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Abstract

The performance of a solar cell mainly is due to the quality of the starting material. During the production of the solar
cell, several defects in different regions of the material appear. These defects degrade the efficiency of the solar cell.
Thorough knowledge of the physical properties of defects requires highly sophisticated electrical current-voltage (1-V)
characterization techniques that provide information on the physical origin of the defects. The characteristic (I-V) of the
cell is governed by several parameters, such as the saturation current Is and the ideality factor n which are the indicators of
the quality of the solar cell. These parameters significantly reflect the existence of defects in the material. On the other
hand, the use of such a characteristic to go back to the nature of the defects is not widespread because it lacks a data base
between the main defects and the modification of the characteristic (I-V). To extract the different parameters, we devel-
oped a method based on artificial neurons in Matlab code, then we applied this method to the following cells: GaAs, Si-
mono and polycrystalline and CIGS thin-film cells by applying the model with two diodes. The results obtained demon-
strate that the behavior of the ideality factor and the saturation current vary from one cell to another. This variance is im-
portant for polycrystalline Si and CIGS cells. Thus, this model is the most suitable for the diagnosis of the characteristics
(1-V) for Si and GaAs, but remains incoherent (Mismatches) to describe the characteristic of the CIGS cell because of the
non-uniform presence of shunt defects which allowed us to add another component of the leakage current. Finally, this
method correlates with the experimental characteristic (I-V).

Key words: Dark and illumination current-voltage, Si, GaAs and CIGS, Current saturation and ideality factor, Defects and neural

network method.

tor nl and the component ls, which corresponds to

In the single-diode model, the current Is repre-
sents the saturation current with the ideality factor n,
whereas in the two-diode model of this current it has
two components: the component Is; which represents
the diffusion saturation current due to the diffusion
of the majority carriers of the most doped region
towards the least doped region with an ideality fac-
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the recombination saturation current with the ideali-
ty factor n,. On the other hand, the single-diode
model or the five-parameter equivalent circuit (In,
Is, Rs, Rsn, and n) predicts accurately the performance
of crystalline solar modules under various operating
conditions (Cape & Zehr, 1980; Araujo & Sanchez,
1982; Charles et al., 1984; Ortiz et al., 2006; Salin-
ger, 2006; Bouzidi et al., 2012; Khalis et al., 2011;
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Khalis et al., 2015; Khalis et al., 2016). This model
is not valid for polycrystalline cells (Williams et al.,
2015; Meyer, 2017; Hussein et al., 2001) which
consist of small monocrystalline areas and are called
grains. These grains are randomly oriented and in-
terconnected by joints that create defects that can
disrupt the crystal lattice. This circumstance can lead
to a change in the conductivity nature, hence the
need to use the two-diode model or the seven-
parameter equivalent circuit (Iph, Isi, Is2, Rs, Rsn, N1,
n2) to describe the characteristic Experimental (I-V)
(Bana & Saini, 2016; Macabebe & van Dyk, 2008;
Galiana et al., 2008). The CIGS cell is also a poly-
crystalline cell and has grain boundaries that result
in positively charged structural defects, mainly sele-
nium gaps (Rau & Schock, 1999). These charged
defects locally cause a curvature of the bands (deple-
tion zone) and can become a source of recombina-
tions (William et al., 2011). However, the omnipres-
ent method of quantifying the shunt, namely the
measurement of a single parameter, the shunt re-
sistance (Rsn) does not make it possible to under-
stand the type of shunt present. High leakage cur-
rents (or shunt) are detrimental to the fill factor (FF),
allowing the surrounding (Williams et al., 2015) to
add another component of the current to the two-
diode model to adjust the characteristic (1-V). In the
literature several methods have been proposed for
the extraction of these parameters, each of these
methods has drawbacks either in terms of complexi-
ty of use and accuracy, or in terms of convergence
and speed (Ortiz et al., 1999). Thus the least squares
method is the simplest and fastest (Khalis et al.,
2011; Khalis et al., 2015; Khalis et al., 2016) but it is
unable to solve the problem with two diodes because
it is based on Lambert W function for the adjustment
of the characteristic (I-V). On the other hand, the
ideality factor plays an important role regarding the
performance of the photovoltaic system (da Luz et
al., 2018) and organic-inorganic hybrid perovskite
solar cells have attracted unprecedented attention in
recent years due to their high power conversion effi-
ciency, ease of fabrication and potential to yield low
cost photovoltaic modules (Torabi et al., 2019). The
effect of schottky junction formed between graphene
and GaAs interface as well as the material properties
on the performance of the device is demonstrated
(Ansari et al., 2019).

In this work we will develop a method based on
artificial neurons that takes into account both models
to extract the five or seven previously described
parameters from the experimental (I-V) characteris-
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tic. We applied this method to the following cells:
Si-monoc and Si-polyc under illumination and GaAs
and CIGS under darkness. There are two main tasks
to accomplish according to this work. The first is to
extract the parameters by applying the new method.
The second is to analyze the effect of saturation
current and the effect of ideality factor for the identi-
fication of certain defects in the studied material.

2. MODEL OF APV CELL

There are several models that have been pro-
posed to represent a PVC (PhotoVoltaic Cell).
Among them, the diode model has been widely used
thanks to its simplicity and precision suitable for
most applications such as the performance analysis
of a photovoltaic system (Soto et al., 2006; Kaushika
& Guatam, 2003), the sizing of a photovoltaic sys-
tem (Li et al., 2009). The equivalent diagram of such
a model is shown in figure 1.
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Fig. 1. Single diode Model.

The characteristic equation (I-V) of this circuit is
given by:

I'=1Tph—Id - Ish

VIR
| = Iph—l{exp( :VTSJ —1} gy @

V +IR
o35

where: Vr =kBT/q - the thermal voltage, | - the out-
put current, V - the terminal voltage, Iy - the photo-
current, Is - the reverse saturation current, Rs - the
series resistance, n - the ideality factor of the diode,
Ish = (V - Rs)/Rsh - the current term of leak, which is
a function of the voltage, the series resistance Rs and
the shunt resistor Rsp.

Although this model brings some improvements,
its accuracy remains debatable. To solve this prob-
lem, a two-diode model is introduced by considering
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two diodes connected in parallel with the current
source, shown in figure 2.

The current flowing through the first diode is the
component of the diffusion current in the same man-
ner as in the case of a single diode model while the
current flowing through the second diode is the re-
combination current in the space charge region. This
suggests that two terms of Shockley contribute to the
saturation currents of a solar photovoltaic cell. The
series and shunt resistors are identical to those de-
fined for the single-diode model. The double diode
model can be represented by the following equation
(Ishague et al., 2011):

| = Iph_|31|:€Xp(V+ IRSJ—]}
nV; @)
V+IR
-1 S |1-1|-1
52|:6Xp[ v, j :| sh

where: ls1, ls2 - the saturation currents of the two
diodes, ni, n; - the corresponding ideality factors.
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Fig. 2. Two-diode model.

Under the darkness, the equation of the charac-
teristic for the model with two diodes is written as:

V -IR
=1 -1 exp[ Sj—l}
ph Sl|: anT
V—-IR
—Is{exp( nZVTS]_l}FIS“

For heterojunction cells such as the CIGS cell,
the two-diode model is insufficient to adjust the
characteristic (JV), which is why the authors (Wil-
liams et al., 2015) took into account another compo-
nent of non-ohmic and non-linear leakage current in
parallel, with the shunt resistor as shown in figure 3.

This component corresponds to the last term of
equation (4) which gives the relation between the
current density (J) and the voltage (V) under the
darkness of a CIGS PV cell as follows:

3)

J=1Jg, {exp[v _\‘/]RS J—l}
nl T (4)
+‘]SZ |:exp(v_‘]R5J—1:|+ Jsh + k (V — JRS )m
n,V;
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Fig. 3. Two-diode model with non-ohmic shunt current SC.
3. RESULTS AND DISCUSSION

The current and voltage measured are essential
for the approach of our method to make the detec-
tion of defects. This modeling approach is validated
by a series of experiments. It remains now to use the
results of these simulations to develop a characteri-
zation of defects from the characteristic (I-V) for
diagnostic purposes. Figure 4 contains the measured
and calculated current values and table.1, contains
the values of the seven parameters obtained by exe-
cuting the algorithm presented in this work.
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Fig. 4. Comparison of experimental and theoretical dark (I-V)-
curves with the two-diode model of the Solar Cell GaAs
(Galiana et al., 2008).

We note from figure 4 that the measured values
coincide with those calculated by the calculation
codes made. The analysis of this table shows that n;
= 1.15 and n; = 2.04 remain very close to the ideal
cases n; = 1 and n, = 2 and the series resistance Rs =
61 mQ is very weak, these parameters do not pro-
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vide any contribution for the discrimination of de-
fects. But it is found that the shunt resistance has
decreased Rsy = 60 Q and the saturation current
component I, = 5.1x10° A has increased, so it can
be concluded that the faults are diagnosed at leakage
current due to shunt resistance and faults out of the
middle of the depletion zone.

Table 1. Data used for material description in numerical modeling.

Parameters Experimental results Our
mc-si solar cell (Galiana et al., 2008) method

Rsh, Q 3000 60

Rs, mQ 70 61
lsg, A 1.4x10% 1x10%
ls2, A 2.9x1012 5.1x10°

ni 1 1.15

n2 2 2.05

With table 2, it can be concluded that the faulty

discrimination capability remains invariant when
switching from modeling to a diode to two-diode
modeling. This is due to the crystalline perfection.
Comparison of experimental and theoretical illumi-
nation IV-curves with the two-diode model of the

Solar Cell monoc-Si is presented in figure 5.

monoc-Si

©  measured
calculated
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Fig. 5. Comparison of experimental and theoretical illumination
IV-curves with the two-diode model of the Solar Cell monoc-Si

(Khalis et al., 2016).

Table 2. Parameters obtained from the experimental data fit of figure
5 by the two-diode model solar cell monoc-Si.

Parameters MLS extracted pa- Extracted
monoc-si solar rameters values sin- parameters
cell gle-diode (Khalis et values two-
al., 2016) diode
Rsh, Q 20.5 4.45
Rs, mQ 54 11
Is;, A 4.78x108 1x1016
ls2, A - 1x10°
lpn, A 1.221 1.22
ni 1.375 1.14
n2 - 2.04
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In general, the saturation current is given by the
following formula:

I, = eD, N eD, an )
I‘hNd LeNa

where: n; = 101 cm - the intrinsic concentration, De
= 102 cm?s! - the diffusion coefficient, Le = 1 um -
the diffusion length, N, = 10'® cm® - the concentra-
tion acceptors, Ng = 10'® cm™® - the concentration
donors, (Na << Ng).

Applying formula (5) to our monocrystalline sil-
icon cell (Khalis, et al., 2016), the saturation current
can be calculated for the monocrystalline silicon cell
(Khalis et al., 2016):

_eb, ,

= n°- A
S LeNa i

1.6x107*° x1072 x10%
103 x10'

This value is much lower than the value found
experimentally 1, = 1x10° A for the two-diode
model, but close to the value found experimentally
Is1 = 1x1071® A for the two diode model.

The reverse current component due to thermal
generation electron-houle pairs within the depletion
region is given by;

_eWn,

Ty

=38.44 =6.15x10" A

A (6)

ISZ

This value is greater than the value of the satura-
tion current found experimentally Is; = 1x10%% A by
the two-diode model but remains lower than experi-
mentally found I, = 1x10° A by the two-diode
model. So there is another recombination current
that appears in the cell either in volume or on the
surface.

The trap states that were presumed to be exactly
in the middle of the forbidden band do not appear
there in reality. In addition, the interface and the
surface recombination were not taken into account in
the derivation. These simplifications are the main
causes of the deviation since ls, >> ls;. This reflects
the fact that the operation of the cell implements a
recombination current, which actually predominates
the diffusion current. Comparison of experimental
and theoretical illumination IV-curves with the two-
diode model of the Solar Cell polyc-Si is presented
in figure 6. Parameters obtained from the experi-
mental data fit of this figure by the two-diode model
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solar cell polyc-Si are given in table 3 and by the
two-diode model solar cell polyc-Si in table 4.

polyc-si

05F

O measured
calculated
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Current(A)
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Fig. 6. Comparison of experimental and theoretical illumination

IV-curves with the two-diode model of the Solar Cell polyc-Si
(Khalis et al., 2016)

Table 3. Parameters obtained from the experimental data fit of figure

6 by the two-diode model solar cell polyc-Si (Khalis et al., 2016).

Parameters MLS extracted pa- Method: Ex-
polyc-si solar rameters values sin- | tracted parame-
cell gle-diode (Khalis et ters values
al., 2016) two-diode
Rsh, Q 125 200
Rs, mQ 164 82
ls1, A 2.95x108 1.35x10°10
Is2, A - 4x10°%
Iph, A 0.517 0.5167
N1 1.339 1.113
nz - 2.334

Table 4. Parameters obtained from the experimental data fit of figure
6 by the two-diode model solar cell polyc-Si.

Parameters MLS extracted pa- Method: Ex-
monoc-si solar rameters values sin- | tracted parame-
cell gle-diode (Khalis et ters values
al., 2016) two-diode
Rsh, Q 20.5 4.45
Rs, mQ 54 11
Is;, A 4.78x10® 1x1016
Is2, A - 1x10°
loh, A 1.221 1.22
N 1.375 1.14
nz - 2.04

The defects caused by the increase of the re-

sistance of the elements in series (resistance of the
cells, resistance of the connectors). The defects
caused by the decrease of a resistance in parallel
(parallel resistance of the cells) during the transition
from the model to a diode to the diode model are
decreasing. The defects caused by the saturation
current Is; = 1.35x101° A are increased relative to
the saturation current I = 1.35x10%¢ A of the

monocrystalline silicon cell, and the factor of ideali-
ty n, = 2.334 away from the ideality factor n, = 2.
For this purpose, the saturation current of the poly-
crystalline cell is calculated as:

2
.= eD,n, A
LN,
-19 -2 20
:19.761'6X1§)03Xi%m><10 —3.16x102 A
X

This value is much lower than the value found
experimentally Is; = 1.35x10°° A for the two-diode
model and n; = 1.113, which is close to the theoreti-
cally assumed value (n = 1), that is to say that a
normal broadcast process takes place. However,
there was a deviation concerning the ideality factor
n, = 2.334, hence the need for the two-diode model
to discriminate defects in the polycrystalline cell.

The reverse current component due to thermal
generation electron-hole pairs within the depletion
region is given by:

I, = eWn, A
Tg
-19 -2 20
=19.761'6X1f03xi%m><10 =3.16x10° A
X

This value is very close to Is1 but much less than
Is» = 4x10° A found experimentally. This reflects
the fact that the operation of the cell implements a
diffusion current and a recombination current, with
no real predominance of any of these two terms in
the field of illumination and at the temperature con-
sidered. The two-exponential model is therefore the
most appropriate for considering an accurate simula-
tion of the polycrystalline silicon cell in real-life
situations.

Figure 7 shows the comparison between the cal-
culated curves and the measurement curves, and the
coincidence of the two curves is very good. Table 4
shows that the values found by our method are in
good agreement with those found by the authors
(Williams et al., 2015) and the failure of the two-
diode modeling of the PV CIGS cell to obtain the
characteristic (I-V) since k = 9.2 A/Vm with m = 2.4
hence the need for the non-ohmic shunt current
component. From the results, we note that there is an
important influence on the factors of ideality of the
cell with ny = 1.4 very far from the ideal state of the
cell ny =1 and the value n, = 6.5 > 2 shows that the
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recombination centers are not localized in the middle
of the forbidden band, but have variable positions in
the volume and in the interface of the cell. This sec-
ond diode ideality value for the CIGS solar cell is
higher, indicating that the main recombination
mechanism is more closely related to the recombina-
tion at the interface than to the recombination in the
depletion region. Increasing the saturation current
density J = 9.3x10° mA-cm could be due to in-
creased defect density in the CIGS absorber layer.
To get a correlation between the experimental results
and the simulations, we also introduced a component
of the non-ohmic current due to the variation of the
volumetric flaw density to allow a better fit (k = 9.2
A/NVm, m=24).

ciGe

250+
& measured
calculated

= [}

o =

=] (=]
T T

=]
=]
T

Current density(mA/em?)

50+
Q

0 o faSi oW ) , 00,0 . L .
01 02 03 04 05 06 07 08 08 1

Voltage(V)

Fig. 7. Comparison of experimental and theoretical dark IV-
curves with the two-diode model of the Solar Cell CIGS
(Williams et al., 2015).

Table 5 summarizes the parameters (n and Is)
obtained from the adjustment by our method. These
values were confirmed by measurements (I-V) in the
dark and under illumination. The closer n; is to the
unit or ny is close to 2, the quality of the cell is bet-
ter. Moreover, n; > 1 implies that, apart from the
ideal recombination in the quasi-neutral p and n
regions, non-ideal recombination also takes place in
the space charge region (SCR) of the p-n junction
(Lorenzo, 1994). The relatively high ideality factor
n, > 2 for polyc-Si and CIGS cells reveals that their
cell quality is lower than that of GaAs and monoc-Si
cells. It also implies that non-ideal recombination
takes place in particular for polyc-Si and CIGS cells.
The increase in the ideality factor for the polyc-Si
cell involves an increase in the saturation current Isl
and recombination current Is,. This increase is due to
the grains of the joints which cause the formation of
the defects which in turn improve the recombination
and subsequently the deterioration of the perfor-
mance and the quality of the cell. The high value of
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Is; and n, for the CIGS cell is mainly due to less
rigorous manufacturing processes.

Table 5. Parameters (n, Is) obtained for various solar cells
technologies from (I-V) measurements.

Solar cell GaAs Monoc-Si Polyc-Si
N1 1.15 1.14 1.113 1.4
n2 2.05 2.04 2.334 6.5
Is1, A 1x102 1x1016 1.35x101° | 2x107
Is2, A 5.1x10°° 1x105 4x10° 9.3x10°°

4. CONCLUSIONS

The solar cells were characterized by the charac-
teristic (IV), a very good correlation was obtained
between the parameters of the solar cell (Ipn, Is1, Is2,
Rs, Rsh, N1, N2) simulated by our method and the ex-
perimental results. As expected, the saturation cur-
rent and the ideality factor increase as one goes from
a monocrystalline structure to a polycrystalline
structure. However, the other parameters of the cell
(n1, Rs, Rsh) vary little and remain in a normal operat-
ing process of the cell. The analysis of the diode
parameters of the mono- Si and GaAS solar cell
devices studied indicates that nl is close to the ideal
case n = 1, i.e. a normal diffusion process takes
place and n; is itself even very close to the theoreti-
cal case n = 2, so a hormal recombination process in
the middle of the forbidden band occurs, but the
increase of the Is; recombination current shows that
the trap states that were assumed to be exactly in the
middle of the band gap do not appear there in reality,
S0 a recombination current at the interface or volume
of the cell takes place. Similarly, the analysis of the
parameters of the polyc-Si and CIGS cells indicates
a high ideality factor and a high value of the satura-
tion current. This implies the existence of defects in
volume and surface. Finally, for the CIGS cell, to
have a correlation between the simulation by our
method and the experimental results, we have intro-
duced a term that takes into account the non-ohmic
current. Comparing extracted device parameters
with simulated values suggests that the two-diode
model is more suitable than the one-diode model for
describing the behavior of the (I-V) curve. The two-
diode model also provides more information needed
to explain the mechanisms governing the curve (1-V)
in the dark.
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WPLYW PRADU NASYCENIA s |
WSPOLCZYNNIKA DOSKONALOSCI ZLACZA n
NA CHARAKTERYSTYKE (I-V) OGNIWA
SLONECZNEGO

Streszczenie

Zachowanie si¢ ogniw stonecznych zalezy w duzej mierze od
jakosci materiatu. W procesie wytwarzania baterii moze pojawic
si¢ szereg wad w roznych jej czeSciach. Te wady obnizajg wy-
dajnos$¢ ogniwa. Doktadna analiza wtasciwosci fizycznych wad
wymaga dokladnego okreslenia charakterystyki pradowo-
napigciowej (I-V), ktora dostarczytaby informacji o przyczynie
tych wad. Charakterystyka pragdowo-napieciowa (I-V) baterii
zalezy od szeregu parametréw takich jak prad nasycenia Is, i
wspotczynnik doskonatoéci ztacza n, ktére sg wskaznikami
jakosci baterii. Te parametry dobrze odzwierciedlajg istnienie
wad w materiale. Z drugiej strony, ze wzgledu na brak danych
dotyczacych korelacji miedzy gléwnymi wadami i zmianami
charakterystyk (1V), wykorzystanie tych charakterystyk do
okreslenia natury powstatych wad nie jest rozpowszechnione.
Aby rozrozni¢ wplyw réznych parametrow opracowano metode
wykorzystujaca sztuczng sie¢ neuronowa i oprograowanie
MatLab. Te metode zastosowano do nastepujacych ogniw sto-
nechnych: GaAs, Si-mono and polikrystaliczny oraz cienkie
warstwy CIGS popraz zagstosowanie modelu z dwoma diodami.
Uzyskane wyniki wykazaly, ze zachowanie sie wspotczynnika
doskonalosci ztacza i pradu nasycenia zmienia si¢ dla réznych
ogniw. Te roznice sg wazne zarowno dla ogniw Si jak i CIGS.
Stad opracowany model jest najbardziej przydatny do diagno-
zowania charakterystyk (I-V) dla ogniw Si i GaAs, ale jest nie-
spojny przy opisie ogniw CIGS, poniewaz wystepuja w nich w
sposob nieréwnomierny wady powodujace zwarcie elektrod. To
pozwolitlo Autorom doda¢ prad uptywu, jako dodatkowy para-
meter modelu. W artykule potwierdzono zgodnos¢ opracowanej
metody z do$wiadczalnymi charakterystykami (1-V).
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