunneling, and heat loss due 

to currents traversing the junction (ideality 

factor) . 



d) Curve fill factor loss which arises from the 

departure of the maximum power point from the 

product IscVoc' 

e) The loss in the series resistance Rs of the 

solar cell. 

Among all the.se loss mechanisms the serie8 

resistance stands to be one of the most important factors 

because of the possibility of reducing its effects through 

fabrication. The internal series resistance is a parasitic, 

power dissipating factor. Several authors have described 

the effects of series resistance on solar cell performance 

[5-7). Because of the series resistance, the maximum 

achievable output power of a solar cell is decreas~d. In 

normal sunlight conditions, 10-20% of originally available 

power can be lost just from an additional series resistance 

of one ohm [5 J • From a measurement of the series resistance 

of a solar cell, useful information can be fed back to a 

production process both for control and for further 

development of cell performance. 

Several methods [7-13] have been presented for the 

determination of the series resistance of solar cells (Rs ' 

which is one of the key parameters in solar cell fabrication 

technology. Other important parameters are: the saturation 

current (1 0 ) and the diode ideality factor (n). 



It is the intent of this work to fully analyze and 

investigate some of the various available methods used for 

determining the series resistance of solar cells as well as 

the saturation current and the ideality factor. In 

addition I three new methods will be presented. A comparison 

between all methods will follow leading to reasonable 

recommendations about the usefulness of each method. 



CHAPTER 2 

SOLAR CELL CHARACTERISTICS 

2.1 Ideal Solar Cell Model 

Mathematical relationships can be found to help 

explain solar cell action. Since the p-n junction solar 

cell is essentially a diode, it can be anticipated that the 

solar cell equation will be a modified diode equation. 

The basic ideal diode equation is: 

(2.1.1 ) 

and is found drawn in Fig. 3. 

In Eq. (2.1.1) the following parameters are defined: 

* I is the total diode current. 

* 10 is the reverse saturation current. 

* B = q/nKT with q the electron charge 

(1.6x10- 19 caul.) 

K the Boltzrnan constant(B.625xlO-5 e.vrK) 

T the absolute temperature in degrees 

kelvin 

n the diode ideality factor. 

10 



* V is the external voltage applied to the diode 

called the bias voltage. 
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When the diode is forward biased then V is positive 

and if e BV » I, the curve assumes an exponential function 

between I and V as shown in the first quadrant of Fig. 3 

When reverse biased, then V is negative and if e BV « 1, the 

current becomes 10 as depicted in the third quadrant. When 

there is no external bias, V=Q and no current flows. 

When the cell is illuminated. electron-hole pairs 

are created and then separated by the junction where holes 

and electrons accumulate on either side of the junction. If 

the cell is short circuited, current will flow externally 

through the short frOID p to n which is the external current 

direction for a reverSE: biaded unilluminated diode as shown 

in Figs. 4 and 5. 

In actuality the junction is forward biased by its 

own generated voltage I but when illuminated it becomes a 

voltage source causing the current to flow externally in the 

direction of an unilluminated reverse biased diode. Thus the 

current will appear on the I-V plot as a negative current 

(in the same direction as the reverse saturation current). 

If IL is the current generated by the light I then. under 

short circuit conditions, V=O and 
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Figure 3. Dark diode characteristic. 
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Figure 4. Reverse biased dode. 
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If the cell is illuminated with an open circuit. the 

external current I is zero. but an internal current can flow 

from p to n due to the build up of holes and electrons 

across the junction. Hence, the light current will equal 

the current through the diode as if it is forward biased by 

the open circuit voltage, i.e.: 

If instead of a short or an open circuit a load is connected 

to the cell, the solar cell equation becomes 

(2.1.2) 

Equation (2.1.2) can also be written as: 

(2.1.3) 

The effect of adding light to a junction is to shift the 

entire curve negatively by the value of I L. This is shown 

in Fig. 6. Operation in the fourth quadrant yields positive 

voltage and negative current resulting in a negative power 

signifying a power source or photovoltaic effect. 

An equivalent circuit can be drawn for the ideal 

solar cell as found in Fig. 7, where: 
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Rgure 5. 5hort circuited cell under illumination. 

Rgure 6. Effect of light on dark diode characteristic. 
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The equivalent circuit is a constant current source 

1L in parallel with a diode connected in the forward 

direction. These two components constitute the solar cell 

enclosed in the dotted line. Across the terminals of the 

cell A and B. the load is placed with the current I flowing 

through it. 

A conventional way of drawing the I-V characteristic 

curve of a solar cell, however. is shown in Figure 8. The 

curve is drawn in the first quadrant thus showing the 

current I on the conventional positive Y-axis although it 

has actually a negative numerical value. 

Three points on the V-I characteristic are of prime 

importance. These points are: 

2.1.1 The Short Circuit Current Point 

From Eq. (2.1.2), at short circuit V 0, hence: 

(2.1.4) 
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FIgIn 7. EIPvaIenI Circuit of an ldaalsolar cell. 
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fig ... a. l..v output cIa'IIcIarllIIIc of a solar cell with 
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2.1.2 The Open Circuit Voltage Point 

At open circuit I = 0, and from Eq. (2.1.2), 

o = I e BVoc 
o 
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A typical value for the ratio Io/IL for a silicon solar cell 

at 25°C and 1 sun is 10-10 , hence 10 can be neglected with 

respect to IL and the above equation becomes: 

(2.1. 5.) 

Rearranging, the open circuit voltage can be written as: 

(2.1. 6) 

The same equation can be obtained directly from Eq. (2.1.3) 

by substituting I = 0 and V = Voe 

2.1.3 The Maximum Power Point 

The main function of a solar cell is to produce 

useful power from the sun. The cell should be designed and 

fabricated to obtain the maximum power possible from the 

sun's radiant power. The output power is given by: 

P V x I 

V[Io(eBV - 1) - ILl 

For maximum power, V "" Vrn and: 

BV BVm 
dP/dV = 0 = Io(e m - 1) - IL + Vm loBe 

Neglecting 10 with respect to 1L , 
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(2.1. 7). 

- BV 
Substituting 10 from Eq. (2.1.5) (10 ILe DC into Eq. 

(2.1.7) and rearranging, 

(2.1. 8). 

Once Vm is four~d 1m can be found using the two equations: 

BV 
IL = 10 e m(1 + BVm) 

and, 

Eliminating to from the above two equations. 

or 

(2.1. 9). 

An alternative way of expressing Vm is to substitute the 

expression of 10 from Eq. (2.1.5) into Eq. CZ.1.3). The 

following equation results: 

(2.1.10) . 

At the maximum power point V = Vrn and 11m, hence: 

(2.1.11). 
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Comparing Eqs. (2.1.8) and (2.1.11) the following results: 

rearranging, the equation becomes: 

which is the same as Eq. (2.1.9). 

2.1.4 Slope of the V-I Characteristic 

From Eq. (2.1.2) the slope of the V-I characteristic 

at both the short circuit point (V = 0) and open circuit 

point (I = 0) can be found from the derivative dI/dV: 

At short circuit V = 0, and: 

At open circuit V = Voe 

dI/dVI = 

I=O 

and: 
BV 

BIOe CC. 

which can be written, using Eq. (2.1.5), as: 

(2.1.12) . 

(2.1.13) . 
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or 
dV/d1 I = l/B1L 

1=0 

(2.1.14). 

2.1. 5 Curve Fill Factor: 

One of the measures of a solar cell is the ratio of 

the maximum power to the ideal power. This parameter is 

called the curve fill factor eFF and is expressed by the 

equation: 

(2.1.15). 

2.2. Non-Ideal Solar Cell Model 

Two internal resistances can occur in a solar cell. 

One of them is a resistance Rs' and is found in series with 

the current path of the cell. Any opposition to the flow of 

current anywhere in the cell will contribute to the value of 

Rs' The series resistance of a solar cell is defined as the 

resistance due to the electrical contacts. the base (bulk) 

region and the spreading resistance from the front layer 

(the sheet resistance). The other resistance is the shunt 

resistance Rsh ' representing any leakage currents across the 

cell that would provide current paths other than going 

through the load. These resistances can degrade the 

efficiency of the cell by affecting the shape of the I-V 

characteristic. Usually in well fabricated cells Rsh will 

be many times larger than that necessary to notice any 
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change in the curve shape, and its effects can be neglected 

so that Rsh can be deleted from the solar cell model. 

While the contact resistance can properly be 

represented by a lumped resistance, the sheet resistance and 

the bulk resistance are distributed throughout the device. 

Several authors have proposed distributed parameter models 

for solar cells [6,7]. but be.cause of the complexity of 

these models. easy extraction of useful information is 

difficult. Thus the simple lumped constant-parameters model 

(Fig. 9) has been accepted as being operationally sufficient 

to describe the current-voltage characteristic of solar 

cells. However. it must be recognized that whatever 

parameters are derived from this model, they are 

approximations. but yet very useful. 

Another factor which has to be taken into considera-

tion when dealing with the non-ideal model is the diode 

ideality factor n. This factor modifies the diode junction 

voltage to an extent that depends on the particular 

operative dark current transport mechanism (n ::: 1 for 

injection-diffusion currents in p-n junctions, n::: 2 for 

recombinations-generation currents in p-n junctions [14J). 

Adding Rs to the ideal equivalent circuit of Fig. 7, 

the single exponential lumped constant-parameter equivalent 

circuit of the solar cell becomes as shown in Fig. 9. The 

solar cell equation becomes: 
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Figure 9. Single exponentlalluqled-parameter model of a solar cell. 
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B(V-IR ) 
I = 10 [e s - 1] - IL • I .:: o. V !. 0 (2.2.1) • 

Neglecting 10 with respect to I L , Eq. (2.2.1) can be written 

as: 

(2.2.2) . 

2.3 Effect of Series Resistance on The V-I Characteristic 

The V-I output characteristic of the solar cell, as 

given by Eq. (2.2.1), clearly indicates a deviation from the 

ideal case due to the presence of the internal series 

resistance Rs' Analyzing the change in the shape of the V-I 

curve when Rs is significant the following may be deduced: 

2.3.1 The Short Cireui t Current Point 

At short circuit, V ::: 0, I = lsc and from Eq. 

(2.2.1) , 

neglecting 10 with respect to I L , 

-BI R 
lsc = - IL + Ioe Be s (2.3.1) . 

Note that lsc is no longer equal to -IL as in the 

ideal case, but is modified by 

-BIseR. 
10 • (I.e':: 0). 

Equation (2.3.1) also shows that if Rs is small and or the 

intensity is low such that the product IscRs is small 
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enough, the second term in Eq. (2.3.1) can be neglected with 

respect to the first term and the approximation Isc :::: - IL 

can still be valid. 

On the other hand. if Rs is small but the intensity 

reaches high enough values or if Rs is large even though the 

cell is operated at low intensities such that the product 

IscRs exceeds 250 mV. the short circuit current can no 

longer be considered identical to the light generated 

current [7]. This fact is illustrated in Fig. 10 as 

reported by Wolf [7] where the output characteristic of two 

different solar cells was taken at five values of solar 

irradiance between 50 mFJ/cm2 and 400 mW/cm2 (~ sun to 4 

suns). One of these solar cells is a gridded solar cell 

with a series resistance of 0.38 ohms, while the othe:r cell 

is not gridded having a series resistance of about 3.5 ohms. 

It is clear from Fig. 10 that the low serie:s 

resistance exhibits rather square characteristics up to 400 

mW/cmZ with the short circuit current staying constant for 

variations of the terminal voltage from 0 to 200 mV. This 

means that the short circuit current is identical to the 

light generated current throughout this irradiance range. It 

is anticipated that if the light intensity is increased 

further. deviation between the short circuit curyent and the 

light generated current will start to appear but at high 

enough intensities to make the presence of the small series 

resistance appreciable. The high series resistance cell, 



MW/CIISOLA,h IRRADIANCE ••••• ~ JI 
-··'~~I~~=I=R=F~ .. ~ ... ~'6J. H 

I -4°l::f':~:iM=W:/C~~:j::=t:3~:E::t::t~.·~·f··~··~~~:~:~·~~ .. / 
~~ II :i .•• • ·-/11 I 

e -80~-k~ •• 'M~WW/"C~~--~~--~.-.. ~.~ .. -.. ~.~·~~:~.;~~~~~~~HI+11 --1 
=-1oo~-+--+--+--+-~--+-~~~-1~~~~~~}llf,+--1 
!-120~-+--+--+--+--4--4--4~ .. ~.·-~~·~.~~~--~~:/~t--i 
l!! •••• +.... ...... i 
-1··~~~bm..J~+--J_~~~~~-4~-+--~~f-+--i 

t=i~~·:W":Ct:t:···~···:···~~·:··t:+=~:~~~~~I~ -180 .-

•••.. ) I 
- .. ·I--k...J..,u6+.:oo"f=----f-l-I-+-+---lV-l-t-+-I i 

1' •• iW~~ ....... . 
-2!:!.~. -0.6 -0;5 -0.4 • -0.2 -0.1 0 

TERMINAL VOLTAGE 

------ GRIDDED SOLAR CELL "-N-12 
............. NON-GRIDDED SOLAR CELL A-Nt. 

R.=O.38,J'1. 

,..=3.5.JL 

fig ... 10. Effect 01 RaOII the I·V characteristics 01.., solar calls at 
cIfferent Illumination 1 .... 8. 

Adapted from Wolf ancl,Rauachanbach (7). 

25 



26 

however, exhibits successively more rounded characteristics 

at lower light intensities. and the short circuit current 

deviates from the light generated current already at 200 mW/ 

cm2 • At larger values of solar irradiance, the terminal 

current does not reach its maximum value at zero voltage. 

but continues to increase and finally reaches its maximum 

value and equals the light generated current at negative 

terminal voltage. At very high light intensities the V-I 

characteristic will continue to deviate from its 

conventional shape and eventually reaches a stage where the 

V-I characteristic looks as shown in Fig. 11. 

2.3.2 The Open Circuit Voltage Point 

At open circuit V "" Voe' I == and from Eg. (2.2.1). 

BV 
o = 10e oc - 10 - lL 

Negle.cting 10 with respect to I L , hence: 

and 

BVoc 
lL = 10e (2.3.2) . 

(2.3.3) . 

Comparing Eq. (2.3.3) and Eq. (2.1.6) shows that the open 

circuit voltage Voe is not affected by the presence of Rs' 

2.3.3 The Maximum Power Point 

The power is given by: 
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P = V x I 

Using Eq. (2.2.2) for V, 

For maximum power, V Vm, I 1m and: 

dP/dl 

Also from Eq. (2.2.2) at the maximum power point: 

(2.3.5) . 

Equations (2.3.4) and (2.3.5) can be combined to give: 

Rearranging and solving fol." 1m! 

(2.3.6) . 

The first term in Eq. (2.3.6) has the same form of 

1m for an ideal cell. For most recent silicon solar cells. 

with small series resistances. the second term iIt Eq. 



(2.3.6) is very small compared to the fir&t term and hence 

can be neglected. 

For a typical cm2 solar cell with a reported 
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series resistance of 0.38 ohms, as tested by Wolf [7}, the 

following table gives the percentage error in 1m caused by 

neglecting the above factor. The data used for IL, Vm and 

1m were extracted from Fig. 10. Two values of B were used 

in the calculation: B "" 40 (n=1 at room temperature) and B= 

20 (n=2 at room temperature). 

Table 1. The Percentage Error In The Current At The Maximum 

Intensity 

sun 

suns 

suns 

suns 

Power Point Due To The Neglection Of The Second 

Term in Eq. (2.3.6). 

1m Vm 1L 1st-Term 2nd-Term % Error 

rnA mV rnA l/V in in 

Eg.2.3.6 Eg.2. 3.6 

45.56 460.87 50 40 47.42 0.16 0.33 

20 45.11 0.15 0.33 

92.16 472. 100 40 94.97 0.55 0.58 

20 90.42 0.53 0.58 

138.21 473.91 150 40 142.48 1. 24 0.87 

20 135.68 1.18 0.87 

184.97 462.22 200 40 189.74 Z .17 1.14 

20 180.48 2.06 1.14 
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The results shown above indicate that neglecting the 

2nd-term in Eq. (2.3.6) does not constitute a large error. 

This is true for all solar cells with small series 

resistances. Thp. difference between the calculated values 

of 1m, using Eq. (2.3.6). and the values measured from the 

output curves is mainly due to two reasons: First. the 

values of B used in the calculation are arbitrary and may 

not represent the exact values for the cellon hand; secane, 

the fact that the theoretical model does not represent the 

cell accuratE:dy because of the distributed nature of the 

series resistance of the solar CE:!ll. 

In conclusion, the current at the maximum power 

point of a non-ideal cell, provided the series resistance is 

sD.1all, can be given by: 

(2.3.7). 

It can also be shown that the current at the maximum 

power point 1m' as given by Eq. (2.3.7), for a non-ideal 

cell does not differ greatly from that of an ideal cell 1m 

This is demonstrated as follows: 

1) Calculate Vm for an ideal cell using Eq. (2.1.8). 

This can be done iteratively using Vm = 0.9 Voe as 

a first approximation. After as few as five 

iterations an exact value of Vm can be reached. 
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2) Use the calculated value of Vm in calculating 1m for 

an ideal cell using Eq. (2.1.9). 

3) Compare the value of the ideal current 1m with the 

non-ideal value 1m as found from the I-V curve. 

The following table gives the results of such a comparison 

for the same cell tested before. 

Table 2 Comparison Between The Current At The Maximum Power 

Point For An Ideal And a Non-Ideal Solar Cell At 

Different Light Intensities. 

Intensity B Ideal Vm Ideal 1m Non-Ideal 1m Error 

l/V mV rnA rnA 1m 

SUN 20 466.6 45.2 45.56 0.8 

SUNS 20 487.3 90.7 92.16 1.6 

SUNS 20 495.6 136.2 138.2 1.4 

SUNS 20 506.8 182.0 184.97 1.6 

The ahove results clearly show that the current at 

the maximum power point of a non-ideal cell can be 

considered identical to that of an ideal cell without much 

error. In other words, the series resistance of a solar 

cell does not seem to affect the current at the maximum 

powe.r point drastically. 

The effect of the series resistance on the voltage 

in 

at the maximum power point is considerable I however. and can 
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be analyzed as follovlS: The solar cell equation as given by 

Eq. (2.2.2) can be written as: 

(2.3.8) . 

-BV 
This is done by substituting 10 = IL e DC and rearranging 

Eq. (2.2.2). 

At the maximum power point V Vrn and Eq. (2.3.8) 

becomes: 

And since Im(non-ideal) z Im(ideal) as discussed earlier, a 

comparison between Eqs. (2.1.11) and (2.3.9) shows that the 

voltage at the maximum power point Vrn of a non-ideal cell 

deviates from that of an ideal cell by the factor ImRs' 

Noting that 1m is negative. we conclude that the series 

resistance Rs causes Vrn of an ideal cell to shift to a 

smaller value. 

2.3.4 Slope Of The I-V Characteristic: 

By taking the derivative of Eq. (2.3.8) 

dV/dI l/[B(IL + I) J + Rs 

At open circuit. I "" and: 

dV/dI! = l/BIL + Rs 

1=0 

(2.3.10) . 
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It is clear that by looking at the slope of the V-I curve at 

the open circuit point. as Eq. (2.3.10) suggests, the value 

of the series resistance Rs can be determined. 

2.4 The Three Current-Voltage Characteristics of Solar 

Cells 

current-voltage characteristics of solar cells can 

be obtained by three different methods: 

2.4.1 Dark Diode Forward Characteristic 

In this method I the solar cell is tested like a 

diode without the application of illumination I but by 

supplying d.c. power from an external bias supply (Fig. 12). 

the voltage across the solar cell terminals and the current 

into these terminals are measured, the current-voltage 

characteristic obtained is called the diode forward 

characteristic and falls into the first quadrant of the 

current-voltage plane. It is described by: 

where: 

(2.4.1.) • 

I is the teminal current. 

Io is the reverse saturation current. 

B == q/nKT, with: n the diode ideality factor. 

T the absolute temperature. 

K the Boltzman constant. 

q the electronic charge. 
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V is the terminal voltage. 

Rs is the internal series resistance. 

2.4.2 Photovoltaic Output Characteristic 

The second method tests the solar cell under a fixed 

illumination, usually of known intensity, and a resistive 

load which is varied between short circuit and open circuit, 

while measuring the voltage across the cell terminals and 

the current out of these terminals (see Fig. 13). The 

current-voltage characteristic obtained in this manner is 

called the photovoltaic output characteristic and falls in 

the fourth quadrant. The characteristic is described by: 

B(V-IR ) 
I = 10 [e S - 1 J - IL ' I ~ 0, V !. 0 (2.4.2) . 

where IL is the light generated current and is proportional 

to the incident light intensity if the spectral distribution 

of the radiation is not varied [7], and all other quantities 

have been defined before. 

As it can be seen from the comparison of Eqs. 

(2.4.1) and (2.4.2), the diode forward characteristic 

differs from the photovo1taic output characteristic by the 

absence of the light generated current IL and by the 

resulting positive direction of the terminal current I. 
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2.4.3. P-N Junction Characteristic 

The solar cell is illuminated with variable light 

intensity. For every light intensity setting, the short 

circuit current Isc and the open circuit voltage Voe are 

measured. The short circuit current can be considered equal 

to the light generated current IL as long as the light 

intensity is not high enough to cause a drastic change in 

the V- I output curVE;!. This condi tion is fulfilled when the 

terminal current of the solar cell is constant for all 

terminal voltages between 0 and 0.1 volt [7J. Each pair of 

corresponding short circuit current and open circuit voltage 

values is plotted as one point in the first quadrant of the 

V-I plane. Through the variation of the light intensity, a 

succession of such points is obtained which presents the 

desired voltage-current characteristic called the P-N 

junction characteristic. Figure 14 shows the circuit 

diagram for this type of measurement. The current-voltage 

characteristic obtained by this method can be described by 

the following equation: 

BV 
I = I e oc 
sc 0 

(2.4.5) . 

It is clear from the P-N junction expression that 

this is a case where the effect of the internal series 

resistance is eliminated. 

The foregoing three voltage-current characteristics 

are very useful and can bE: used in determining solar cell 
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Figure 13. Obtaining the photovoltalc output curve of a salar call 
(constant illumination). 

Figura 14. Obtaining the p-n junction I-V curve of a salar call 

(variable illumination). 
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parameters such as the internal series resistance Rs ' the 

diode ideality factor n and the reverse saturation current 

10 , Figure 15 shows the three voltage-current character

istics as obtained on the same solar cell with the photo

voltaic output characteristic drawn in the first quadrant by 

making the translation: I' = 1L + I, thus facilitating 

comparisons with the other two characteristics. 

2.5 Deviation Between Experimental and Theoretical 

V-I Characteristics 

It has long been recognized that the experimental 

V-I curve is not accurately described by the theoretical 

single exponential lumped-parameter equivalent circuit model 

of Fig. 9. A comparison of the experimental and theoretical 

V-I curves shows clearly that there is a deviation between 

both characteristics. 

An examination of the experimental and theoretical 

P-N junction characteristics shows the following: 

In the portion of the characteristic near the open 

circuit voltage point, which is the high injection region, 

close approximation between the two curves can be noticed. 

In the knee of the curve, however. the experimental curve 

appears much more rounded than the single exponential. This 

suggests that near the knee of the curve, which is a 

transition region between low injection level and high 

injection level, the single exponential model is no longer 
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accurate. v101f [7] described th~ I-V characteristic in this 

region by the sum of two exponential terms with different 

saturation currents and diode factors. Wolf found that the 

exponential of the higher injection level has n""1 always and 

a saturation current in the order of 10-12 Amp. which agrees 

with the P-N junction carrier diffusion theory as described 

by Shockly. A considerable spread of values for n and for 

the saturation current were found for the lower injection 

level exponential. In general, the diode ideality factor n 

was found to have values greater than 1 in this region. 

Figure 16 [7] shows the comparison between an 

experimental P-N junction characteristic and a theoretical 

single exponential with constant 10 and n. Also shown 

theoretical pOints using the sum uf two exponentials 

illustrating a better agreement with the experimental curve 

especially near the knee. 

A comparison between experimental and theoretical 

photovoltaic output characteristics also shows some 

deviation. Figure 17 illustrates such deviation [9], where 

the dotted line represents the single exponential with 

constant Rs ' 10 and n. The same behavior has been reported 

by Wolf [7], Surazi [15]; and Smirnov [16]. 
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CHAPTER 3 

DESCRIPTION OF SOME EXISTING METHODS USED FOR 

SOLAR CELL PARAMETERS EVALUATION 

3.1 Introduction 

As discussed earlier. the internal series resistance 

of a solar cell is a parasitic, power dissipating factor and 

is one of the important loss mechanisms which can be 

controlled and modified by proper fabrication. From a 

measurement of the series resistance of a solar cell, useful 

information can be fed back to a production process, both 

for control and for further development of the cell's 

performance. Series resistance is one of the key parameters 

in solar cell fabrication technology. Other parameters of 

equal importance are: the diode ideality factor n and the 

reverse saturation current 10 • 

Many techniques are available to estimate the series 

resistance of solar cells. Some are based on an iterative 

numerical solution of the current-voltage equation based on 

an equivalent circuit model of the solar cell [8,16]. others 

use current-voltage characteristics at different 

illumination levels (7]. Some involve dark and illumination 
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measurements [9.10], others use dyuamic measurements [17]. 

One method depends on the departure of the short circuit 

current lac from the light generated current IL at very high 

intensities TI2], another uses a flash lamp technique [11], 

or even computes the area under the I-V curve in an attempt 

to smooth experimental data error [13]. Most of these 

methods are based on the network analysis of a very simple 

equivalent circuit for the solar cell: the single 

exponential lumped-constant parameters model which has been 

accepted as being operationally sufficient to describe the 

current-voltage characteristics of solar cells. 

In the following sections, a description of some of 

the methods used in determining the solar cell parameters is 

given. The methods can be divided into two main groups: 

A) Methods which use two curves. 

B) Methods which use one curve. 

3.2 Methods Using Two Curves 

3.2.1 The Illuminated Curve Method [7] 

The most commonly used technique of experimentally 

determining the lumped series resistance of the solar cell 

is the one described by Wolf and Rauschenbach [7]. This 

method requires the measurement of the photovoltaic output 

characteristics of the solar cell at two different light 

intensities. The idea is that two corresponding points on 



the two curves show two displacements with respect to each 

other: 

1) The displacement parallel to the ordinate'" filL' 
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2) The displacement parallel to the abscissa = l!.IL Rs' 

Figure 18 gives an illustration of the use of this method. 

The following are some points worth noting when applying 

this method: 

1) This method is used for determining Rs only. No 

other solar cell parameters can be evaluated. 

2) The method is applicable for cells with small 

series resistances (gridded solar cells) at 

sufficiently low intensity where we can assume that 

IL = Isc' 

3) For cells with high Rs or at light intensities high 

enough that the product IscRs is large enough to 

make IL = Isc' the method fails unless the actual 

light generated current is found by reverse biasing 

the solar cell while under illumination and .61 is 

taken from IL as shown in Fig. 19. 

4) Choosing.61 at different portions of the curve 

yields different values for Rs with larger values 

near the knee of the lower intensity curve and 

tending to decrease as the point is taken near the 

open circuit point. 
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The reason for the deviation is attributed to the 

deviation betwEen the experimental curve and the theoretical 

single exponential curve which is used in the derivation of 

this method. As it is seen from Fig. 17, the experimental 

and theoretical curves are identical near the open circuit 

vol tage point (high inj ection level). whereas in the 

intermediate injection level the experimental curve gives 

slightly larger values of voltage for the same terminal 

current. It is obvious then, that if hI is taken at the 

open circuit voltage point of the lower intensity curve, a 

smaller value of the voltage displacement l3.V results leading 

to an underestimated value of the calculated internal series 

resistance (R g = t:.V//::"IL). As we move towards the knee along 

the lower intensity curve, deviations between the experimen-

tal and theoretical curves start to show causing an 

increased value of AV with respect to a constant value of 

AIL and hence increased value of Rs. 

3.2.2 The Dark Curve Method [9] 

This technique uses one photovoltaic output and one 

dark forward characteristic. The diode dark forward curve 

differs from the output curve by the absence of the light 

generated current I L , and by supplying d. c. power from an 

external bias supply as discussed earlier. Figure 20 gives 

a description of the method. 
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As shown from the figure, at a certain terminal 

current I: 

Rs = (Vd - V)/IL where: * Vd is the dark diode voltage. 

* V is the terminal voltage 

when cell is illuminated. 

* 1L is the light generated 

current and is equal lsc for 

sufficiently low light 

intensities. 

The method can be used to determine Rs only and no 

other parameter can be evaluated. Since the method is 

derived based on the Single exponential model with lumped 

and cons tant parameters Rs ' 10 and n, one would anticipate 

some variations in the calculated values of Rs due to th~ 

deviation between the experimental and the theoretical 

output characteristics as discussed in Chapter 2 section 2.5 

and as illustrated in Fig. 21. 

As Fig. 21 shows, at the open circuit point (high 

inj ection level) where both experimental and theoretical 

output curves are identical, the value of Rs as given by 

(Vd - V)/IL is the most accurate. As one moves along the 

curve to a terminal current II' the measured value of lIV l is 

slightly less than what it should be if the single 

exponential model were to be exact. This will cause a 

slightly smaller value of Rs which might not be noticeable 

for small resistance cells. Moving further towards the knee 
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of the curve I a region is reached where the measured value 

of the voltage difference starts to be higher than that of 

the theoretical one as depicted by the terminal current 12 ; 

this will yield an overestimated (higher) value of Rs which 

increases further as we move beyond the knee towards the 

short cireui t point. 

3.2.3 The P-N Junction - Dark Forward Method 

This method uses the P-N junction and the dark 

forward characteristics. The method was first mentioned by 

Imamura and Portsheller [9]. Later Rajkanan and Shewschun 

[10] presented a different approach for the determination of 

the series resistance of solar cells which turned out to be 

Imamura's method applied at one point of the p-n junction 

curve. Figure 22 illustrates the use of this method. As it 

is seen from the figure, at a given terminal current the 

voltage difference between the dark voltage and the junction 

voltage is equal to the voltage drop across the series 

resistance. It may be noted that the series resistance 

computed at the open circuit condition using the dark curve 

method r9] is the value that would be obtained using the p-n 

junction and the dark forward curves at a terminal current 

corresponding to the highest int~nsity of the p-n junction 

characteristic. Obviously one can anticipate that the 

calculated values of Rs is going to vary along the curve 

depending on the terminal current used due to the deviation 
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between the experimental and the theoretical p-n junction 

curves. Figure 23 shows how this deviation affects the 

computed value of Rs' 
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As seen from the figure, the method yields accurate 

values of Rs at the open circuit point of the highest 

intensity and in the region slightly below it, whe;e the 

inj ection level is high and where the experimental and 

theoretical single exponential p-n junction curves are 

almost identical. 

Moving downwards closer to the knee. the deviation 

between both experimental and theoretical p-n junction 

curves starts to appear, as seen in the figure, leading to a 

higher measured voltage difference bV yielding a higher 

value for the calculated Rs' The calculated values of Rs 

would irlcrease further if measurements are taken at the knee 

where the injection level is intermediate and the p-n 

junction characteristic is best represented by the summation 

of two exponentials with different diode factors and 

saturation currents [7] and not by the single exponential 

curve with constant parameters. 

3.3 Methods Using One Single Curve: 

3.3.1 The Maximum Power Point Method: 

This method requires one photovoltaic output 

characteristic of the solar cell at a single intensity [8]. 

The method is used to determine the internal series 



EXP. P-N JUNCTION 

THEo. SINGLE£XP. 

(CONST. R,.lo&n) 

TERMINAL VOLTAGE 

figure 23. ElIect d\heclell!atia>bebwenexperimental and 
theoreIicaIlHI jll1Ction_on R,;caIcuIatIon 

54 



55 

resistance Rs as well as the diode ideality factor n and the 

reverse saturation current 10 , The following values are 

needed in order to determine the different parameters: 

1) The open circuit voltage Voe 

2) The short circuit current lsc 

3) The maximum power point Vm and 1m, 

4) The slope of the I-V curve at V=O (short circuit) m. 

The equations used are as follows: 

(3.3.1) . 

Rs VmlIm - B/(IL-Im) (3.3.3) . 

A Voe - BlnIL (3.3.4) . 

nKT/q (3.3.5) • 

10 
e-AiB (3.3.6) . 

At normal intensities and temperatures, m is very 

close to zero and 11 El lsc' Equations (3.3.2) and (3.3.3) 

are used to determine 13 and Rs respectively. If 13 is known. 

Eg. (3.3.4) is used to get A which is used, in turn, to get 

10 from Eq. (3.3.6). The diode ideality factor n can be 
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calculated using Eq. (3.3.5) if the cell's temperature is 

known. At high light intensities, where IL = Isc' the: slope 

m = 0 and it is suggested that an iteration sequence be 

carried out between Eqs. (3.3.1) and (3.3.3) to determine 

the best value for 1L . The iteration sequence can begin by 

assuming m "" 0 and computing Band Rs and then use these 

values together with the calculated slope from the curve in 

Eq. (3.3.1) to calculate a new value for 1L which is then 

used to get new values for Band Rs and so on until the 

computed value of 1L changes within a certain tolerance. 

This method clearly gives only one value of Rs for 

each output curve. Since Rs is a function of Vm' 1m, Vae 

and Isc as shown by Eqs. (3.3.2) and (3.3.3), the parameters 

determined by the use of this methl.)d will guarantee an exact 

fit between the experimental and the theoretical single 

exponential curves at the three points of interest: Voc ' Isc 

and the maximum power point. Different values of Rs are 

expected for each output curve used. Also, since the Rs 

calculation depends on other quantities taken from the 

curve, error in reading each value (uncertainty) will 

propagate to give an uncertainty error in the calculated 

value of Rs' 

3.3.2 The Flash Lamp Technique Method [11] 

This method uses the fact that at very high light 

intensities, the photovoltaic output characteristic becomes 
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a straight line and the series resistance of the solar cell 

can be determined by calculating the slope of this line. As 

Fig. 24 suggests I the slope can be calculated using any two 

points on the curve. Hence, the series resistance can be 

given by, 

Rs 

Or 

I ~ 0 (3.3.7). 

(3.3.8) . 

In actuality t it is not necessary to plot the I-V 

curve at such high intensity and then calculate the slope. 

Instead, two successive pulses of equal intensity from a 

high intensity flash lamp are used to measure the voltages 

across two different load resistance values (VI and VZ) as 

well as the corresponding two load currents (II and 12), 

Alternatively, only one value of the load-resistance is used 

to measure the terminal voltage and the corresponding 

terminal current (VI,I I ) together with the open circuit 

voltage (Vee) and Eq. (3.3.8) is used te calculate Rs . 

It can be shown that at such a very high intensity 

the solar cell equation reduces to: 

(3.3.9) . 

where RL is the load resistance. Noting that the terminal 

voltage V is equal to IRL , Eq. (3.3.9) can be written as 

follows: 
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v DC - IRS - V = 0 

or (3.3.10) . 

It is clear that Eq. (3.3.10) represents a straight line 

with a slope of -1/R5 and a Y-axis interception of Vee/Rs' 

In other words, when V = 0, 1= lsc and Eq. (3.3.10) yield; 

or 

(3.3.11) . 

The above equation shows that the internal series resistance 

can be determined simply by measuring two quantities: the 

short circuit current lsc and the open circuit voltage Voe' 

The flash lamp technique method is used only in 

determining Rs and no other parameters can be evaluated. It 

has the advantage of its simplicity and accuracy and that it 

does not require heat sinking and that problems of 

temperature variation are obviated. The method is particu

larly useful for very low Rs cells used in concentrating 

sunlight. The only requirement is to reach a high enough 

intensity to make the I-V curve a straight line so that Eqs. 

(3.3.7) and (3.3.11) may be used. 



3.3.3 The Short Circuit Current Versus Light Intensity 

Curve Method 

This method uses the observed nonlinearity in the 

short circuit current versus light intensity curve at high 

intensities to determine the series resistance of solar 

cells [12]. It can be shown that at low intensities of 
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illumination lsc varies linearly with intensity; but as the 

intensity is increased lsc starts to behave nonlinearly. At 

high intensity the following equation results [12]. 

(3.3.12). 

The above equation shows that a plot of In(lL - lac) vs lsc 

is a straight line with a slope s given by: 

s = (q/nKT)Rs (3.3.13) . 

Hence, if the diode factor n is known, Rs can be calculated 

from the slope. Figures 25 and 26 illustrate this method. 

The method has the advantage that it requires the 

measurement of a single parameter lsc as a function of light 

intensity and is therefore quicker and more accurate. The 

chief disadvantage of this method is that measurements have 

to be made over a wide range of intensities covering the 

high intensity region where the departure of lsc from 
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linearity becomes substantial. Also. the value of the diode 

factor n has to be determined from independent measurements 

like using the dark forward characteristic [18]. Moreover I 

the method yields Rs at high intensities only and cannot be 

used to give Rs at low intensities. 

3.3.4 The I-V Area Method [l3] 

The method is based on the computation of the area A 

under the I-V curve of the solar cell. Rs is calculated by 

the following equation: 

(3.3.14) . 

The area under the curve can be evaluated using the 

trapesoidal rule. This method, although it takes advantage 

of the special feature of integration as a procedure to 

smooth data errors I is highly inaccurate at AHI illumination 

and below fI9] unless the diode ideality factor is very 

close to unity. Under these conditions of low intensity. 

the last term in Eq. (3.3.14) becomes important and n has to 

be known exactly before Rs can be accurately determined. 

The method works well only for a cell with low Rs (in the 

region of 5mQ) and when measured at high illumination with 

n=l. 



CHAPTER 4 

COMPARISON BETWEEN SOME OF THE METHODS USING 

DATA EXTRACTED FROM SOLAR CELL CHARACTERISTIC CURVES 

In this chapter, most of the methods described in 

Chapter 3 are applied to the V-I characteristics of a solar 

cell tested by Wolf [7]. The data used are that of a 

gridded solar cell, rectangular in shape with an area of 2 

cmZ and an internal series resistance of 0.380 as reported 

by Wolf. The following methods will be tested. 

1) The illuminated curve method [7]. 

II) The dark curve method [9]. 

III) The p-n junction dark curve method [9,10]. 

IV) The maximum power point method r 8] . 

V) The I-V area method [13). 

4.1 The Illuminated Curve Method 

First, Wolf I s method is applied to the following 

combinations of the I-V output characteristics: 

100 and 200 roW/em 
2 curves. 

100 and 300 mH/cm2 curves. 

200 and 300 roW/ crnZ curves. 
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The curves are shown in Fig. 10 at a temperature of 23°C 

(296'K) as reported by Wolf. 
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Table 3 contains the results obtained by applying 

the method at different portions of the characteristics. It 

is clear from the results that the calculated value of Rs 

varies depending upon the chosen value of flI. This should 

not be the case if the single exponential lumped constant 

parameters model represents the solar cell accurately. But 

since the model is not accurate. deviation between the 

experiment~l and the theoretical curves occurs along the I-V 

characteristic leading to different values of the calculated 
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Table 3. Determination Of The Series Resistance of A O.38fl 

Solar Cell By The Illuminated Curve Method At 

Different Correlation Points And Light 

Intensities. 

I-V Correlation Voltage Diff. Light Generated Measured 

curves current diff. liV(mV) 

used H (mA) 

1 vs 

suns 

2 vs 4 

suns 

3 vs 4 

suns 

10 

20 

30 

50 

30 

50 

80 

100 

30 

90 

110 

150 

67.19 

66.06 

62.98 

58.18 

43.58 

41. 66 

39.2 

38.0 

21.11 

19.11 

19.9 

18.84 

current diff. 

'IL (mA) 

150 

100 

50 

The tabulated results follow what should be 

0.448 

0.44 

0.42 

0.388 

0.435 

0.416 

0.392 

0.38 

0.422 

0.382 

0.399 

0.376 

expected. Taking liI at the open circuit point of the lower 

intensity curve. where the experimental and the theoretical 

curves are in perfect agreement t the corresponding point on 

the higher intensity curve falls in the intermediate 

injection level where the deviation between the experimental 
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and the theoretical curves leads, in general, to an under

estimated value of Rs' This appears to be the case if the 

light intensity difference between the two curves is small. 

Moving along the curve towards the knee, the calculated 

value of Rs starts to increase as expected and as discussed 

in Chapter 3. An examination of the above values also 

reveals the general trend of Rs to decrease as the intensity 

increases. 

For a higher light intensity difference, however, 

the point on the higher intensity curve might lie where the 

experimental and the theoretical curves cross over or 

slightly above it thus yielding an accurate or a slightly 

overestimated value for Rs' This is clear from the 

examination of the value of Rs calculated at the open 

circuit point of the lower intensity curve for the case of 1 

vs 4 suns (0. 388n) which is slightly higher than the nominal 

Rs (O.38sn. The two situations discussed above are 

illustrated in Figs. 27a and 27b respectively. 

4.2 The Dark Curve Method And The P-N Junction-Dark 

Forward Method 

The dark curve method and the p-n junction-dark 

forward method are applied on the same solar cell. The I-V 

characteristics of Fig. 15 are used, where the output curve 

is drawn translated in the first quadrant for a light 

intensity of 4 suns (400 mW/cm2). The p-n junction 
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characteristic is drawn by varying the light intensity up to 

4 suns and plotting Isc and Voe points at each intensity 

level. The dark forward characteristic is plotted by 

applying a d. c. power supply to the cell under no 

illumination and such that the terminal forward current 

reaches a value corresponding to 4 suns (200 mA). The 

results obtained by applying both methods to the I-V curves 

of Fig. 15 are tabulated in Table 4. 

Table 4. Determination of The Series Resistance of a O. 38Q 

Short 

Circuit 

Current 

Ise (mA) 

200 

175 

150 

125 

100 

75 

50 

25 

Solar Cell Using The Dark Curve Method and The 

P-N Junction-Dark Forward Method. 

Dark Curve Nethod P-N Junction Method 

Voltage DiH. Rs=.V/IL Voltage Diff. Rs = .V/Ise 

.V 'V 
(mV) (0) (mV) (0) 

75.0 0.375 75.0 0.375 

75.0 0.375 65.625 0.375 

75.0 0.375 56.25 0.375 

75.0 0.375 50.0 0.40 

75.0 0.375 40.625 0.406 

78.125 0.391 31. 25 0.4166 

81. 25 0.406 25. 0.5 

84.375 0.422 15.625 0.625 
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The results obtained in Table 4 verify the reason 

why both methods yield different values of Rs at different 

portions of the curves despite the fact that both methods 

were derived based on a single exponential lumped constant 

parameters model. The reason is I the deviation between the 

experimental and the theoretical curves as discussed in 

section 2.5. As expected, the dark curve method gives an 

accurate value of Rs at the open circuit point because of 

the perfect match between the experimental and the theoret

ical curves in this high injection level region. Moving 

along the curve towards the knee, the calculated value of Rs 

does not change although the experimental output character

istic starts to show a slight deviation from the theoretical 

curve. The reason may be attributed to the fact that the 

solar cell has a small resistance value which makes the 

expected change unnoticeable especially with the given 

scale. Approaching the knee of the curve, the calculated 

value of Rs increases showing that the effect of the devia

tion on the output characteristic is now more pronounced. 

This deviation causes the measured voltage difference to be 

slightly higher than the theoretical voltage difference 

leading to a slightly overestimated value of Rs' 

The p-n junction-dark curve method, on the other 

hand, shows an increasingly calculated value of Rs as 

expected. The value of Rs at the open circuit point is 
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identical to that found by the dark curve method. Moving 

along the p-n junction towards the knee I deviation between 

the experimental and the theoretical curves appears causing 

an overestimated calculated value of Rs' Near the knee of 

the curve the deviation is so large that the calculated 

value of Rs is highly inaccurate. 

A comparison between both methods shows that the 

dark curve method yields more consistent values of Rs at all 

portions of the curve with a maximum error of approximately 

17.5% for a point taken at the knee. On the other hand. the 

p-n junction-dark curve method shows that the error in the 

calculated value of Rs ' if the point is taken at the knee. 

can be as high as i4%. 

It is recommended that both methods may be used in 

the high injection level region only, with the superiority 

of the dark curve method over the p-n junction-dark curve 

method due to the inherent bigger deviation between the 

experimental and the theoretical p-n junction curves near 

the knee area. 

4.3 The Maximum Power Point Hethod 

Applying this method, it is noticed that up to 4 

suns (400 mW/cm2) the I-V output curve shows no slope at the 

short circuit point (m = 0). The open circuit pOint, the 

short circuit point and the maximum power point are 

determined for each one of the output characteristics shown 
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in Fig. 10 and then entered in Eqs. (3.3.2) through (3.3.6) 

to get Rs' nand 10 , The results are shown in Table 5. 

Table 5. Determination of Rs' nand 10 Using the Maximum 

Power Point Method. 

Light Intens. Voe Ise Vrn 1m Rs n 10 

mW/em2 mV mA mV mA mA 

100 (I sun) 580.4 50 469.4 44.73 -0.408 2.25 2.0xI0-6 

200 (2 suns) 604.0 100 475.5 91.5 0.278 1.64 5.3xI0-8 

300 (3 suns) 614.4 150 476.6 136.88 0.25 1.66 7.6xI0-8 

400 (4 suns) 622.2 200 461.1 185.0 0.44 1.20 3x10- IO 

The maximum power point method yields inconsistent 

and inaccurate results for Rs as can be seen from Table 5. 

This led to the questioning of the validity of the method. 

It is to be noted that Eqs. (3.3.2) through (3.3.6) were 

derived based on the assumption that the diode ideality 

factor (and hence B) is constant along the whole I-V 

characteristic. This assumption is inaccurate and is 

invalid at normal intensities. especially if one compares 

the values of B at the open circuit-point and the maximum 

power point. Although B may be constant along some portion 

of the I-V curve starting from the open circuit point I it is 

evident that at the maximum power point I at the knee of the 

curve, the value of B is much different than its value at 
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the open circuit point. This is due to the fact that at the 

maximum power point the diode current is very small and is 

mostly dominated by recombination in the space charge region 

and at the surface and is thus characterized by a diode 

ideality factor greater than unity, whereas at the open 

circuit pOint the diode current is high and is dominated by 

diffusion in the quasi-neutral regions with a unity ideality 

factor [20]. It is to be noted that only at very high light 

intensity levels, where the I-V output curve becomes a 

straight line as in Fig. 11, can oIle consider the diode 

ideality factor to be constant along the I-V curve starting 

from the open circuit point all the way to the maximum power 

point. This is due to the fact that the maximum power point 

in this case lies at the middle of the characteristic and 

the diode current is high enough to be dominated by 

diffusion so that the diode ideality factor is unity. 

Another drawback to this method is the necessity of finding 

the maximum power point in order to solve for the solar cell 

parameters; this is a difficult and a time consuming task. 

Also, since the calculation of Rs depends on other 

quantities taken from the curve I error in reading such 

values (uncertainty) will propagate to give an uncertainty 

error in the calculated values of Rs I nand 10 , A detailed 

error analysis for this method as well as some of the other 

applied methods is given in Chapter 7. 
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In conclusion, the maximum power point method is not 

reliable unless very high light intensity levels are used 

where it is appropriate to assume a constant diode ideality 

factor along most of the I-V output curve. The fact that 

the dark curve method, the p-n junction-dark curve method 

and the illuminated curve method rely on the comparison 

between two I-V curves for the same diode current give them 

an edge over the maximum power point method in that Rs 

determination does not depend on nand 10 and that they can 

be used at any light intensity level and hence can serve in 

revealing any light intensity dependence of the series 

resistance. Also, the uncertainty error is much less since 

the calculation of Rs involves less parameters. 

4.4 The I-V Area Method 

The I-V area method is now applied on the output 

curves given in Fig. 10. The area under each curve is 

determined using Simpson rule. For each output curve, V oc 

and lac are read directly from the graph. The reported 

temperature r71 was 296°K. Substituting all values in Eq. 

(3.3.14) and assuming a unity diode ideality factor (n=l) at 

all times, the following results were obtained as shown in 

Table 6. 
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Table 6. Determination of Rs by The I-V Area Method. 

Intensity Voe Ise Area under curve Rs 

(suns) (mV) (mA) A(mW) (ohms) 

sun 580.4 50 29.16 -1.138 

suns 604 100 60.55 -0.541 

suns 614.4 150 792.49 -0.37 

suns 622.2 200 125.55 -0.31 

The results of Table 6 can be summarized as follows: 

1) The area method is highly inaccurate in that it yields 

negative values for the. series resistance Rs' The 

reason is attributed to the assumption of constant diode 

ideality factor along the entire I-V curve which is used 

in the derivation of the method. As discussed earlier 

this assumption is invalid especially at the light 

intensity levels used here. 

2) For more accurate Rs values the light intensity level 

has to be high enough so as to reduce the effect of the 

second and third terms as compared to the first term. 

3) At low illumination levels, the last term in Eq. 

(3.3.14) becomes very important and the actual diode 

ideality factor has to be known exactly before Rs can be 

accurately determined. 
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A detailed analysis of this method [19] shows that 

the area method may be accurate only for cells with very low 

series resistance (in the regions of 5 mn) and operating 

under high illumination conditions. 



CHAPTER 5 

NEW METHODS FOR THE DETERMINATION 

OF SOLAR CELL PARAMETERS 

In this chapter, three new methods for the determi

nation of solar cell parameters will be presented. Two of 

these methods deals only with the series resistance, the 

other is used to evaluate the diode ideality factor and the 

reverse saturation current as well. 

5.1 Slope of the I-V Output Curve at The Open 

Circuit Point 

This method can be used only in determining the 

series resistance of a solar cell; no other parameter can be 

evaluated. In fact, the diode ideality factor n has to be 

calculated or estimated before using this method. The 

method relies upon the measurement of the slope of the I-V 

output curve at the open circuit point. The slope is 

entered in Eq. (2.3.10) given by: 

dV/dI! = l/BIsc + Rs (2.3.10) . 

1=0 
Knowing the diode ideality factor n and the 

temperature at which the output curve is plotted t the value 
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of B can be determined and entered with the slope in Eq. 

(2.3.10) which is then solved for Rs. The diode ideality 

factor can be determined from the p-n junction character

istic of the solar cell [71. 
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Since the slope measurement is done at the open 

circuit point which is considered as the high injection 

level portion of the output curve, the diode ideality factor 

should be very close to unity, provided the light intensity 

is high enough that the diffusion current is dominant. 

Hence I by assuming n=l the value of B is given by: 

B q/KT 

The above method is applied to the solar cell data 

extracted from Fig. 10 and the results are tabulated in 

Table 7. 

Table 7. Determination Of Rs USing The Slope Of The OUtput 

Curve At The Open Circuit Point. 

Intensity Isc dV/dll B = q/KT Rs = dV/dll - 1/B1sc 

(suns) (mA) (ohms) 1=0 (l/V) (ohms) 1=0 

50 1.1 39.2 0.59 

100 0.68 39.2 0.42 

150 0.58 39.2 0.41 

200 0.52 39.2 0.39 



The calculated values of Rs as obtained by this 

method correlate very well with the Rs values obtained by 

all other methods discussed in Chapter 4. At a light 
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intensity of 4 suns the calculated series resistance of the 

solar cell is very close to the actual value reported by 

Wolf. At lower light intensities, however. the calculated 

value of Rs is overestimated. The reason is attributed to 

the assumption of unity ideality factor which was used in 

the calculation. At low light intensities the inj ection 

level is not high enough to cause the diode ideality factor 

at the open circuit voltage point to be unity since the 

diffusion current is not dominant. At such low intensities 

the diode ideality factor is higher than unity and the 

assumption of n=l will cause an overestimated value of 

leading to an overestimated value of Rs' As the light 

intensity increases the diode ideality factor at the open 

circuit point approaches unity and the assumption of nc:l is 

good enough to yield an accurate value for Rs' Care should 

be taken, however, in measuring the slope of the output 

curve at the open circuit point since an erroneous 

measurement of the slope may lead to inaccurate values of 

Rs' One way for accurate slope measurement is by generating 

an extended portion of the output curve beyond the open 

circuit point. This is done by forward biasing the open 

circuit solar cell while under illumination. 



5.2 The p-n Junction-Output Curve Method 

In Chapter 3 the dark curve method [9] and the p-n 

junction-dark curve method [9,10] were introduced. The 

former uses the voltage differences between the dark diode 

and the translated photovoltaic output curves at each 

terminal current, while the latter uses the voltage 

differences between the dark diode and the p-n junction 

curves at each short circuit current (different light 

intensities) . 
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The proposed new m~thod uses the voltage differences 

between the p-n junction and the translated output curves at 

different short circuit currents (light levels). 

It can be shown (Appendix A) that the series res is-

tance of a solar cell can be calculated, using the above 

method, by the following equation: 

(5.1) . 

where: 

* AV is the voltage difference between the p-n junction 

curve and the translated output curve at each short 

circuit current. 

* Iscm is the highest short circuit current attained at 

the highest illumination level possible without 

distorting the output curve. 
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* Isci is the value of the short circuit current at any 

light intensity lower than the light intensity at 

which the output curve is drawn. 

The method can be best illustrated as shown in Fig. 

28. As shown from Eq. (5.1) and Fig. 28, the method fails 

at the open circuit point since at this point Iscm lsc and 

t:. V = 0 and hence Rs is undetermined. 

The above method is applied on the data of the solar 

cell described in Chapter 3 and shown in Fig. 15. The 

calculated values of Rs are listed in Table 8. 

Table 8. The P-N Junction-Output Curve Method For The 

Determination Of The Series Resistance Of a O. 38R 

Solar Cell. 

Iscm Ise AV Rs AVI (Isem - Ise) 

(mA) (mA) (mV) (ohms) 

200 25 68.75 0.39 

200 50 56.75 0.375 

200 75 43.75 0.35 

200 100 31. 25 0.31 

200 125 25. 0.33 

200 150 15.625 0.31 

200 175 6.25 0.25 
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Once again the calculated values of Rs correlate 

v~ry well with the reported value. The most accurate value 

of Rs is found when applying the method near the knee of the 

curve. The reason is attributed to the fact that at the 

knee the deviation between the experimental and the 

theoretical p-n junction curves, although high, offsets the 

deviation between the experimental and the theoretical out

put curves resulting in a measured voltage difference which 

is very close to the theoretical one thus leading to an 

accurate Rs value. On the other hand, application of this 

method near the open circuit pOint of the translated output 

curve yields in general an underestimated value of Rs' 

Figure 29 illustrates the effect of applying this method to 

different portions of the characteristics, taking into 

consideration the deviation between the experimental and the 

theoretical curves, showing the effectiveness of the method 

near the knee of the curve. 

5.3 The Modified Illuminated Curve Method 

The illuminated curve method introduced in Chapter 

relied on the comparison of two corresponding points on two 

output photovoltaic characteristics plotted at different 

intensity levels. The method can be used only in determining 

the series resistance of the solar cell and no other 

parameter can be evaluated. A modification on Wolf's method 

is now presented. The modified method uses two I-V output 
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curves at different illuminating levels in determining all 

solar cell parameters. The concept of a variable diode 

ideality factor that is a function of both the terminal 

current and the light intensity level is introduced. 

84 

The most common used technique of experimentally 

determining the diode ideality factor and the reverse 

saturation current of a solar cell is the one which uses the 

dark forward characteristic [18]. This method, while suit

able for regular diodes, usually produces a larger value 

for the diode ideality factor than appropriate for the 

device when operating as a solar cell [21]. A more 

appropriate technique described by Wolf and Rauschenhach [7] 

utilizes the p-n junction curve of the solar cell as a 

supplement to the diode forward characteristic. It should 

be noted, however, that the diode ideality factor obtained 

by this approach is not representative of the entire I-V out

put curve but is only valid at the open circuit point for 

each illumination level. It turns out, however, that the 

diode ideality factor of the solar cell may remain constant 

at unity starting at the open circuit point and along a 

portion of the I-V output curve depending on the light 

intensity illumination level. The higher the illumination 

level, the wider is the region of the I-V curve for which 

the diode ideality factor remains constant at unity. 

The diode ideality factor depends on the particular 

operative current transport mechanism through the diode 
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junction. The diode current is composed of the sum of a 

variety of diode currents: a diffusion component, a 

generation-recombination component and a surface component. 

Some of these components attain dominating influence in 

different portions of the I-V characteristic. The diffusion 

component t for example I dominates at large forward biases 

and is characterized by a unity diode ideality factor [20]. 

On the other hand, the recombination and surface components 

dominate at small bias levels where the diode ideality 

factor is greater than unity. 

While the diode ideality factor of a regular diode 

is a function of the dark current. for a solar cell it is a 

function of the terminal current and the light intensity 

level. This is apparent from the examination of the simple 

equivalent circuit diagram of thE;: solar cell shown in Fig. 9 

where the following current relation applies: 

It is clear from the above relation that for a 

constant terminal current I, the diode current Id increases 

as the light intensity level IL increases. At high enough 

intensi ty levels the diode current reaches a value where the 

diffusion component dominates and the diode ideality factor 

is unity. On the other hand, for a constant illumination 

level I L , the diode current Id decreases as the terminal 
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current I increases. If the diode current becomes low 

enough, the recombination and surface components dominate 

and the diode ideality factor is greater than unity. Figure 

30 illustrates how the diode ideality factor of a solar cell 

varies with light intensity levels and terminal current. 

5.3.1 Determination Of The I-V Regions Of Unity Diode 

Ideality Factor n 

From the above discussion it is evident that the 

diode ideality factor of a solar cell is a variable and 

hence should not be treated as a constant in the solar cell 

equation. Using this concept of a variable diode ideality 

factor, it can be shown that (Appendix B): 

(5.2) . 

where: 

F is the higher to lower intensity level ratio and is 

V and V are the open circuit voltages for the 
OCR oCL 

higher and lower intensity levels respectively. 

and are representatives of the diode 

ideality factors at the open circuit points of the 

higher and lower I-V curves respectively. 

Equation (5.2) has two unknown Band B If 
OCR oeL 
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the light intensity level is high enough to cause the short 

circuit current density to be 50 mA/cm2 or higher, a reason

able and good starting point, in solving Eq. (5.2), would be 

to assume that the diode ideality factor at the open circuit 

point of the higher illumination curve is unity [71, Eq. 

(5.2) can then be solved for BacL ' Varying the light 

intensity factor F, different sets of the I-V output curves 

can be generated and used in conjunction with Eq. (5.2) in 

determining the diode ideality factors at the open circuit 

points of each I-V characteristic. A translated I-V output 

curves will then reveal those regions of the curves where 

the diode ideality factor is constant at unity. Beyond 

those regions the diode ideality factor is greater than 

unity. The solar cell equation can be used in calculating 

the diode ideality factor in those regions provided the 

series resistance is known. 

5.3.2 Determination Of The Series Resistance Rs 

It can be shown (Appendix B) that the series 

resistance of the solar cell can be calculated using the 

following equation: 

where: 

[Vz - VL - (lIB) In FJ III (l - Fl 

11 ' 

(S .3). 
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VL is the terminal voltage of the lower intensity 

curve at a terminal current of II' 

V2 is the terminal voltage of the higher intensity 

curve at a terminal current of FII · 

B = q/KT for a diode ideality factor of unity. 

Care should be taken when using Eq. (5.3) in that it must be 

used only within the regions of constant and unity ideality 

factor identified by Eq. (5.2). 

5.3.3 Determination Of The Diode Ideality Factor Along The 

Remainder Of The I-V OUtput Curves 

After determining the regions of unity ideality 

factor and the series resistance of the solar cell, the 

value of the diode ideality factor along the remainder of 

each I-V curve can be calculated from the solar cell 

equation assuming the series resistance to be constant. 

Solving the solar cell equation, given by Eq. (2.2.2), for B 

eliminating the 10 term by expressing it in tel.lI1S of B as: 

(5.4) 

the following equation results: 

B = I > 0 (5.5) 
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Equation (5.5) is used in determining B (and hence 

n) along the remainder of the I-V curves beyond the regions 

of unity diode ideality factor. The value of n as found by 

Eq. (5.5) should be greater than unity as explained before. 

5.3.4 Determination Of The Reverse Saturation Current 10 

The reverse saturation curreht 10 , in accordance 

wi th the physics describing the device behavior. is always 

related to the diffusion component of the diode current 

[19]. Since the diffusion component is characterized by a 

unity ideality factor, hence the reverse saturation current 

can be calculated from Eq. (5.4) with B = q/KT (unity 

ideality factor). It is this value of the reverse satura

tion current which must be used in determining other 

internal cell parameters such as carrier lifetimes. 

On the other hand, Eq. (5.4) can be used in 

determining an effective reverse saturation current for the 

solar cell at the knee of the I-V curve, where the bulk and 

surface space-charge layer component of the diode current 

dominates, by substituting B values as found from Eq. (5.5). 

This effective value serves only. with B. in fitting the 

experimental I-V output curve with the theorl:!tical single 

exponential solar cell equation and should not be used in 

determining other internal cell parameters such as carrier 

lifetimes in the base and emitter. 
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The modified illuminated curve method is applied to 

the solar cell data of Fig. 18. First the diode ideality 

factors at the open circuit points of the I-V curves are 

determined using Eq. (5.2), where n is assumed to be unity 

at the open circuit point of the 4 suns I-V output curve. 

The results are listed in Table 9. 

Table 9. Determination Of The Diode Ideality Factor At The 

Open Circuit Points Of Different I-V Output Curves 

Usiug Eg. (5.2) (Cell's TemEerature 23'C) • 

I-V VOCH VOCL I I F BOCH BOCL Curves sCH sCL 

Used (mV) (mV) (mA) (mA) l/V l/V 

4 vs 622.2 614.4 200 150 4/3 39.2 39.2 

suns 

4 vs 2 622.2 604 200 100 39.2 39.2 

suns 

4 VB 1 622.2 580.4 200 50 39.2 39.6 0.99 

suns 

It is clear from the above results that the diode 

ideality factor at the open circuit points of the four I-V 

output curves is constant and is equal to unity. Figure 31 

shows the translated I-V output curves with the regions of 

each output curve at which the diode ideality factor is 

unity. Beyond these regions the recombination and surface 

component of th~ diode current dominates and the diode 
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ideality factor is greater than unity. It is to be noted 

that the maximum power points of all I-V curves lie in the 

knee area where the diode current is small and hence 
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characterized by a diode ideality factor greater than unity. 

Next, the series resistance is calculated using Eq. 

(5.3) where two I-V output curves are used within the 

regions identified in Fig. 31. The procedure is illustrated 

in Fig. 32 and the results are given in Table 10. 

Table 10. Determination OF Rs By the Modified Illuminated 

Curve Method. 

I-V curves 

used 

3 VB 4 suns 

(F=4/3) 

2 VB 3 suns 

(F=3/2) 

2 VB 4 suns 

(F=2) 

20 

40 

60 

604 

V2 

(mV) 

26.6 608.8 

592.2 53.3 594.4 

578 80 577.7 

80 562 106.6 559 

100 546.5 133.3 541 

20 

30 

40 

50 

20 

30 

40 

50 

592.2 30 

583.3 45 

576.1 60 

565.5 75 

592.2 40 

583.3 60 

576.1 80 

565.5 100 

598.8 

587.7 

578 

566.6 

602.2 

591.1 

577.7 

566 

Rs 

(l/V) (ohms) 

39.2 0.38 

39.2 0.38 

39.2 0.38 

39.2 0.39 

39.2 0.39 

39.2 0.37 

39.2 0.39 

39.2 0.42 

39.2 0.37 

39.2 0.39 

39.2 0.33 

39.2 0.4 

39.2 0.33 
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The results given in Table 10 correlate very well 

with the series resistance value reported by Wolf; an aver

age value of 0.38 ohms is found from the different sets of 

the I-V curves used. Better Rs values are found when higher 

light intensity levels are used with smaller light factor F. 

Next, the diode ideality factor along the remainder 

of each I-V output curve is found. Equation (5.5) is used, 

and a constant Rs value for the solar cell is assumed. An 

average value of 0.38 ohms as found from the results of 

Table 10 is used. The results are tabulated in Table 11. 

Table 11. Determination Of The Diode Ideality Factor for a 

0.38 Ohm Series Resistance Solar Cell Along the 

Knee Of Different I-V Output Curves Using 

Eguation (5.5). 

Light Terminal Diode Terminal B n 

Intensity current current voltage 
(suns) I(mA) Id(mA) V(mV) (ltV) 

4 suns 160 40 508.8 30.6 1.27 
170 30 492.2 29.0 1.35 
180 20 473.2 28.6 1.37 
190 10 439 27.0 1.45 

suns 110 40 529.5 30. 7 1.28 
120 30 513.3 29.0 1.35 
130 20 494.4 28.5 1. 37 
140 10 461. 0 27.0 1.45 

suns 60 40 551 30.3 1.29 
70 30 535.8 28.9 1.35 
80 20 517.2 28.5 1.37 
90 10 484.5 27.0 1.45 

sun 10 40 569 29.4 1.33 
20 30 555. Z 29.0 1.35 
30 20 537 28.6 1.37 
40 10 505.6 27.0 1. 45 
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An examination of the results listed in Table 11 

clearly shows the dependence of the diode ideality factor on 

the diode current which is for a solar cell, a function of 

the terminal current and the light intensity level. 

Finally, the reverse saturation current is 

calculated. Equation 5.4 is used in determining the reverse 

saturation current a unity ideality factor and the effective 

reverse saturation currents in the knee area of each I-V 

output curve. The results are given in Table 12. 

Table 12. Determination OF The Reverse Saturation Current 

10 For a O.38n Solar Cell Using Equation (5.4). 

Intensity Terminal n ~ q/nKT Io 

(SUflS) current (rnA) O/Vl (Al 

4 suns o + 150 39.2 5.2 x 10-12 

160 1. 28 30.6 1.1x 10-9 

170 1.35 29.0 2.9 x 10-9 

180 1. 45 28.6 3.8 x 10-9 

190 1. 45 27.0 10.1 x 10-9 

It is to be noted that for those regions of the I-V 

curve where the diode ideality factor is unity. the reverse 

saturation current value is what is to be expected fnJm a 

device which follow the carrier diffusion theory of p-n 

junctions as described by Shockly. On the other hand. in 

the knee area where the diode ideality factor is greater 
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than unity. the revt!rse saturation current is larger as a 

manifestation of the increasing effect of the recombination 

and generation in the space charge region as compared to the 

diffusion in the quasi-neutral regions. In the knee area, 

the calculated reverse current should be looked upon as an 

effective value which serves only in fitting the experi

mental I-V curve with the single exponential theoretical 

curve; it should not be confused with the actual reverse 

saturation current found at a unity ideality factor which 

can be used in determining other internal cell parameters 

such as carrier life times. 



CHAPTER 6 

DETERMINATION OF THE SOLAR CELL EQUATION PARAMETERS 

USING IN-LAB MEASUREMENTS OF A COMMERCIAL CELL 

6. 1 INTRODUCTION 

A commercial 4.8 x 4.8 em, non p gridded solar cell 

is used as the test specimen. Five ENH bulbs provided 

illumination and the intensity calibration was made with a 

secondary cell tested in natural sunlight. The level of 

illumination was varied by adjusting the distance between 

the light source and the cell. Measurements were made at 

light intensity levels of approximately 1, 2 and 3 suns. 

The photovoltaic output characteristics were obtained by 

continuously varying the external load across the solar cell 

while the cell was being illuminated. The dark I-V 

characteristic was obtained by forward biasing the cell with 

a regulated D.C. power supply. The P-N junction 

characteristic was determined by measuring the open circuit 

voltage and the short circuit current at different illumin

ation levels. An x-y plotter was used to record the I-V 

curves. All measurements were performed at a constant cell 

temperature of 22°C (295°K). The temperature was controlled 

98 



99 

by water cooling the cell mounting using a water pump with a 

controlling valve. The temperature was monitored with a 

thermistor placed in good thermal contact with the cell' 5 

surface. A separate calibration for the thermistor was 

performed in .s. temperature chamber and a Temperature

Resistance characteristic was developed. Figure 33 shows the 

Temperature-Resistance curve for the thermistor used. 

Figures 34, 35 an 36 show three different combinations of 

the photovoltaic output curves at different illumination 

levels. Figure 37 shows the dark forward, the p-n junction 

and the translated output curves for the suns case. 

The above I-V curves are used in experimentally 

determining the solar cell parameters. The following 

methods were used: 

l. The illuminated curve method. 

2. The dark curve method. 

3. The p-n junction-dark curve method. 

4. The maximum power point method. 

5. The I-V area method. 

6. The I-V slope method. 

7. Th. p-n junction-output curve method. 

8. The modified illuminated curve method. 
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6.2 RESULTS 

6.2.1. The Illuminated Curve Method: 
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The illuminated curve method is applied on the 

following I-V output curve combinations 1 vs 2 suns, 1 VB 

suns and 2 VB 3 suns. All curves were plotted at a constant 

temperature of 22'C (295·K). Figures 34, 35 and 36 show the 

different curve combinations used and Table 13 gives, the 

calculated series resistance values at different correlation 

currents and light intensities. 

Table 13. Series Resistance Calculation of A Commercial 

Solar Cell Using the Illuminated Curve Method. 

Curves Light Correlation VI V2 AV Rs 

Used Generated Current Diff. (mV) (mV) (mV) (mP.) 

Current 

(mA) (mA) 

1 VB 2 550 100 562 558 7.3 

suns 300 601 598 5.5 

500 618 615 5.5 

550 622 619 5.5 
1 VB 3 1100 100 562 556 5.5 

suns 300 601 596 4.5 

500 618 613 4.5 
550 622 616 5.5 

2 VB 3 550 100 558 556 3.6 

suns 300 598 596 3.6 
500 615 613 3.6 
600 622 618 5.5 
900 635 632 5.5 

1100 642.5 640 2.5 4.5 



The above results reveal the consistency of the 

method and show that the series resistance value of the 

106 

tested cell is about 5.5 mQ. This small resistance value is 

attributed to the large cell area as well as the many finger 

grids used in collecting the current. 

6.2.2. The Dark Curve Method 

The dark forward curve and the translated output 

curve of Fig. 37 are used in determining Rs as explained in 

Chapter 4. The series resistance values at different 

terminal currents are listed in Table 14. 

Table 14. In-Lab Determination of The Solar Cell Series 

Resistance Using The Dark Curve Method. 

Translated Dark Voltage Terminal 

Terminal 

Current 

1650 
1500 

1200 
900 

600 

300 

150 

(mA) (mV) 

664 

660 
652 

641 
627 

605 

582 

Voltage 

(mV) 

655 
651 

643 
632 

619 

596 

571 

(mV) (mil) 

5.5 

5.5 
5.5 

5.5 

4.9 

5.5 

11 6.5 

The above results correlate very well with the 

illuminated curve method. The series resistance values are 

consistent and show a constant Rs value along most of the 
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I-V curve. Overestimated values appear, however, at the 

knee area where deviation between the experimental and the 

theoretical single exponential output curves is appreciable 

and where the solar cell equation is best represented by the 

summation of two exponentials with different saturation 

currents and ideality factors [7]. 

6.2.3. The P-N Junction-Dark Curve Method 

The p-n junction curve and the dark curve shown in 

Fig. 37 are used in determining Rs by the p-n junction-dark 

curve method. The results are given in Table 15. 

Table 15. In-Lab Determination of The Series Resistance of 

A Solar Cell Using The P-N Junction-Dark Curve 

Method. 

Short Circuit Dark Voltage Open Circuit 'V Rs 

Current (rnA) (mV) Voltage (mV) (mV) (mr.) 

1650 664 655 5.5 

1500 660 652 5.5 

1200 652 645.5 6.5 5.4 

900 641 636 5.6 

600 627 623.5 3.5 5.8 

300 605 603 6.7 

150 582 581 7.0 
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The above results show t as explained before. the 

effectiveness of this method in the high injection portion 

of the I-V curve near the open circuit point. In this 

region the series resistance values correlate very well with 

the expected resistance value of S.Smr.:. Also, this method 

yields higher calculated values of Rs for terminal currents 

near the knee area of the I-V curve. This is due to the 

bigger deviation between the experimental and the 

theoretical p-n junction curves as compared to the deviation 

between the output curves as explained in Chapter 2. 

6.2.4 The Maximum Power Point l1ethod 

The method is applied to the three output character

istics of Figs. 34 t 35 and 36 t namely the 1, 2 and 3 suns 

curves. The results are given in Table 16. 

Table 16. The Maximum Power Point Hethod For The 

Determination of The Solar Cell Equation 

Parameters Using In-Lab Measured Data. 

Intens. Voe 

(suns) (mV) (rnA) (mV) 

622 550 532 

642.5 1100 560 

655 1650 546 

1m 

(rnA) 

500 

1000 

1575 

B 

(l/V) 

17.19 

15.92 

40.9 

n Rs Is 

(Q) (A) 

2.28 -0.1 1. 25x10- 5 

2.46 -0.07 3.97x10-5 

0.98 0.21 3.63x10-12 
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It is clear from the results that the maximum power 

point method is highly inaccurate. Not only does it yield 

negative values of Rs for the cases of 1 and 2 suns 

intensities, but also the magnitudes are far from being 

close to the actual series resistance value. The main 

reason contributing to this error is the assumption of a 

constant diode ideality factor. along the output I-V curve. 

from the open cireui t voltage to the maximum power point. 

This assumption, as explained earlier, is not necessarily 

true especially at such low intensity levels as those used 

here. The calculated values of Rs show. however, the trend 

of Rs to converge as the intensity is increased. It is 

believed that more accurate values of Rs can be attained at 

very high intensity levels where the diode ideality factor 

remains constant at unity along most of the entire I-V 

curve. 

6.2.5 The I-V Area Method 

The area under each I-V output curve is computed 

using Simpson rule. Equation (3.3.14) is then used in 

determining Rs' The diode ideality factor is assumed to be 

unity in this calculation. The results are listed in Table 

17. 
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Table 17. The Determination of Rs by the I-V Area Method 

Using In-Lab Measured Data. 

Intensity Voe Ise Area Under Output Rs 

(suns) (mV) (mA) curve (mW) (mo) 

622 550 326.5 10.5 

642.5 1100 707 -46 

655 1650 1082 -31.6 

Once again it is clear that the area method is 

highly inaccurate even at a light intensity level as high as 

3 suns. The reason is the assumption of constant and unity 

ideality factor along the entire I-V output curve. This is 

only true at very high illumination levels where the 

diffusion component of the diode current dominates. 

6.2.6 The I-V Slope Method 

The slope of the I-V output curve at the open 

circuit point is measured and entered in equation (2.3.10). 

The diode ideality factor is assumed to be unity and the 

value of Rs is calculated. The results are given in Table 

18. 
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Table 18. The Determination of Rs by The I-V Slope Method 

Using In-Lab Measure Data. 

Intensity Ise dV/dI I 1=0 B=q/KT Rs 

(suns) (mA) (mQ) (l/V) (mg) 

550 57 39.3 10.7 

1100 30 39.3 6.9 

1650 21 39.3 5.6 

The results obtained show the effectiveness of this 

method especially at high illumination levels. At a ligbt 

intensity of 3 suns the calculated value of Rs correlates 

very well with the calculated values from other methods. 

This is due to the validity of the unity ideality factor 

assumption at the open circuit point of the I-V output curve 

at such intensities. At lower intensity levels, however, an 

overestimated Rs value is obtained. The reason Dlay be 

attributed to the invalidity of the unity ideality factor 

assumption due to the fact that at such low intensity 

levels, the diode current is so small that it is dominated 

mainly by the recombination-generation in the space charge 

region where the diode ideality factor is greater than 

unity. Another reason may be simply the inaccuracy of 

measuring the I-V slope at the open circuit point; this may 

be alleviated by forward biasing the solar cell while under 

illumination thereby extending the I-V curve in the first 
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quadrant and hence make it easier to draw the slope to the 

curve. 

6.2.7 The P-N Junction-Output Curve Method 

The p-n junction curve and the output curve of Fig. 

37 are used in determining Rs as explained in Chapter 5. 

Table 19 gives the results of applying this method at 

different currents. 

Table 19. Series Resistance Calculation by the P-N Junction

Output Curve Method Using In-Lab Measured Data 

IL Ise Voe V 'V Rs='V/(IL - Isc) 

(rnA) (rnA) (mV) (mV) (mV) (mn ) 

1550 1650 655 655 

1500 652 651 5.3 

l300 645.5 643 2.5 7.1 

900 636 632 5.3 

600 623.5 619 4.5 4.3 

300 603 596 5.2 

150 581 571 10 6.4 

The results obtained in Table 19 correlate very well 

with the resistance values obtained by the other methods. An 

average value of 5.6 mQ is found for the points considered. 

It is to be noted that accurate Rs values are obtained near 

the open circuit point where the theoretical and the 
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experimental I-V curves are in perfect agreement. Also near 

the knee area where the deviation in the p-n curve offsets 

that of the I-V output curve as explained in chapter 5 and 

shown in Fig. 30. 

6.2.7 The Modified Illuminated Curve Method 

The modified illuminated curve method introduced in 

Chapter is now applied to the in-lab measured data of 

Figs. 34. 35 and 36. First. the diode ideality factors at 

the open circuit points of the I-V output curves are 

determined. Since the cell area is about 23 cm2 , at an 

intensity of 3 suns. the light generated current density is 

" about 72 amp/em .... and the diode ideality factor at the open 

circuit point of the I-V output curve can be assumed to be 

unity. Equation 5.2 is used and the results are listed in 

Table 20. 

Table 20. Determination of the Diode Ideality Factor at the 

Open Circuit Points of Different I-V Output 

curves. (Cell's TemEerature = 22°C) . 

I-V Curves V V I I F B B n 
Used DCH DCL SCZ SC1 DOH DC L 

(mV) (mV) (A) (A) (l(V) (l(V) 

vs suns 655 642.5 1. 65 1.1 1.5 39.3 39.43 0.996 

vs suns 655 622 1. 65 0.55 3.0 39.3 39.6 0.992 
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It is clear from the results of Table 20 that the 

diode ideality factors c.t the open circuit points of the 3, 

2 and 1 suns output curves are approximately equal to unity. 

Hence, the regions for which Eq (5.3) holds are illustrated 

in Fig. 38. 

Next, the series resistance of the solar cell is 

calculated using Eq. (5.3). Only the 2 and 3 suns output 

curves may be used as found from Fig. 38. The results are 

listed in Table 21. 

Table 21. Determination of Rs by the Modified Illuminated 

Curve Method Using In-Lab Measured Data. 

I-V Curves II VL FIl V2 B Rs 

Used (mA) (mV) (mA) (mV) (l/V) (mO) 

vs 3 suns 200 636 300 646 39.3 5.2 

(F=1.5) 300 632 450 642 39.3 5.4 

400 627 600 636 39.3 5.1 

500 623 750 632 39.3 5.3 

The results given in Table 21 correlate very well 

with the series resistance values found by all other 

methods. An average value of 5.2 mQ is found and is used in 

Eq. (5.5) in order to determine the diode ideality factor 

along the remainder of each I-V output curve. The results 

are tabula ted in Tab Ie 22. 
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Table 22. Determination Of The Diode Ideality Factor Of The 

In-Lab Tested Cell Along the I-V Curve Regions 

Where n~1. 

Light Intens. Terminal Diode Terminal B n 

(suns) Current Current Voltage 

(mA) (mA) (mV) (l/V) 

1200 450 611 34.6 1.14 

1300 350 602 33.7 1.17 

1400 250 590 32.8 1.2 

1500 150 571 31.6 1. 24 

650 450 613 34.4 1.14 

750 350 604 33.2 1.18 

850 250 592 32.5 1.2 

950 150 574 31.4 1. 25 

100 450 616 34.2 1.15 

200 350 608 33.6 1.17 

300 250 596 32.3 1.21 

400 150 578 31.0 1. 26 

An examination of the results listed in Table 22 

clearly shows the dependence of the diode ideality factor on 

the diode current. For the same diode current, the diode 

ideality factor is the same. For a solar cell the same 

diode current can be attained by different combinations of 

the solar cell terminal current and the light intensity 

level. 
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Finally. the reverse saturation current is 

calculated. Equation (5.4) is used and the results are 

given in Table 23. 

Table 23. Determination Of The Reverse Saturation Current 

Using In-Lab Measured Data. 

Intensity Terminal n B 10 

(suns) Current (A) (ltV) (A) 

0 + 1.1 1.0 39.3 1.lx10-11 

1.2 1.14 34.6 2.0x10- 1O 

1.3 1.17 33.7 4.0x10- 1O 

1.4 1.2 32.8 8.0x10- 1O 

1.5 1. 24 31. 6 1.7xlO-9 

The results of Table 23 show that for those I-V out-

put curve regions where the diode ideality factor is unity. 

the reverse saturation current value follows what is to be 

expected from a device which follows the carrier diffusion 

theory of p-n junctions as described by Shockly. On the 

other hand. in the knee area the diode ideality factor is 

greater than unity as a manifestation of the increasing 

effect of the recombination and generation in the space 

charge region. It should be noted that the calculated value 

of the reverse saturation current in the knee area is an 

effective value which serves only in fitting the experi

mental I-V curve with the single exponential theoretical 
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curve represented by Eq. (2.2.1). It should not be mistaken 

for the actual reverse saturation current which is always 

related with a unity ideality factor. 



CHAPTER 7 

7. ERROR ANALYSIS 

All of the methods discussed in Chapter 6 use 

experimental I-V plots as the source of data. therefore. 

there exists some uncertainties in reading the required data 

from the graph. The uncertainty error in reading the data 

points can propagate to give an unpermissible error in the 

calculated parameter. A complete analysis of the error in 

calculating the series re&istance of the in-lab tested cell, 

due to the uncertainty in reading data points from the I-V 

plots. is presented in this chapter. 

The chain rule of partial differentiation is used to 

derive the effect of the uncertainties in the constituent 

variables on which the Rs calculation depends. 

7.1 The Illuminated Curve Method: 

The equation used in the calculation of Rs is: 

Hence, 

119 
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+ 

hRS ! 1/(IL2 - ILl) I (hV1 + hV 2 ) 

+ I(V1 - V2 )/(IL2 - ILl)21(hILl + hIL2 ) (7.1) . 

Assuming an uncertainty error of 0.0005 in reading VI' VZ, 

ILl and IL2 I Eq. (7.1) can be used in conjunction with the 

data of Table 13 in determining the uncertainty error in Rs 

for the in-lab test cell. The results are given in Table 

24. 
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Table 24. Uncertainty error in Rs for the illuminated curve 

method. 

Curves Light generated Correlation V1 - V2 6RB 

used current diff. current diff. 

61L (mAl 61 (mAl (mVl (mnl 

1 VB 2 550 100 1.83 

suns 300 1.83 

500 1.83 

550 1.83 

1 VB 3 1100 100 6 0.9 

suns 300 5 0.9 

500 5 0.9 

550 6 0.9 

2 VB 3 550 100 1.82 

300 2 1.82 

500 1.82 

600 1.83 

900 1.83 

1100 2.5 1.83 

The results of Table 24 show that the uncertainty 

error in Rs decreases as the light intensity difference 

increases. For a 1 sun light intensity difference the error 

is about 33.5% while for a 2 sun light intensity difference 

the error is approximately 16.7%. It is obvious that les8 



uncertainty error can be attained at still higher light 

intensity differences. 

7.2 The Dark Curve Method 

The equation used in the calculation of Rs by the 

dark curve method is given by: 

Applying the chain rule, 
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Using the data of Table 14, Eq. (7.2) is used in calculating 

the uncertainty error in Rs where the uncertainty in reading 

V d' V and 1L is again assumed to be O. 0005. The results are 

listed in Table 25. 
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Table 25. Uncertaintl': Error In Rs For The Dark Curve Method. 

Light generated Translated terminal Vd - V OR. 
current IL (A) current Id(A) (mV) (mn) 

1. 65 1.65 0.61 

1.5 0.61 

1.2 0.61 

0.9 0.61 

0.6 0.61 

0.3 0.61 

0.15 10.8 0.61 

As found in Table 25, the uncertainty error in Rs is less 

than its counterpart in the illuminated curve method. The 

error is consistent along the I-V characteristic at about 

IIi.. The error can be even less than 11% if the dark curve 

method is used at a higher intensity level. 

7.3 The P-N Junction-Dark Curve Method 

The equation used in determining Rs by this method 

is given by: 

Applying the chain rule of partial differentiation: 
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(7.3) . 

Table 26 gives the results of applying Eq. (7.3) using the 

data of Table 15 and assuming an uncertainty error of 0.0005 

in reading Vd • Voe and lsc' 

Table 26. Uncertainty Error In Rs For The P-N Junction-Dark 

Curve Hethod. 

IL Isc Vd - V oc <IRs 

(A) (A) (mV) (m") 

1.65 1. 65 0.61 

1.5 8.2 0.67 

1.2 6.5 0.84 

0.9 1.1 

0.6 3.5 1.7 

0.3 3.3 

0.15 1.2 6.7 
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The results of Table 26 show a continuously 

increasing uncertainty error in the calculated value of Rs 

as we move along the p-n junction characteristic towards the 

knee. This endorses the necessity of using this method only 

in the high injunction level region near the open circuit 

point of the I-V output curve where the uncertainty error is 

about 11% for the case on hand. On the other hand, the error 

in the knee area reaches an unpemissible value of 120%. 

7.4 The Maximum Power Point Method 

This method is now tested for the uncertainty error. 

The equation for Rs depends on Vm• 1m' Voe and lsc' Using 

the chain rule of partial differentiation the following 

equation results [81: 

~Rs 1(I/Im) - 2/(Im + Qln(Q/IL)I~Vm 

+ I (2Vm - Voc ) [In(Q/IL) 

+ Im/IL] /(lm + Qln(Q/IL»2 1 Usc 

+ I (-Vm/lm2 ) 

+ (2Vm - Voc )ln(Q/IL)/[Im + Qln(Q/IL)]2 IUm 

(7.4) • 



126 

The results of applying Eq. (7.4) to the tested solar cell 

is given in Table 27 where the uncertainty in reading Vm, 

1m , Voe' and Isc is assumed to be 0.0005. 

Table 27. The Uncertainty Error In Rs For The Maximum Power 

Point Method. 

Intensity 

(suns) 

Vae 

(mV) 

622 550 

642.5 1100 

655 1650 

532 

560 

546 

500 

1000 

1575 

9.6 

3.3 

1.5 

The results of Table 27 clearly indicate the high 

uncertainty in calculating Rs when the maximum power point 

method is used. The uncertainty error is 175%, 61% and 28% 

at light intensity levels of 1, 2 and 3 suns respectively. 

The high error is attributed to the fact that the equation 

used in determining Rs involves a greater number of 

variables on which Rs depends. It is to be noted that the 

uncertainty error in Rs decreases as the light intensity 

increases. This trend, coupled with the fact that this 

method yields erroneous Rs values at low intensity levels I 

shows the necessity of using this method only at very high 

illumination levels. 



7.5 The I-V Area Method 

The equation used in determining Rs by the area 

method is given by: 

hence, 
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(7.5) • 

The data of Table 18 is used in Eq. (7.5) to calculate the 

uncertainty error in Rs' The uncertainty in reading Vae and 

Isc from the graph is assumed to be O. 0005, while the 

uncertainty in calculating the I-V area is assumed to be 1% 

of the computed area. The results are given in Table 28. 

Table 28. The Uncertainty In Rs For The I-V Area Method. 

Intensity Vae I 
se 

A 'Rs 

(suns) (mV) (rnA) (mW) (mo) 

622 550 326.5 23.6 

642.5 1100 706.6 13 

655 1650 1081.8 8.2 

Once again the results of Table 28 show that the 

area method has a high uncertainty error in the calculated 
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value of Rs especially at low light intensity levels. The 

uncertainty errors in Rs are 432%, 238%, and 150% for 1, 2, 

and 3 suns respectively. Less percentage errors are 

expected at higher illumination levels. It is to be noted, 

however, that the uncertainty error in calculating Rs is not 

related to the accuracy of the I-V method itself. In other 

words, the uncertainty error in Rs may reach a reasonably 

low value at an intensity level of 15 suns but this does not 

mean that the Rs value as calculated by Eq. (3.3.14) is 

accurate. Recall that the I-V area method yields accurate 

Rs values only at very high illumination levels, hence 

applying this method at very high illumination levels will 

result in accurate Rs values due to both reasons: validity 

of the method as well as less uncertainty error. 

7.6 The P-N Junction-Output Curve Method 

The equation used in determining Rs by this method 

is given by: 

Rs = (Vae - Vl/(I sern - Ise l 

for IL = I scm I hence. 

6Rs !1/(IL - Isel!oVae + !-l/(IL - I se l!6V 

+ !(Vae - Vl/(IL - Ise l2 !Alse 

+ ltV - Vael/(IL - Isel2!6IL 

oRs !1/(IL - Isel I (6Vae + 6Vl 

+ !(Vae - Vl/(IL - I se l 2 !(oIL + 6Isel (7. 6l. 
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Assuming an uncertainty of O. 0005 in reading Voc I V. 

IL and I sc ' Eq. (7.6) is used in determining the uncertainty 

in Rs for the in-lab test cell using the data of Table 19. 

The results are given in Table 29. 

Table 29. The Uncertainty Error In Rs For The P-N Junction-

DutEut Curve Method. 

IL Ise V oe - V Ielse "Rs 

(A) (A) (mv) (mA) (mn) 

1. 65 1.65 

1.5 0.8 0.15 6.7 

1.3 2.5 0.35 2.87 

0.9 0.75 1. 33 

0.6 4.5 1. 05 0.96 

0.3 1. 35 0.74 

0.15 9.6 1.5 0.67 

The results of Table 29 show an uncertainty error of 

of 1237. in Rs when the method is applied at a point near the 

open circuit point of the output curve. This is expected 

since in this region the difference between the output curve 

and the p-n junction curve is so small that the measurements 

are not too accurate causing a high uncertainty error. As 

we move towards the knee area the vol tage differences are 

more pronounced so as to facilitate the measurements leading 

to less uncertainty errors. From Table 29 the uncertainty 
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error of Rs in the knee area is as low as 12%. This low 

uncertainty error coupled with the fact that this method is 

best applied in the knee area. where the deviation of the 

p-n junction curve offsets that of the output curve. shows 

the effectiveness of the method when applied near the knee 

of the I-V curves. 

7.7 The I-V Slope Method 

The equation used in determining Rs by the I-V slope 

method is given by: 

where S is the inverse slope of the I-V output curve at the 

open circuit point. Applying the chain rule of partial 

differentiation: 

(7.7). 

Using the data of Table 20 in Eq. (7.7) the uncertainty 

error in Rs can be calculated. The results are given in 

Table: 30 where an uncertainty error of O. 0005 A in Reading 

lL and a 1% error in measuring the slope are assumed. 
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Table 30. The Uncertainty error in Rs For The I-V Slope 

Method. 

Intensity Short Circuit Slop. 8S 1%S oRs 

(suns) eurr. rse 

(mA) (mo) (mo) (mo) 

550 57.14 0.57 0.61 

1100 30 0.3 0.31 

1650 21 0.21 0.21 

Table 30 shows a reasonable uncertainty error in Rs 

when the I-V slope method is applied. The error in Rs is 

11% at a light intensity of sun and decreases with 

intensity to 5.7% and 4% at and 3 suns respectively. It is 

to be noted. however, that this low percentage error was 

calculated for and uncertainty error of 1% in measuring the 

slope of the I-V curve. The slope measurement is difficult 

and can be easily off by more than 1%. and in this case a 

higher uncertainty error in Rs will result. Care should be 

taken when measuring the slope of the I-V curve. One way 

which might help in accurate slope measurements is to for

ward bias the solar cell while under illumination so that 

the I-V curve can be extended into the first quadrant hence 

facilitating the drawing of the slope to the I-V curve at 

the open circuit point. 
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7.8 The Modified Illuminated Curve Method 

The determination of Ra by the modified illuminated 

curve method is done by the following equation: 

Rs [V2 - VL - (l/B)LnFl/Il (l-F) 

hence, 

hence, 

+ I (l-F+FlnFl/BIl F(l-F) 16F 

(7.8) 

and since F = I II 
Be2 sCI 

hence, 

(7.9) • 

The data of Table 21 are used in Eqs. (7.8) and 

(7.9) and the results of the uncertainty error in Rs' 

assuming the uncertainty in reading V2 , VL' lsc l ' Ise2 

II to be 0.0005. are listed in Table 31. 

and 
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Table 31. Uncertainty Error In Rs For The Modif ied 

I 1 lumina ted Curve Me thad. 

Curves II F=Iscz'IsCI 6F VL V2 B Hs 
used 

(A) (V) (V) (l/V) (mO) 

2 vs 3 0.2 1.5 0.001136 0.636 0.6485 39.3 10 

suns 0.3 1.5 0.001136 0.632 0.6415 39.3 

0.4 1.5 0.001136 0.627 0.6363 39.3 

0.5 1.5 0.001136 0.623 0.6320 39.3 

Table 31 shows that the uncertainty error in Rs for 

the modified illuminated method is very high when applied at 

a point near the open circuit point of the lower intensity 

level I-V curve. As we move along the curve towards the 

knee. the current I increases and the uncertainty error in 

RS decreases as shown. The percentage error decreases from 

183% at a point near the open circuit point of the 2 suns 

output curve to about 73% at a point midway to the short 

circuit pOint of the same curve. This very high uncertainty 

error is attributed to the number of variables which affect 

the Rs calculation as seen from Eqs. (7.8) and (7.9). It is 

to be noted that the effects of the uncertainty in measuring 

11 and F represented by the third and fourth terms of Eq. 

(7.8) are negligible with respect to the effects of the 

first and second terms of the same equation. For better 

uncertainty error I it is recommended that the modified 
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illuminated method be applied using two I-V curves with high 

light intensity difference (high F) and that the correlation 

point be far from the open circuit point of the lower 

intensity curve (high II). 



CHAPTER 8 

CONCLUSIONS AND RECOl1MENDATIONS 

Solar cells are becoming important as they are one 

of the promising solutions to modern energy demands. Recent 

DOE reports state that solar cells should be competitive 

with oil and gas by 1990 predicting a cost of about 15 

cents per KWH if the goals are me t. 

The internal series resistance of a solar CEll is a 

parasitic, power dissipating factor and is one of the 

important loss mechanisms and key parameters which can be 

controlled and modified during fabrication. Other important 

parameters are: the diode ideality factor and the reverse 

saturation current. Many techniques are availab le to 

estimate the series resistance of solar cells [7-13, 16-17]. 

Most of these methods are based on the network analysis of a 

single exponential, lumped constant-parameters model which 

has been accepted as being operationally sufficient to 

describe the current-voltage characteristics of the solar 

cell. 

The methods presented in this study can be divided 

into two main groups. The first uses measurements of two 

135 
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current-voltage charact~ristics while the second involves 

the solution of the basic solar cell equation in conjunction 

with actual data taken from a single I-V output curve. It is 

evident that most of the methods covered in this study are 

only useful over a limited range of solar cell operation. 

The study showed that methods which use a single I-V 

output curve are only accurate for cells operating under 

very high illumination conditions. At normal intensities, 

however. such methods result in erroneous results. This is 

due to the fact that methods such as the maximum power point 

method (8) and the I-V area method 113] are derived based on 

the assumption that the diode ideality factor is constant 

along the entire I-V characteristic. This assumption is 

inaccurate at normal intensity levels. Under such 

conditions, the diode ideality factor varies along the I-V 

output curve. Near the open circuit point, the current 

passing through the diode junction is high and is mainly by 

diffusion in the quasi-neutral regions causing the diode 

ideality factor to be unity. Along the knee of the I-V 

curve, however, the diode current is small and is mainly due 

to recombination and generation in the space charge region 

causing the diode ideality factor to be greater than unity. 

Under very high illumination, the I-V output curve 

approaches a straight line, the diffusion component of the 

diode current is dominant along most of the curve, and the 

diode ideality factor can be considered constant at unity. 
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It is suggested then that all methods using data extracted 

from a single I-V curve be used only at very high 

illumination levels where it is appropriate to assume that 

the diode ideality factor is constant at unity along the 

entire I-V output curve. Otherwise. at normal intensities, 

an accurate knowledge of the diode ideality factor along the 

entire I-V output curve is necessary in order to determine 

Rs accurately. 

Most of the methods which use measurements of two 

current-voltage characteristics have the property of being 

able to determine Rs at any particular operating point of 

the characteristic without a prior knowledge of the diode 

ideality factor or the reverse saturation current. provided 

these parameters are constant at the operating points at 

which the measurements were made. 

Among these methods, the dark curve method [9} is 

the most reliable. It yields constant and accurate Rs 

values over a wide range of solar cell operation. The dark 

curve method is simple and convenient. It involves the 

generation of two I-V curves, a photovoltaic output curve 

and a dark forward curve, both of which are easy to 

generate, using a source of light, a variable load resistor, 

a dc power supply, and an x-y plotter. 

The illuminated curve method [7} is also a reliable 

method, Rs values determined by this method correlate very 

well with the dark curve method, especially when the 
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correlation current is taken at the open circuit voltage 

point of the lower intensity curve. However, the method is 

not as consistent as the dark curve method in that it yields 

Rs values which vary with loading and illumination depending 

upon the chosen value of the correlation current. These 

variations are attributed to the distributed nature of the 

series resistance [16]. The method is simple and fast; it 

involves the generation of two I-V output curves at 

different illumination levels without the need of a de power 

supply or a dark environment to generate the dark forward 

characteristic. 

The p-n junction-dark curve method, on the other 

hand, is not reliable due to several reasons: First, 

generating the p-n junction characteristic is much more 

tedious and time consuming. The light intensity level has 

to be varied over a wide range while measuring lsc and Voc 

of the cell at each illumination level. Data points are 

then plotted by hand. Second. the deviation between the 

experimental and the theoretical single exponential p-n 

junction curves in the knee area is so severe that the 

application of this method near the knee area yields 

erroneous Rs values. This fact has restricted the useful 

range of the p-n junction-dark curve method to the region 

near the highest possible open circuit voltage point. 

Three new methods were proposed in this study. The 

slope method is very simple. The method requires one I-V 
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output curve at a single intensity level and is, therefore, 

much quicker. It is recommended to plot the I-V curve at a 

high enough intensity so that the diode ideality factor at 

the open circuit voltage point is unity. Otherwise, the 

value of the diode ideality factor has to be determined from 

independent measurements thus adding more time and 

difficulty to the method. Also, the slope measurement is 

difficult and can easily be off thus leading to inaccurate 

Rs values. 

The p-n junction-output curve method. although has 

the disadvantage of the necessity to generate the p-n 

junction characteristic, a tedious and time consuming 

process, correlate very well with all other methods. 

Because the method uses the voltage difference between the 

p-n junction and the translated output curve, it is 

recommended to use it in the knee area where the deviation 

between the experimental and the theoretical curves offset 

each other resulting in an accurate calculated value of Rs' 

The modified illuminated curve method, like the 

illuminated curve method, requires two I-V output curves at 

different illumination levels and is, therefore, simple and 

fast to generate. The method introduces the new concept of 

treating the diode ideality factor of the solar cell as a 

variable, that is a function of the terminal current and the 

light intenSity level, rather than considering it as a 

constant along the entire I-V output curve which can lead to 
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erroneous results especially at normal intensities. The 

chief disadvantage of this method is that it involves too 

many calculations and, unless solved by computer, can be 

time consuming. Also, since the equation used in determing 

Rs involves many data that are read from experimental I-V 

plots, therefore there exists some uncertainties in reading 

the required data from the graph. The uncertainty in 

reading the data points can propagate to give an 

unpermissible error in the calculated value of Rs' It has 

been found that the ul1certainty error in Rs found by the 

modified illuminated method is very high as compared to the 

dark curve method when applied at the same light intensity 

level. Less uncertainty error can be achieved if the method 

is used at higher illumination levels and correlation 

currents. 

In conclusion, it is evident that most of the 

methods used in determining the solar cell equation para

meters are only useful over a limited range of solar cell 

operation. If one is to choose betvleen some of the existing 

methods in terms of accuracy, consistency, quickness, 

simplicity, and convenience, the following order of 

preference is recommended: 

1. The dark curve method. 

2. The illuminated curve method. 

3. The modified illuminated curve method. 



4. The p-n junction-dark curve method (in the high 

injection level region only). 
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5. The p-n junction-output curve method (in the knee 

area only). 

6. The slope method (at high intensity levels and very 

precise slope measurements). 

7. The maximum power point method (at very high 

illumination levels). 

8. The area method (at very high illumination levels, 

and for cells with very small series resistance in 

the order of 5mn). 



APPENDIX A 

The solar cell output characteristic equation is 

given by: 

Equation (1). when plotted, appears in the 4th 

quadrant. Translating the curve to the first quadrant, 

Equation (l) becomes 

r nh(V - IRs) 
I' : I + IL : 10 L e 

(1) 

I' :: 0 (2) 

The p-n Junction characteristic equation is given 

by, 

(3) 

i=1, 2 ••. • m. 

Dividing Eqs. (2) and (3) we get: 

nh(V-IRs ) 
I' e - 1 (4) 
lsei = nt.r Voei 

- 1 
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For I' = I . 
SCl., 

1sci - 1L , and Eq. (4) yields, 

_ V - Voci _ Voci - V 

Rs - Isci - 1L- 11 - Isci 
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(5) 



APPENDIX B 

Treating the diode ideality factor n as a variable 

that is a function of terminal current and intensity level, 

the solar cell equation at two different illumination levels 

and similar terminal current can be written as: 

(1) 

and 

(2) 

where the 1 in brackets has been neglected and lsc! and Isc2 

are the short circuit currents for the lower and higher 

intensity level curves respectively. VL and VH are the 

corresponding terminal voltages at a terminal current of II' 

BL = * and BH = ~ where TIL and TIH are the 

diode ideality factors for the same terminal current II at 

the lower and higher intensity levels respectively. From 

Eqs. (1) and (2) we get, 

(3) 

and 
(4) 



Dividing Eqs. (3) and (4) we get, 

1 Iocl - 11 
BL VL - BHVH + IIRs(BL - BH) = n ~ 

At the open circuit point II = 0, VL = VocL ' VH VacH ' 

BL EoeL' and BH :: BoeH ' and Eqs. (5) becomes: 

Isc2 
Noting that F :: lsc! the solar cell equation at two 
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(5) 

(6) 

different illumination levels, related by the factor F and 

at two terminal currents related by the :2!l1e factor can be 

written as: 

11 = Iscl - 10 
eBL(VL+I1Rs) 

(1) 

and 

FI1 = FIscl - 10 e 
B2 (V2+FI1Rs ) 

(7) 

Equations (1) and (7) can be written as: 

(8) 

(9) 

Eliminating 10 be dividing Eqs. (8) and (9) we g~t: 

(10) 

Solving for Rs Eq. (10) becomes: 
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B2V2 - BLVL - 1nF 

11 (BL - B2F) 
(11) 

If Eq. (11) is applied within the regions ~"here the diode 

ideality factor is constant and equal (B2""BL). Eq. (11) 

becomes; 

V2- VL - * 1n F 
I) O-Fl (12) 
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