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Introduction

In order to interpret the data obtained from experimental measurements and to provide
assistance in the process of optimizing a solar cell, it is absolutely necessary to have an
equivalent circuit description of an organic solar cell. In the following few sections, the
limitations of conventional solar cell circuit models will be discussed, and then various
improvements will be shown.

Review Literature

P. K. Watkins and A. B. Walker 2015 A model system for blending polymers with electron-
donating and -accepting chemicals has been created by our team. It has been discovered
that the feature size should be around 10 nm in order to get the highest possible energy
conversion efficiency. The first reaction method is used to describe the key processes in an
organic solar cell using the dynamic Monte Carlo simulation. These processes include the
generation, diffusion, and dissociation at the interface for excitons; the drift; the injection
from the electrodes; and the collection by the electrodes for charge carries. According to
the results of our calculations, it should be possible to achieve a power conversion efficiency
(PCE) of 5% by achieving the optimal combination of charge mobility and shape. The
characteristics that were employed in this model research correspond to a blend of new
polymers known as bis(thienylenevinylene)-substituted polythiophene and poly(perylene
diimide-alt-dithienothiophene), which possesses both a broad absorption and a high
mobility. The |-V curves are accurately recreated by our simulations, and the power
conversion efficiency (PCE) of the polymer mix can be as high as 2.2%. This is a higher value
than the experimentally determined value (>1%), and it is one of the finest experimental
findings currently known for all-polymer solar cells. Additionally, the dependence of PCE on
charge mobility and the structure of the material is looked into as well.

K. Emery and M. A. Green, the year (2019)""Watkins et al. originally showed the utilization
of a Dynamical Monte Carlo (DMC) model in order to predict charge transport in an organic
solar cell . They modeled a polymer blend consisting of PFB and F8BT, and the results
showed that the peak IQE for a bulk heterojunction was greater than 50%. This result is on
the proper order when compared to the experimental observations. Watkins also proposed
a way to construct bulk heterojunction morphologies with variable domain sizes. This
approach was reported by Watkins. The section under "Model Description" will provide
discussion on the specifics of this approach. In the study that Watkins did, determining the
precise IQE of a device was not the primary goal; rather, it was verifying the validity of this
kind of simulation and looking for broad trends. As a result, he made the following three
important simplifications: There is no energy disorder for the localized hopping states, the
exciton production rate was established by an order of magnitude calculation, and it was
assumed to follow a Gaussian distribution with respect to the thickness of the solar cell. The
mobility of holes and electrons is the same.

The C. W. Tang, (2011) Report. Fan Yang and Stephen Forrest utilized the DMC approach in
order to replicate the prototypical small molecule organic system consisting of CuPc and C60
This was accomplished after Watkins provided evidence of the potential of the DMC
method. In addition to this, they revised Watkins's too simplistic assumptions that they
found to be incorrect. Both the equations and the Dynamic Monte Carlo approach may be
used to analyze the novel material system. Yang and Forrest allowed for a difference in the
mobility of holes and electrons, introduced a Gaussian energy disorder for the localized
states, and calculated the exciton generation rate by multiplying the optical field intensity
within the cell by the material absorption coefficient of the cell. This allowed for holes and
electrons to have different levels of mobility. By increasing the precision of these aspects of
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the model, Yang and Forrest were able to create simulated EQEs that were quite similar to
those acquired through experimentation.

Conventional Solar Cell Equivalent Circuit Model-

Conventionally, a photo-voltaic device can be represented by the equivalent circuit model

| P

shown in fig. (a). Circuit model consists of a current source which models the photo-
generated current, a diode D modeling the dark characteristic of the photo-voltaic cell, | is

externally measured current and parasitic resistances R, and R*"‘, which are series
resistance, representing the saturation of dark current and shunt resistance, representing

||1|:| 1

the leakage current of diode respectively. Current source
diode.

is connected in parallel to the

(a) (b)

Fig.: Conventional equivalent circuit model of organic solar cell with series resistance
R.‘\'J'

R: and

shunt resistance ) Model of organic solar cell where effect of shunt resistance is
absorbed in diode model.

If leakage currents are ignored or the effect of shunt resistance is absorbed in the diode D
itself, equivalent model will simplify to that shown in fig. (b). For this model, externally
measured current | can be modeled as

I'=1L, = fF(Vp)

= by = f(V ~IR)

Here, f(VD) represents the dark |-V characteristic of the device. In this model,

photogenerated current Lo is assumed to be only dependent on the incident light intensity

and independent of the applied voltage V. this model has been used successfully for silicon
photo-voltaic devices and attempts have been made to use this model for organic solar cells
too, in the existing or modified form. But this model has some inherent problems. As an
example, it predicts that open circuit voltage should increase with reduction in dark current.
f=fph—f|:1’rg[+ﬂ}=ﬂ

Voc = f " (Ipn)
Let us foe a moment assume that dark current can be modeled as exponentially dependent
on the voltage like a p-n junction diode.

I =1 (exp (]:ﬁ] - 1:]

Where, lois reverse saturation current of diode, n is ideality factor and Vth is thermal

= [yand V=

voltage. Under open circuit condition 1=0, from eq. Lo Voc. Eq. becomes-

Voc
on = 1o (e (7))
Vpe = nV,; log (’;—I“ +1)
Eqg. predicts that open circuit voltage VOC of a photo-voltaic device can be increased by

reducing reverse saturation current Lo of the diode. In other words, one can say that by
reducing the dark current of photo-voltaic cell, its open circuit voltage can be increased. Fig.
shows two dark characteristics, one for carrier injection barriers of 0.3eV and another for
0.5eV. it can be seen that for barrier 0.5eV dark current is smaller than that of at 0.3eV
barrier. In the same figure, photo-generated current for polaron pair generation rate
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G, =1x10"%m2s-
I = qGy

Where q denotes the charge of an electron. A standard model of a solar circuit would
suggest that the open circuit voltage would be around 1.4 volts for a barrier height of 0.3 eV
and around 1.5 volts for a barrier height of 0.5 eV. This would indicate that the open circuit
voltage should grow as dark current decreases. However, it has been demonstrated in
section that if leakage currents are neglected (which is the case here), the open circuit
voltage of a photovoltaic device for varying barrier heights remains constant. This is in
contrast to the predictions made by the standard model. The mismatch arises from the fact
that it was assumed that the photo-generated current would be constant, which is not
applicable for organic solar cells in general..

variation of dark current with applied voltage for 0.3aW and 0.5eV injection barrier height
10

1. . .
is also shown which is taken as

Current Denslty (mAcmi2)
B

—&— Dark Curent for fal_=fal_=0.3aVv
1w} —sf— Dark Cusrent for fai_=fai_=0.5aV

————— FPhoto-generated cument for Gx=1e1&m " 2s"1

a8 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
Applied Voltage (Volts)

Fig.: Variation of dark current with applied voltage for 0.3eV and 0.5eV injection barrier

— — =5 2yr=1_-=1
heights"l is polaron pair generation rate. #n = Hp = 13 107%em"V™"s™.

In more general model, the photo-generated current should be taken as a function of the
voltage and eq. should be accordingly modified as

I =1,(V—IR) - f(V —IR,)

To show this assertion, simulations were carried out for different injection barrier heights
and mobility of 1x107°em*V™'s " current under dark and under light, for polaron pair

generation rate oflx 10°*m *s ';3re obtained. Difference of current under dark and
current under light is taken as photo-generated current. Fig. shows the variation of photo-

]1"'with the voltage, for different injection barrier heights. Simulation

generated current
results show a clear dependence of Lo on the applied voltage. Fig. shows that as voltage

increases, photo-generated current L decreases and this change in photogenerated
current with applied voltage is more pronounced for high barrier heights. For 0.6eV

injection barrier height, L changes by more than five orders of magnitude.

Dependence of light generated current on the applied voltage at different injection barrier height
10

Light Generated Current (mAcm2)

. 1 1.2 1.4 1.6 1.8
voltage (Volts)

unand p

Fig.: Dependence of light generated current on the applied voltage. Pare the

. . and
electron and hole mobilities respectively. On 0

and anode respectively.

Fig. is re-plotted in fig. but this time taking photo-generated current to be voltage
dependent. Fig. predicts open circuit voltage ~1.38 volts for 0.3eV injection barrier and ~1.4
volts for 0.5eV injection barrier. Open circuit voltage predicted at 0.5eV is quite same to that
of predicted at 0.3eV from the fig., which was expected if leakage currents are ignored

P are the injection barriers at cathode
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Variation, of dark & photo-generated current with applied voltage for 0.3eV and 0.5eV injection barrier ht.
10 T v T v

Current Density {mAcni2)

—©— Dark Cument for fai =fai_=0.3eV/
——©-— Photo-generated curr

for I“al,,=l‘a|p=0 Se\
—&— Dark Cumrent for fai, =fai_=0.5eV 1
— =i — Photo-generated current for fai, =fai_ =0.Se\/

Voltage (Volts)
Fig.: variation of dark current with applied voltage for 0.3eV and 0.5eV injection barrier
heights. Gx is polaron pair generation rate. Voltage dependent photo-generated current is
also shown for two cases Fig.: variation of dark current with applied voltage for 0.3eV and
0.5eV injection barrier heights. Gx is polaron pair generation rate. Voltage dependent

o — -5 2171 o ~1
photo-generated current is also shown for two cases Hn = Hp = 1 x107em™V™"s .

Series Resistance in Organic Solar Cells-

It is well known that series resistance has a noteworthy negative impact on the
characteristics of the solar cells. The series resistance is extracted from the dark
characteristics and can be incorporated in equivalent circuit model in two distinct ways

which leaves the dark characteristics unaltered.
. 1 . 1

Re —p o
Id ¢ Rs

Iph Iph
g v D v

Id*_

Fig.: solar cell equivalent model when (a) series resistance is placed in series of both current

+

D

source Lo and the diode D (b) series resistance is placed in series of diode D but in parallel

|
of current source ™",

In fig.(a) series resistance has been placed in series with both current source Ton and the
diode D while in fig.(b) series resistance has been placed in series with diode D but in

parallel to current source IF’". In next section parameter extraction is done for the two
models shown in fig. using the dark characteristics and subsequently, simulated light
characteristics is fitted back using extracted parameters.

Extraction of Parameter and Fitting-

For the models presented in fig.(a) and (b), parameters are extracted from the simulated
dark current and then light current is obtained from extracted parameters. To extract dark

current parameters, photo-generated current Tpn is made zero. Note that if photo-

generated current Lo is made zero, both the circuit models shown in fig. (a) and (b) will
reduce to same circuit that is diode D in series with series resistance Rs. so, extracted
parameters from the dark characteristics will be same for both the models.

Diode current L is given by the equation
v
Id = fn (E‘IF‘ (n'lr::ﬁ) a 1)

F
Where n is ideality factor and v this thermal voltage. So, parameters to be extracted are

reverse saturation current of diode 10, ideality factor n and series resistance R*‘. To extract
these parameters, current under dark and under light have been obtained for the injection

barrier of 0.3eV and hole and electron mobility equal to 1 X 10 %em*V 157! (fig.)
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Simulated dark & light characteristics of solar cell

fai, = fai_ = 0.3eWw = 1.628 WVolts]

a
10 r e mobility = h mobility = 1e-5 cm>w 1s1

—&— Under Dark
——e— Under Light
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Fig.: Simulated dark and light characteristics of organic solar cell with both injection barrier
heights of 0.3eV and electron and hole mobility

Hn =ty =1x10°cm?V 1571 and AE;, = AEy = 0.5eV.

In fig. initial part of the dark current is linear and can be fitted by only a diode. Later part,
which shows saturation, is fitted with a diode and a resistance in series. Value of ideality

factor n and reverse saturation current of the diode 10 can be extracted by fitting the linear
part. From the linear region of dark current in fig. we get
Ideality factor, n =0.94

, Ip=1.92 x 107 mdcm ™2
Reverse saturation current,
Series resistance, Rs = 0 ohm-cm 2

Once the ideality factor n and reverse saturation currents lo are known, the saturated
region of dark current can be fitted with a diode D, whose ideality factor n and reverse

saturation currents 10 are assumed to be same as estimated earlier and a series resistance
which can be calculated in the following manner.

Applied voltage V is dropped across series resistance Rs and the diode D. if for applied
voltage V, dark current is lq.

V = IdRs =+ Vl._j
But,
Iy
Vo =V In ()
Iy
So
14
V = IR, +nV In (f-)
0
. I
RS _ V_Tlll"a&]“{m}
Iy

Ideality factor n and reverse saturation currents Iy having already been known, series
resistance can be calculated from eq. Series resistance thus found will be voltage
dependent. In fig. linear part of dark current ranges from 0 to 1.5 volts. Above 1.5 volts, dark
current shows saturation and series resistance Rs comes out to be non-zero. Variation of
series resistance Rs with applied voltage is shown in table

Table- Variation of series resistance, Rs with applied voltage for injection barrier
of 0-3eVand g, =g, =1 x 10 em?V 15"

Voltage (Volts) 0-1.5 1.6 1.628 1.7
R, 0 1.414 1.0 0.66

(Kohm cm”)

Now, using extracted parameters light characteristic is obtained, using both the models
shown in fig. (Model (a) and Model (b)) and plotted in fig. While calculating current under

light, photo-generated current Ton was treated as voltage dependent. Note that photo-
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generated current was calculated by subtracting current under light from current under
dark.

N wariation of light current with wvoltage
10

S
10° ‘\\k 3

X
' :
1w | fai, = fai, = 0.3eWw \ - 3
i
e mobility = h mobility = 1e-5 cm>v - 1s™1 3 > E
W 3
- -
=1 Y 1

10 =1

Current Density (mAcmi2)

R 3 —&— Simulated light curmrent ‘L
—=—EF— Fitted light current with Model 3. 19a)
Fitted hght current with Model 4 19{b)

107

1 1.1 1z 13 1.4 1.5 1.6 17 R -
Voltage (Voilts)

Fig.: Variation of light current is shown with voltage from simulated data (solid line), from
fitting the model presented in (a) (dash) and from fitting the model presented in (b) (dotted
line). Both injection barrier heights are 0.3eV and electron and hole mobility
My = @, = 1x107%em*V~1s7! and AE; = AEy = 0.5eV.

From the fig. it is clear that solar cell circuit model shown in fig. (b) fits well for the extracted
parameters, compared to the model shown in fig.(a). Solar cell circuit model shown in fig. (a)
under estimates the open circuit voltage. It is important to notice that series resistance
extracted above from the dark characteristic is internal resistance to the device. Now,
suppose there is some external resistance also, say because of interconnect lines. For the
moment assume that the interconnect offers 1.5 Kohm cm2 series resistance. |-V
characteristic for 0.3eV injection barriers, carrier mobility of

_ _ -5 . Zrr—1.—-1
Ho = pp =1 X 1077cm V™"s and with interconnect resistance of 1.5 Kohm cm2 is

shown in fig.

-V curve under dark and light with interconnect resistance

fai,, = fai, = 0.3V

107 | @ mobility = h mobility = 1e-5 cmZv - 1s™1
Inte rconne ct Resistance = 1.5Kohm-cm®

107

107 |

Current Density (mAcni2)

107 |

1077

—— Current under Dark
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1 -
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Fig.: Current under dark and light for injection barrier of 0.3eV, carrier

. - =5 iy 217—1 o—1
o =pp =1X107em Vs and ITO resistance of 1.5 Kohm-cm?

I[:.

mobility

We can extract ideality factor n, reverse saturation current and series resistance Rs,

which will contain resistance from interconnect (Rexr) and internal resistance of device

(RNths £0m the dark characteristic shown in fig. Subsequently, we can fit the light
characteristic shown in fig. from the extracted parameters. To fit light characteristic three
models shown in fig. can be used. In model (a) total resistance (REXT+ RINT) is placed in

series to diode D while in parallel to photo-current source Loh . Model (b) places external
resistance REXT, in series to both diode D and current source while internal resistance RINT

. | . . .
comes in parallel to current source ™ and series to diode D. model (c) incorporates total

resistance in series to both the diode D and current source Lon .

1
Re +
X1 ) i RitéReT .

: =
é Rot+ Rey é R ul
Iph Tph Iph
D v ) D v v
" ﬁ 7] % B

Fig.: Organic Solar Cell circuit model with (a) [Model (a)] total resistance{Rf:X'T_ R1-“*'[']in
parallel to current source (b) [Model (b)] Rint in parallel and Rexr in series to current source

[Model (c)] total resistance (Rexr™ Rint)jg series to current source.
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The light characteristics of the models given in figure are suited to the simulated light
characteristics, which are displayed in figure, It is evident from figure that the model of the
solar cell circuit provided in figure (b) matches properly to the simulated data. On the other
hand, the model presented in figure (a) overestimates the open circuit voltage, while the
model shown in figure (c) under estimates the open circuit voltage. It is essential to take
note that, when doing the extraction, we determined the overall resistance value to be

(Rexrt R]_\.-[-]_ As a result of the fact that we were already familiar with the resistance value
provided by the connecting lines, we were able to successfully match the simulated data
using the model that is depicted in figure (b). It is often challenging to break the extracted
series resistance when the internal resistance is combined with the exterior resistance.
When the resistance of the environment is disproportionately high compared to the entire

resistance, we can connect the total extracted resistance in series with the current source.

Lot both the data and the model that is depicted in figure (c) will line up quite well. On the

other hand, if the internal resistance is the dominant factor, we can connect the total

extracted resistance in parallel with the source of the current. Loh and model represented in

fig. (a) will be accurate enough to reproduce the characteristic of photo-voltaic device.

N SGraph between YWoltage and Simulated f Fitted Light Curremnt
10

1o b fai,, = fai_, = O.3eWw
e mobility = h mobility = 1e-5 cm2w 1s1

ITO Resistance = 1. SMobhmm -cm™

Current Densty (mAcni2

— = Simulated Light Current
— == — Fitbed Light Curmenit with Model <1 23Z(a)

o o 2 .3 o.s oS 1 1.2 1.3 1.5 1.8 =z
wWoltage (Wolts)
Graph between Woltage and Simulated f Fitted Light Currenit
10 F L= g E

o 'k fai,, = fai, = 0.
e mobility = h mMmobility = 1e -5 crm 2w 1s1

1T Resistance = 1.SKohm—crm>

— = Simulated Light Cument
——S—— Fitted Light Surrent with hcdel 4. 234(b)

Curnt Density(mcnil)

-0 5 o o.s 1 1.5 =2
voltage (Wolts)

Sraph between Voltage and Simulated F Fitted Light Curremnt
L 5 = E

107 fai, = fai_ = 0.3aW
e mobility = h mobility = 1e-5 crm>w 1s"1

ITO Resistance = 1.SKohm-cm > =
10 =

—=— Simulated Light Current
——S—— Fitted Light Curment with Model 4 _2340c)

Current Density (mAcri)

107

107
= [=] o.5 1 1.5 =

Voltage (Wolts)

Fig.: Simulated (solid line) and fitted (dotted) light current, for model (a) shown in fig. (a), for
the model (b) shown in fig.(b) and for model (c) shown in fig.(c). Injection barriers are 0.3eV,

— — =5 217-1.-1
carrier mobility#n = Hp = 1 X 1077em™ V=757 434 |70 resistance of 1.5 Kohm-cm
Constant Photo-Current Organic Solar Cell Model-

In each and every one of the parts that came before this one, photo-generated current L
during the process of data fitting and parameter extraction, it was assumed that the
dependent variable was voltage. A model of a circuit for an organic solar cell is shown in this
section. The model assumes that the photo-generated current is voltage independent. In
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addition to that, the parameter extraction strategy for this model is explained. Figure
depicts a model of an organic solar cell that assumes a photocurrent Ip that is unaffected by
the voltage that is being applied and is instead just a function of the intensity of the incident
light. In this model, the photocurrent Ip is proportional to the rate at which polaron pairs
are generated. The shunt resistance is used to describe the loss that occurs as a result of

polaron pair recombination at the hetero-junction interface. Ra . and the series resistance
Rs is used to simulate the process of charge extraction at the electrodes. Both series and
shunt resistances are considered internal resistances to the device, as opposed to the
exterior resistances that are typically associated with conventional models of solar cells.
Only when light is present, due to the presence of perfect diodes D1 and D2, do the shunt
and series resistances come into play. This model makes the assumption that the internal

shunt resistance is constant. Ran is independent of applied voltage while series resistance
Rs is a function of applied voltage.

I
2 Rs
Vint D2 )\ycr —
it +
Rsh Idark

I v
P D1 Ddark

Fig.: equivalent circuit model of organic solar cell, which assumes photo-generated

Ra and Rs 1 gels  the  recombination  at

Dy and D, are ideal

I .
current P to be constant. Resistances

heterojunction interface and extraction at electrodes respectively
diodes.

Parameter Extraction

- A method of extracting the series and shunt resistances is discussed in reference [12]. Here
an alternative scheme is proposed to extract the model parameters.

From fig.

_ llll|r.'|:
fp = E + I+ j-:.l’urk

T"I'l';rat =V+ “ + j-:.iurk }R

But, ¥ so that

[ R, v
I, = (E+1)U+fdurkj+m
Rihis constant and if it is assumed that variation ofR* is small with voltage then
differentiation of both sides of eq. gives

B (g Y L
(H”, +1 av + av + Ren 0

And,

I, = qGx

Parameter extraction is done for the simulated data shown in fig., where dark and light
characteristics were obtained for injection barriers of 0.3eV and carrier

mobilities1 X 1072 cm®V~"1s L for the purpose of deriving the parameters, Equations and
are concurrently solved with the applied voltage set to zero, and the values of the shunt and
series resistances are determined. It is possible to compute the series resistance as a
function of the voltage using the value of the shunt resistance and the equation. The
calculated value of the shunt resistance was found to be 12.95 kilo-ohm-centimeter 2, and
the values of the series resistance are displayed in figure as a function of voltage..
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variation of Internal Series Resistance with Applied Voltage

10”

=]
0]
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Fig.: Variation of internal series resistance with the applied voltage
aR; .

It can be seen from the above figure that % ~  at zero volts. For deriving eq. we assumed
that variation of Rs is negligible with voltage and we used this equation at zero applied
voltage only to extract the shunt and series resistance. The extracted values confirm that
this assumption is really valid at zero applied voltage (see fig. ).

Complete Organic Solar Cell Circuit Model-

Models of circuits for organic solar cells were covered in section of the chapter. These
models assume that photo-current is voltage dependent. The circuit models for organic
solar cells are given in figure, These models take into consideration the device's external and
internal resistance. The location of these resistances in the circuit model was also
considered; nevertheless, it was believed that photo-generated current was voltage
dependant. A voltage independent photo-current was assumed to be flowing in section, and
the resulting circuit model is depicted in figure. From these two parts, one may draw the
conclusion that it is possible to conceive of a complete circuit model of an organic solar cell.
This model would take into account internal and external resistances, as well as assume a
voltage independent photocurrent. The schematic representation of this organic solar cell
circuit may be found in figure.

Vint S - —’

Rsh

Ip (+ D1

Fig.: Equivalent circuit model of organic solar cell, which assumes photo-generated current

I to be constant and takes external and internal resistance into account. Resistances R
and Rs models the recombination at hetero-junction interface and extraction at electrodes
respectively. D1 and D; are ideal diodes. Rint is the internal resistance to the device while
Rext is external resistance.

Despite the fact that the model of an analogous organic solar cell circuit depicted in figure
takes into consideration continuous photo-generated current, internal and exterior
resistances, there are now additional parameters to extract. There is a single diode

contained within this type. Daak and three series resistances, Ro, Rivt, Rext to extract.
Extraction of all these resistances individually poses a formidable challenge.

Conclusion:

It has been proved that if dark characteristics are supposed to follow an exponential
current-voltage relationship, with an open circuit voltage and light produced current treated
as constant, then an increase in the value of ideality factor will result in a reduction in the
value of fill factor. This is the case even when an open circuit voltage and light generated
current are taken as constant. If, on the other hand, dark features are supposed to follow a
polynomial current-voltage relationship while the light produced current remains constant,
then a rise in m will increase fill factor, which will become closer and closer to the value of 1.
6. In addition to the shape of the dark characteristic, it has been established that the
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amplitude of the dark current measured at the open circuit voltage is an incredibly
important component in estimating the fill factor of a device. This is the case even when the
open circuit voltage is known. An increase in the dark current that is present when the open
circuit voltage of a photovoltaic device occurs also leads in a rise in the fill factor of the
photovoltaic device, as has been proved via the use of computer simulations. This
relationship between the two variables has been established.

By utilizing the expression for the single diode exponential model, equations are built for
the diode ideality factor n, reverse saturation current 10, series resistance Rs, shunt
resistance Rsh, and photocurrent Iph. Following this step, the equations for the optimal load
Rm, maximum power Pm, and fill factor FF are derived. Using the formulas for the double
diode exponential model, equations for the saturation current 101 and 102 have been
constructed. These equations may be found below. These equations pertain to the
recombination and diffusion components of the space charge area, in addition to the shunt
resistance Rsh and the photocurrent Iph. In the scenario of the double-diode exponential
model, the value of Rs can be determined by employing either the quadratic solution
method or the cubic solution method. When compared to the quadratic solution method,
the accuracy of the parameter values that are represented by the cubic solution approach is
significantly higher.
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