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The quality performance analysis of any solar cell can only be predicted through
the parameters extracted from its current-voltage characteristics. Herein, we demon-
strate an efficient analytical method to calculate the series resistance of organic solar
cells without any pre approximation. It has been shown that the inaccuracy in series
resistance takes place due to the high ideality factor of the organic based solar cells,
usually ranging from 2-5. Using a systemic approach, we solved the single diode solar
cell model to determine the series resistance expression. The dependence of series
resistance on ideality factor of the device and the reverse saturation current calcula-
tion through the illuminated current-voltage characteristics has been presented here
for the first time. The entire method has been programmatically realized in MAT-
LAB. The extracted parameters values have been compared to the other methods
for the proof of validation and it shows good agreement where as some outputs
are better resolved. Additionally, the effectiveness of the present method is also
matched with NREL certified silicon solar cell (reference cell model 60623) parameter
extracted from K24 XX cell software provided with PET cell tester model, CT200AAA
solar simulators. The present proposed method is not restricted to the organic solar
cell only but it can also be applied for the other type of solar cell as well. There-
fore, the proposed method shows the relevance in the present scenario of solar cell
research and development. © 2018 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5053584

INTRODUCTION

@ CrossMark
eclinkte

The high manufacturing cost of crystalline silicon and the latest advancements on semiconduct-
ing polymer strategy and synthesis in recent years have directed the attention of the scientist and
engineer’s community towards organic solar cells (OSC’s).!~* For the estimation of organic solar cell
performance and further improvement in design, fabrication, and simulation; the precise knowledge
of electrical parameters from current-voltage characteristic is essential. There are numerous losses
existing in the organic solar cell which affects the performance determining parameters like short cir-
cuit current density (Ji), open circuit voltage (V. ), fill factor (FF) and efficiency (1)). The basic diode
parameter, i.e. ideality factor (n), lumped parameters series resistance (Ry), shunt resistance (Rg,) and
reverse saturation current (J,,) are the factors that can control the losses. Shunt resistance in solar cell
originated by the defects during the fabrication and provide an alternate conducting network for the
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photogenerated carrier. The reduction in Ry, can adversely affect the performance of organic solar cell
by decreasing the V., FF, and . Different layers of the organic solar cell including internal interface
layers, lateral conduction through the transparent conducting oxide and aluminium contact intro-
duces R, Countless research is being carried out to develop different approaches to extract parameter
from solar cell current-voltage (J-V) characteristics.>~’ Kaminski et al. used a dark J-V curve with
a single exponential model to extract series resistance.® M. Chegaar et al. has reported a method for
extracting the electrical parameter from experimental J-V data.” Wolf and Rauschenbach have shown
that series resistance determination from the J-V characteristics at two different illumination levels.'?
This is later analyzed by other authors and found that there is a significant increment in the series
resistance with increasing terminal current. Cape and Zehr!! found a large error in the inferred value
in series resistance introduced by the temperature difference of the cell measured at two different
points. Warashina and Ushirokawa'>!3 have developed a graphical method to obtain series resistance
considering the constant illumination level method. All the extraction methods do not provide any
information regarding the effect of ideality factor on series resistance which is crucial for the organic
solar cells. Usually, for the electrical characteristic of organic solar cell single diode and double diode
equivalent circuit model is used. Due to its simplicity and capability to well describe almost all types
of solar cell characteristics; the single diode model has become most suitable selection for the present
case of study. Whereas the majority of the parameter extraction method uses curve fitting approach
by employing least square method.'>~'¢ In this approach, parameters are extracted by minimizing
the squared error between calculated target variable and experimental data. Typically the expressions
for the target variable are an implicit function which consists of dependent and independent variable
at an identical time. The implicit nature of current-voltage expression increases the difficulty in the
parameter extraction. To overcome this difficulty, the Jain et al. proposed the Lambert W function
to obtain the explicit analytical solution to study the properties of organic solar cell.!” It applies
simulated current-voltage characteristic instead of experimental data. These types of vertical opti-
mization method (minimizing the current quadratic error) allow the extraction of solar cell parameters
simultaneously, but it requires good initial estimation of parameters such as series resistance, ideality
factor and reverses saturation current for calculation. Based on Lambert W function Ortiz-Conde et
al. have presented a parameter extraction method for the solar cell from the integration of illuminated
current-voltage characteristics. 17 Tn this method, they calculated first Co-content (CC), (J-V) function
from the explicit analytical solution and there after extracted the solar cell parameters. Though, CC
is a function of J-V and eventually uses a bi-dimensional fitting process. The present study is free
from any initial approximation for the series resistance evaluation, the derived slope (dV/dJ) at short
circuit provide shunt resistance (Rg,) whereas at open circuit condition gives series resistance (Ry)
with the added expression.

EXPERIMENTAL
Device fabrication

For the validation of present study, the organic solar cell has been fabricated with structure
ITO/MoO3/P3HT:PCoBM/AL The blending ratio of the P3BHT:PC[60]BM blend was 1:0.8 by weight
with 30 mg ml~! solution concentration in dichlorobenzene. Indium tin oxide (ITO) coated glass
substrate was patterned with a laser scriber and then ultrasonicated in a soap solution, acetone and
then isopropyl alcohol stepwise each for 20 min. MoO3 is used as a buffer layer deposited by vacuum
deposition process and the active layer (P3HT:PC[60]BM) film was spin coated at 800 rpm for 60 s
and annealed at 120 °C for 20 min. Aluminium (Al) used as a cathode was thermally evaporated up
to 100 nm over the active layer at 10 mbar pressure with around 2 A per second deposition rate.
The final achieved cell structure was ITO/MoOs/P3HT:PC[60]BM/AI with device area 0.04 cm?.

Device characterization

All the device measurements were done under ambient conditions. The current-voltage charac-
teristics were measured using a computer controlled PET solar simulator integrated with Keithley
2420 source meter. The current voltage characteristics obtained was implemented in our newly
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developed mathematical expression in MATLAB 2013b for the evaluation of Jo, Jsc, Voc, Rs, Rgh, FF,
1 and Ideality Factor (n).

Mathematical modelling

The single exponential model with a lumped parameter equivalent circuit having series and
parallel resistance in the simplest form has been shown in Figure 1. The mathematical expression for
the output terminal current density (Jpy) for the equivalent circuit, shown in Figure 1, is given by the
implicit equation 1.!7

1
Jpv = _Jph + Jsat [e{%(v_JPVRS)} - 1] + _(V - JpVRS) (1)
Rsh

where, Jph, g, k, and T stands for photogenerated current density, electronic charge, Boltzmann’s
constant and operating temperature of the organic solar cell. The classic solar cell J-V characteristics
in linear as well as semi-logarithmic scale indicated with important parameters have been shown in
Figure 2. When short circuit condition is applied at the output of OSC (V= 0, J,y = - Ji), then the
equation 1 is modified as per equation 3.'8

1
e = =Tpn + Jsar [l FTERN — 1] 4 —(IcR) @)
Rsn
SCRS R'
Joh = Jsat [eank? - 1] +Ie |1+ — (3)
Rsh
Considering the open circuit condition (V=V, J,y=0) in equation 1,
(s (Voo) 1
_Jph + Jsat [e nkT 2 Toel) — 1] + =—(Voc)=0 “4)
Rsh
R
s un—

n
NOR LI

FIG. 1. The single diode equivalent circuit model for an organic solar cell with parasitic and parallel resistances.
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FIG. 2. Typical solar cell J-V characteristics in linear as well as a semi-logarithmic scale with the indication of different
electrical parameters.
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oc V
Jpthsat [C% - 1] + ROC 5
sh
From equation 3 and 5 and assuming R<<Rg,, "
'oc qJSC S V
Tt [e% — et ] e+ 20 6)
Rsh

By differentiating the equation 1 with respect to V for the evaluation of dynamic resistance of organic
solar cell

Psar , LWpvRs) L
av 1R [ T MRy -
VA PE/S
pv QJsat 1
wr TR

Now applying the condition of short circuit in equation 7, we obtain the resistance (Ry.) in device at
short circuit condition, i.e.

R = |Rs +

®)
[q{g quﬁ, ] \

Generally, for a good solar cell, series resistance is very small compared to shunt resistance,’

J qJscRs
therefore, Ry < Ry and et < L.
Hence, equation 8 is reduced accordmg to equation 9

Rgn

Rsh =Rge 9

Above expression shows that the inverse slope at short circuit condition which provide Rg.
Now applying the open circuit condition in equation 7 and equating resistance (Rq)

1

Qsar , T ]
kT Ran
Gsat

JscRs - ..
Inequation 6 ;e T <] sc and itis also a smallest term compared to the remaining terms, therefore,
this particular term can be neglected. If we calculate each term in equation 6 separately according to
the parameter values obtained for the fabricated device given in Table 1. Then the calculated values

=1.4080 x10°A/ecm?, Jo. = 0.0085 A/cm?

(10)

9Voc 2 PseRs
separately equate to Jy [e nkT ] =0.081 A/cm~, Jgy [e nkT

and X—f}: = 0.038 A/cm?, respectively. It is clearly evident from the equated numbers that the value

WscRg . .. . . .
for Jgy [e nkT ] is smallest and negligible compared to the other terms in equations 6. Moreover, in

addition operation, it does not affect the final value significantly. Therefore, this term can be omitted,
hence we can get a more simplified expression for the series resistance and reverse saturation current.

TABLE I. Comparison of proposed methods with the other methods for the organic solar cell.

Parameters Present Study Chegaar et.al?® N. Nehaoua et.al?’ Amit Jain et.al??
Jsat (A/cm?) 1.1482x107 1.2021 - -

Jsc (mA/cm?) 8.465 8.465 8.465 8.465

Voc (V) 0.46308 0.46308 0.469 0.4631

Rs (ohm-cm?) 1.7 47 2.06 1.8

Rsh (ohm-cm?) 122 48.0493 92.72 92.41

FF (%) 41.479 41.4789 41.39 41.48
Efficiency (%) 1.626 1.626 1.62 1.62

Ideality Factor (n) 3.20 3.39 1.92 2.0




125121-5 Rana et al. AIP Advances 8, 125121 (2018)

aVoc . . . . .
After neglecting and equating %elﬁ from equation 6 and putting in equation 10. The series

resistance can be approximated as follows:

nkT
Ry=|Rpe - ———— (11)

Voc - nkTT
J sc T Ren

The above approximation is quite suitable for single diode model and it is valid for any type of solar
cells with varying device area. Moreover, the above approximation is not easily implementable in
double diode model for which the detail has been given in supplementary material. From equation 6
and 11 we can calculate the reverse saturation current, i.e,

kT[ 1 1 ] qVoc

R —R, Ry
Now, Equation 9, 11, and 12 can be used for evaluating Rg,, R, and Jg, respectively. For the calculation
of ideality factor for organic solar cell, the dark J-V characteristics (Figure 2) have been used. The
ideality factor has been derived from the slope of the semi-logarithmic dark J-V curve and represented
by equation 13 given below.

Jo=n— et (12)

_q dVv
7 XT dinQ)
At very low voltages, the current from the diode is dominated by the trap-assisted recombination
and shunt resistance. However, current at higher voltages is dependent upon series resistance. In
the intermediate voltage range, the recombination current exists and controlled by the Jg and n.
Therefore, for the calculation of ideality factor, the slope of thesemi-logarithmic dark J-V curve
should be selected in the intermediate recombination region.

13)

RESULT AND DISCUSSION

The developed method has been implemented in MATLAB?! to determine the various solar
cell parameters such as Rg, Rgy, n, and Jgy. Figure 3(a, b) shows a semi-log plot of dark current-
voltage characteristics and illuminated current-voltage characteristic under 100 mW/cm™ constant
illumination, generated as the output of the program. The parameters extracted in this work are quite
good in predicting the organic solar cell behavior as well as the device physical constitution. These
parameters could be helpful in the selection of materials for the fabrication of organic solar cells.

The structure of device presented here is ITO/MoO3/P3HT:PC[60]BM/AIl. Each of the layers
has its own effect on the device performance, therefore, the device parameters will be also affected.
To determine the connection between the parameters and the materials physical constitution as well
as device mechanism, we need to understand the origin of such extracted parameters and the factors
affecting them. Ideality factor is one of the important parameters which measure how the diode follows

10° @ 25x10°
a (b
2( ) /
10° /
_ / 15
z 7 /
= e = 4 /
Ty - ™ <A N = /
S 7 2
- “\ /- 30': /
s \i/ S /
10° . \_[ ______ - o
“ """" - 05 ot
) } il
! ! |
W08 o5 04 92 0 02 04 06 08 1 4 48 05 44 02 0 02 04 05 08 1
Voltage (V) Voltage (V)

FIG. 3. Simulated output of experimental (a) dark semi-log current vs. voltage and (b) light current vs. voltage for device
stricture- ITO/MoO3/P3HT:PC[60]BM/AL.
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the ideal diode characteristics. For the ideal p-n junction, there is only diffusion current flow through
the junction, therefore, the ideality factor (n) is unity.?”> The recombination takes place in the organic
solar cell during exciton diffusion or even after the exciton dissociation. The possibility of charge
carrier recombination is higher in the organic solar cell compared to inorganic solar cells. There is two
important processes, which affects the ideality factor in organic solar cells. First is exciton diffusion
which takes place during the geminate recombination and second takes place during the charge
collection which is dominated by bimolecular recombination and space charge effects. Both types
of recombination processes cause the charge carrier loss in the device. Due to these losses, ideality
factor of the device increases beyond unity, sometimes greater than 3. Usually, series resistance in
these devices originates from the bulk resistance of the active layer and electrodes which means it
depends on the physical constitution of the material and the contact resistance between the active
layer and the electrodes. Whereas, the shunt resistance originates from the pinholes created during
device fabrication as well as the purity of materials used. These pinholes induce leakage current in
the device. Besides this, the leakage current in the device can also originate from the edges of the
device. Ji is affected by various factors such as the area of the cell, the number of photons incident
on the cell, the spectrum of light, optical properties (absorption and reflection of material) and the
charge carrier collection properties on the electrodes. All the above electrical solar cell parameters
control the device working mechanism. The method which has been presented for extraction of these
parameters, in this manuscript, is very much practical and can also be applied to the other device
structures such as inverted, tandem, etc. In this method, none of the parameter value has been taken
by assumption which is normally taken in other evaluation methods.?? Further, the reverse saturation
current calculation through the illuminated current-voltage characteristics has been presented here
for the first time. This parameter also predicts about the device quality and recombination effect.
The single diode model for the parameter extraction was selected due to it is wide acceptability to
the different kind of structures in organic solar cells. Therefore, this model does not have any risk
for being applicable to some certain cases. Commonly series resistance is calculated as the inverse
slope at V. In the present finding, it has been clearly shown that series resistance also depends on
ideality factor, open circuit voltage, short circuit current and shunt resistance of the device. In the
case of the organic solar cell, ideality factor has a higher value compared to the inorganic counterpart.
The higher value of ideality factor than unity can be attributedto recombination of hole and electrons
at the donor-acceptor interface and Fermi level pinning or a largeamount of voltage drop at the

interface.”* It also depends on the spacial inhomogeneous distribution of charge within the device.
nkT

Therefore, cannot be neglected. The plot the R, — Ry vs. rest term in equation 10

» kT

Voe— 1§+
gives better understanding about dependence of Ry the on other quantities like ideality factor and
short circuit current as shown in Figure 4(a, b). As the ideality factor increases the device series
resistance also increases. From equation 12, the reverse saturation current from illuminated J-V curve

is evaluated, which are quite similar with the conventionally calculated from dark J-V characteristics.

8 9 10

4 5 6 7
Ideality Factor(n)

FIG. 4. (a) dependence of Roc—Rg on ideality factor (b) dependence of Ro.—Rg simultaneously on ideality factor and short
circuit current.
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FIG. 5. Program output for ideality factor vs. applied voltage.

The versatility of the present program the important parameter has also been discussed, and the output
has been presented. The ideality factor can either be given as a single value or plotted as a function of
voltage. Figure 5 shows the variation in ideality factor of a diode according to the applied bias. Ideality
factor is a powerful tool to investigate the recombination mechanisms in a device. The measurement
of Jp (diode current) is only valid when the ideality factor is stable.”® For the calculation of ideality
factor equation 13 has been used. For the validation of the parameters evaluated based on present
method, we have also calculated these parameters using the different methods and both the values
are given in Table I for the sake of comparison. It is observed from the Table I that the parameters
calculated by present proposed method are in good agreement with the other methods and even better
resolved in some cases such as series resistance and reverse saturation current.

It means we present here an explicit analytical solution for short-circuit current, open-circuit
voltage and ideality factor as well as power consuming parameters like series and shunt resistances.
M Chegaar et al.”® and N. Nehaoua et al.?’ both developed their methods for solar cell parameter
extraction using J-V curve and the conductance (G), a derivative of the J-V curve. These methods
followed up with some approximation for fitting with the experimental data, and then they extract
parameters from J-V curve. The Newton method is used to get the approximation for the nonlinear
equation although the Newton method converges very rapidly it needs some starting point, while in
present case we approach towards the simple analytical approach by getting same value of J., Vi,
FF, and efficiency are 8.465mA/cm?, 0.46308 V, 41.479 % and 1.626 respectively, i.e it represents
the almost zero percent error in analysis while comparing the reported and presented one. Further,
the value of ideality factor in this case was found to be exhibiting nearly close relation to reported
one. To validate this equation more accuraterly we further correlate the present one with the other
method proposed by N. Nehaoua et al. where J-V characteristics are corrected after the evaluation of
shunt conductance. The shunt conductance was calculated from the linear fit. Again we are getting
the almost similar value of Ji., Vo, FF, and efficiency (Table I). It all shows that in terms of accuracy
our method uses no approximations for solving the equations. Futher, we apporach our method for
the analysis of quality performance of organic solar cells with the work reported by Amit Jain et al.
in which they introduce a new solution based on Lambert W-function to express the transcendental
current-voltage characteristic containing parasitic power consuming parameters like series and shunt
resistances. W-function-type solutions can be an alternative to study parameter extraction but not
as a first choice due to the complexity of mathematical expression especially for the organic solar
cell, where some other parameters play a vital role in device performance. Again, we are getting the
almost same value of Jsc, Voc, FF, and efficiency (Table I). Further, the utility of the present method
was also compared with NREL certified silicon solar cell (reference cell model 60623 with area 4
cm?) parameter extracted from K2420 cell Tester 3.3 software provided with PET cell tester model
# CT200AAA Solar Simulators. Our finding reveals that the present method fits well with some of
the parameters while few parameters like to be fitted with the border line of result extracted through
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TABLE II. Comparison of proposed methods with the PET solar simulator fitting software.

Parameters Present Study PET Solar Simulator
Jsc (mA/ecm?) 32.29 32.30

Voc (V) 620 615.60

Rs (ohm-cm?) 0.224 0.208

Rsh (ohm-cm?) 2655 3290

FF (%) 71.10 71.30
Efficiency (%) 14.22 14.23
Ideality Factor (n) 1.5 -

CELL/MODULE INFO

D D\HP_Backup\Aniket\PET_tech_Solar
Date/Time 13-08-2018/10:48

Area 4.000000 fem?1

No Cells In String 1

MEASUREMENT CONDITIONS Cell Parameter
Irradiation 99.80 I mWiem #1

Cell Temperature 2370
SETUP
Sinals ~_onential Model (SEM)

" 1-temp/(EXP(RelNo*propU) - 1) =l

) e | | Model type
Experimental data points - | | Weight fungtiog

Fit data point | reene
Weight function i [ 171

129.362 lmAl\ Isc 129245 ImAl %« | 009 [%]
Impp| 11623 ImAl Impp| 11690 ImAl  Seps | 057 [%]
Voc [615695 Im Voc 615493 Im1 e | 003 [%)
Vmpgl 48887 1m1 Umppl 48431 1mv1 Sers | 083 [%]
Pmad 5682 ImW Pmax 5661 [mWl e | 037 [%]

T ' ' ' TN FF o [073 i ke [0712 1 o [024 (%)
oy ey r 3 = ' : -1 -] [\EFF | 1423 1%1/ EFF 1418 (%) fer | 037 (%)
i : : : : : : : MQDEL PARAMS / _————

phy 22027  imAl /|p< 3230 lmNcm}\

Rsh| 82325 L2} rsh 329 kQ*cmd

Rs 5222 Im '\ rs 20887 ImQ*emd

- L SR K ,
51| 92071 Al o1 | 23243 temd
02 -0.1 0 01 02 03 04 0s 06 A1 20310 ’/
1s2 A
Series, Shunt resistance and Reverse saturation current NA

FIG. 6. NREL certified silicon solar cell (REFERANCE CELL MODEL # 60623) parameter extracted from K24XX cell Tester
3.3 software provided with PET CELL TESTER MODEL # CT200AAA Solar Simulators. For the parameter extraction single
diode model is used.

K24XX cell tester (Table II). The calculated values of Jsc, Voc, Rs, Rsh, FF and efficiency in our
method are 32.29 mA/cm?2, 620 V, 0.224 ohm-cm?, 2655 ohm-cm?, 71.1% and 14.22 % which makes
a very close agreement between the values of Jsc, Voc, Rs, Rsh and FF extracted through K24XX cell
tester (Figure 6). Therefore, the overall study reveals that non approximated evaluation of the series
resistance by reconsidering ideality factor could become an alternative approach for the development
of futuristic quick analysis of quality performance of organic solar cell. This work not only shows
the validation of this kind of easy analytical approach for the quality performance of organic solar
cells, but also reveals the capability of this approach for the analysis of variety of solar cells.

CONCLUSION

The present work demonstrates an effective and simple analytical method to extract the series
resistance of organic solar cells from current-voltage characteristics under constant illumination
condition without any pre approximation. This reduces the calculation time and error in the series
resistance evaluation. It has been shown that the inaccuracy in the estimation of series resistance
arises from the high ideality factor of organic solar cell as calculated by mathematical analysis. Other
parameters are the ideality factors, saturation current, and shunt resistance can also be evaluated
from the present program. In the calculation of series resistance we have considered the short circuit
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current density (Js.) instead short circuit current (I.), therefore the effect of cell area has been taken
care inherently. The NREL certified silicon solar cells has 4cm? area and gives good agreement of
parameters between the present method and with the parameter extracted from K24XX cell software
provided with PET cell tester model. In calculation of series resistance we have considered the short
circuit current density (Jsc) instead short circuit current (Isc), therefore the effect of cell area has been
taken care inherently and the study is proved to be suitable for different size of devices. As expression
of series resistance (Rs) has been obtained using the single diode equation therefore it is simplest to
realize programmatically and less memory as well as time consuming during the data processing. The
present developed method has been compared with the other methods and shows good agreement.
The present method is not restricted to the organic solar cell it can also be applied for the other type
of solar cell as well. This is one of the most advantageous outcomes of the proposed method.

SUPPLEMENTARY MATERIAL

See supplementary material for analytical solution for the series resistance of solar cell based on
double diode model which shows the implication of single diode model over double diode model for
the present study.
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