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Abstract

This article reports the effect of partial shading (PS) on the electrical output of a solar cell using the two-diode model. The
reduction in electrical performance parameters induced by various recombination losses has been explained for c-Si solar
cells under the effect of PS. The PS mainly affects the short-circuit current density (Jsc) and efficiency () of the solar cells.
Jsc and 7 decrease from 37.84 to 5.48 mA cm~2 and from 18.31 to 2%, respectively. Among all the energy losses encountered
for PS, spatial relaxation and recombination losses are the dominating factors responsible for the reduction in Jsc. PC1D
and Griddler simulations have been performed to evaluate the effect of front surface and bulk recombination. The PC1D
simulated external quantum efficiency is governed by the front and back surface recombination velocity and carrier life time
of the charge carriers under PS. The power loss (P.) of ~ 34% from the emitter region has been determined by resistance
analysis in correlation with the recombination in the emitter region of the solar cells under PS.

Keywords Solar photovoltaic - Partial shading (PS) - Two-diode model - External quantum efficiency (EQE) - PC1D and

Griddler simulation

1 Introduction

Research and development studies of photovoltaic (PV) sys-
tems are mainly focused on the solar resource assessment,
efficient operating strategies and their design and sizing. The
electrical performance of a PV system is strongly affected by
the climatic conditions such as changes in humidity, temper-
ature, pollution and dust particle accumulation as reported
in the last few years [1-7]. There are various other factors
such as bird dropping, leaves and dust patches which create
local shadowing effect and thus reduce the solar cell electrical
output due to the variations in solar spectral intensity distri-
bution [8—12]. Elminir et al. [13] reported the effect of dust
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particles on the overall Si solar cell performance wherein, the
panels have been installed at 45° angle facing the south and
undergo the reduction of power output ~ 17.4% per month
due to accumulation of dust on their surface. Ghazi et al. [14]
investigated the pattern of dust distribution in different parts
of the world and found that the Middle East and North Africa
have the worst dust accumulation zones in the world.
According to the recent studies, the partial shading (PS)
on the surface of the PV panel affects the overall energy
output from the PV power plant on a daily, monthly, sea-
sonal and annual basis [15-19]. The power loss of a solar
PV panel/cells can vary from 10 to 70% due to PS [20].
There are various reports on the electrical performance of Si
solar cells and panels under PS conditions [21-26]. Vijay-
alekshmy et al. proposed a novel zigzag scheme for power
enhancement of partially shaded solar arrays [26]. Liu et
al. presented an overview of maximum power point track-
ing methods of PV power system for PS [27]. Quaschingt
and Hanitscht have presented a numerical simulation of cur-
rent density—voltage (J-V) characteristics of PV system with
the shaded solar cells [28]. Ji et al. [29] have developed a
real maximum power point tracking method for mismatch-
ing compensation in photovoltaic array under PS. Alajmi et
al. [30] outlined a maximum power point tracking technique
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for partially shaded PV systems in micro-grids. To avoid
and mitigate the consequence of shading such as hot spot, a
bypass diode provision has been made in solar panels [31].
In addition to these, there are various reports which give an
overview of the major impact of PS on the module level per-
formance [32-38]. However, the fundamental concept behind
the losses associated to the PS at single PV cell level has not
been very well explored till now.

This paper presents both the experimental and theoretical
aspects of the reduction in J-V performance of c-Si solar cell
subjected to PS. The significant deviation in J-V performance
has been evaluated by employing two-diode model, PC1D
and Griddler simulation software. In addition, the energy
balance losses are calculated to provide direct evidence of
recombination associated to PS. The PC1D simulation has
been carried out to further investigate the reduction in Jsc
under PS. Further, external quantum efficiency (EQE) influ-
enced by the front and back surface recombination has been
correlated to the reduction in J-V performance of solar cells
under PS. In order to explore the losses associated to the front
emitter region, the resistance analysis has been performed.

2 Theoretical considerations

The solar cell under full illumination (FI) (1000 Wm™2,
AM1.5G spectrum) shows nonlinear current—voltage (J-V)
characteristics in a pseudo-rectangular shape. A deviation
from this shape under PS leads to significant decrease in
the maximum power output. The decreased nonlinearity is
mainly due to the loss of photo-generated charge carriers.
Various possible loss mechanisms of photo-generated charge
carriers have been proposed by many researchers [39-43].
Among all the possible recombination losses, the radia-
tive loss mechanism involves radiative recombination of
electron—hole (e-h) pairs, and non-radiative recombination

Fig.1 Two-diode model circuit
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mechanism involves the Shockley—Read—Hall, Auger and
surface recombination [44]. The loss of photo-generated car-
riers can be estimated by using two-diode model as shown
in Fig. 1,where the rectifying behavior of the P-N junction
due to quasi-neutral region (QNR) and charge carrier recom-
bination losses in space charge region (SCR) of a solar cell
are represented by diode 1 and diode 2, respectively [45].

The nonlinear J-V characteristics of the solar cell can be
estimated with following terminal equation:

V+JR
Jrr = Jph — Jp1 — Jp2 — VTR (D
Rsh
q(V +JRy)
Ip1 = J; 2T 2
DI z{eXp( ko T (2)
V+JR
Jpo = J, {exp (LS)) _ 1} 3)
mkgT

where Jpj and Jp, represent the current density of diode 1
and 2, n and m signifies the corresponding ideality factors.
Ji and J, indicates the dark saturation current density of the
rectifying and recombination diodes, respectively [45], k
represents the Boltzmann’s constant, T represents the abso-
lute temperature of the solar cell, ¢ represents the electron
charge, Rg represents the series resistance, and Rsp repre-
sents the shunt resistance.

In order to estimate the series resistance and power loss in
the emitter region of a solar cell under PS, following expres-
sion has been used, assuming a combination of resistances
shown schematically in Fig. 2 [46,47]:

R.
1+ ()
where Ry, represents busbar resistance, Ryyx indicates bulk

region resistance, Rppy represents the silicon bulk and Al
back electrode interface, Raj represents back electrode, R,
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Fig.2 Schematic diagram to
show the network of the
resistive terms of a silicon
wafer-based solar cell

and R, represent the equivalent resistances forms (see sup-
plementary information for more details).

Further, the recombination losses (R oss ), thermalization
losses (Thrpss) and spatial relaxation losses (Sposs) have
been calculated using the theory outlined by Ding et al. [48]:

(Jsc — Jm) (Eg + kgT)

Rross = (5)
q
Jsc{hv = [Eq + kgT
Thross = { p £ Il (6)
I (E¢ + kgT — qV,
SLoss = n (Es p n) @)

where Jsc represents the short-circuit current density, Jp, and
Vm represent the current density and voltage at the maximum
power point, respectively, E, represents the bandgap of the
Si, and hv represents the average photon energy absorbed
by Si semiconductor estimated to be 1.32eV under AM1.5G
spectrum for the crystalline silicon [49].

The performance parameters of the silicon solar cell,
namely, Jsc, open-circuit voltage (Voc) and the fill factor
(FF), represent the extent of pseudo-rectangular shape for
the nonlinear J-V curve and the efficiency (1) of solar cell
given by following expression:

_ Pmax
(A Pp)

n ®)

Here, P, represents the power input through the incident
light radiation. The maximum power output of a solar cell
(Pmax) can be expressed in terms of performance parameters
as given below:

Pyvax = FF x Voc x Jsc 9)

3 Experimental details

The experimental study has been performed with J-V mea-
surements of the solar cells under full illumination (FI)
and with area variation under PS. Commercially available
multicrystalline silicon wafer-based solar cells with alu-
minum back surface field (Al-BSF) in laminated form have
been purchased from module manufacturer (Topsun Energy
Ltd., Gandhinagar), and the solar cells follow standard
nT-p-p* structure. The testing has been performed using
solar simulator (SS80AAA, Photoemission Tech., USA) and
source measurement unit (U2722A, Agilent). The solar cells
have been tested under standard test condition (AM1.5G,
1000 W m~2) for FI and PS conditions as described in Fig. 3.
The active area of the solar cell has been fixed as 2.5 x 2.5 cm?
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Fig.3 Silicon solar cell
schematic under AM1.5G,
1000 W m~2 radiation. a full
illumination (FI) and b partial
shading (84%PS) conditions

84%PS

l(b)

Table 1 Fitting and output parameters of J-V characteristics using two-diode model

Parameters Exp. Jsc (mA cm™2) Jsc (mA cm™2) Exp. Voc (V) Voc (V) n m Rs () Rsh () 1(%)

FI 37.84 37.79 0.62 0.615 13 25 0.2 5000 18.31

25%PS 19.20 19.19 0.60 0.595 1.7 2.8 0.21 4000 8.44

50%PS 13.30 13.29 0.59 0.590 1.7 2.8 0.23 3900 5.79

60%PS 10.10 10.09 0.59 0.585 1.7 2.8 0.24 3700 428

84%PS 5.45 5.00 0.55 0.550 1.7 2.8 0.24 3750 2.01
40

under FI, and the numbers with percentage sign (25, 50, 60
and 84%) indicate the percentage of shading on solar cells
under PS. The cells were shaded in a square shape by using
black opaque tape. Further, the effect of other shape of shad-
ing has also been studied and included in the Supplementary
Information file. All the J-V measurements have been nor-
malized with respect to area of 1 cm? for the comparison and
analysis purpose.

4 Results and discussions
4.1 Impact of PS on J-V characteristics

The J-V performance of silicon solar cells subjected to PS
with respect to different percentage of shading area (%PS)
has been measured under standard test condition. The exper-
imental results have been fitted with the two-diode model to
evaluate the performance parameters. The fitting parameters
and performance output are listed in Table 1.

Figure 4 depicts the measured and simulated J-V char-
acteristics for various %PS. It has been observed that the
pseudo-rectangular shape significantly deviates from initial
behavior due to the influence of PS. The Jsc decreases gradu-
ally from 37.84 t0 19.20, 13.3, 10.10 and 5.45 mA cm 2 with
the increase in shading area of 25, 50, 60 and 84%PS, respec-
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Fig. 4 Measured and two-diode fitted J-V characteristics for various
PS conditions

tively. The decreasing trend in Jsc signifies a lower genera-
tion of charge carriers and inefficient collection through the
emitter material under PS. In addition, the V¢ also decreases
significantly from 0.62 to 0.59V due to PS. The reduction in
Voc is attributed to the downward movement of quasi-Fermi
level of electrons and the diffusive transport of charge carriers
from illuminated region to shaded region due to concentra-
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tion gradient. The shift in quasi-Fermi levels due to the local
variation of electron concentration in the conduction band in
PS regions can be explained by the following equations:

n
Ep, — Ep; = kgT In (n—> (10)
i
14
Ep, — Ep; = —kgTIn| — 11
Fp = TFi Bom (n,) (n
Voc = Epy — EFp (12)

Under FI condition, the upward shift in electron quasi-Fermi
level (Ef,) with respect to the intrinsic energy level (EF;)
is calculated to be 0.42eV using the Eq. (10), whereas the
upward shift under PS condition remains only 0.12eV. Here,
the number of electron-hole pairs generated under FI is
assumed to be 10'7 and 10" cm™> under PS [50]. Using
Eq. (11), the downward shift in hole quasi-Fermi level (Eg))
with respect to the (EF;) is calculated as 0.42 eV for FI condi-
tions, whereas the shift under PS condition remains 0.12eV.
This calculation shows the decrease in the gap between quasi-
Fermi levels of the electrons and the holes under PS as
compared to FI, which leads to a lower Vpc. It is observed
that the efficiency () of Si solar cell decreases from 18.31
to 2% as shading area increases up to 84%PS. The decrease
in n can be correlated with the increase in Rs and decrease
in Rgp from 0.2 to 0.24 @ and 5000 to 3000 €2, respectively,
using two-diode model. Moreover, the junction quality has
been determined by the ideality factors n and m, which sig-
nifies the recombination in QNR and SCR, respectively. It
is observed that the n and m increases from 1.3 to 1.7 and
from 2.3 to 2.8, respectively, under PS which is mainly due
to enhanced recombination. The increase in n and m indi-
cates the increase in recombination of charge carriers due to
lateral flow of charge carriers in the emitter region and subse-

quent recombination through the intermediate energy levels
offered by the shadowed region of the solar cell under PS.

4.2 Energy loss analysis under PS

The J-V characteristic performances under FI and PS are
further analyzed by energy balance terminology to account
various associated losses as described by Eqs. (5)—(7). The
reduction in J-V characteristics under various %PS has been
regulated by the recombination losses, thermalization losses
and spatial relaxation losses. Figure 5a, b shows the loss
analysis considering above mentioned factors for FI and
50%PS, respectively. It is observed that the recombination
loss increases for 50%PS, which is mainly dependent on the
difference between Jsc and Jy, according to Eq. (5). In con-
trast, a marginal change is observed in thermalization loss
(Thross) under PS as compared to FI condition by using
Eq. (6). It is to be noted that the temperature has been kept
constant (T = 300K) for all the energy loss calculations.
Furthermore, the spatial relaxation loss (Sposs) calculated
by using Eq. (7) does not show a major impact on the reduc-
tion in J-V as compared to recombination losses. The visual
representation of the energy losses as a function of position
(x) of charge carriers in terms of spatial relaxation, thermal-
ization and trapping under PS is shown in Fig. 6. The increase
in the recombination can be correlated to the lateral move-
ment of charge carriers in emitter region due to concentration
gradient created by PS. As it is seen from Fig. 6a, d, the spa-
tial relaxation energy gradually decreases under PS, which
signifies that the potential energy of charge carriers decreases
while relocating from FI to PS region with respect to position.
This gradual decrement in the potential energy of the charge
carriers leads to recombination of charge carriers (Fig. 6a).
Figure 6b schematically represents the energy loss of the
charge carriers with decreasing mobility with respect to the
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Fig.5 Energy loss analysis for a FI and b 50%PS conditions
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Fig.6 Visual representation of the energy losses as function of position
(x) of charge carriers in terms of a spatial relaxation, b thermalization
and c trapping under PS condition. d Si solar cell with FI and PS regions

position (x), when it undergoes from FI to PS. The energy
of the charge carriers decreases with the persistent reduction
in mobility, so-called thermalization loss concerning with
movements of carriers over FI to PS. Figure 6¢ visualizes
the trapping effect, one of the probable reasons accounts for
the recombination of the charge carriers under PS. The trap
states offer the recombination platform during the movement
of charge carriers from FI to PS region. The availability of
trap states increases due to the mismatch of the quasi-Fermi
levels of FI and PS region of the solar cell creating a virtual
interface for the recombination of the mobile charge carriers.
The number of charge carriers decreases due to the recombi-
nation while moving from FI to PS, which leads toward lower
Jsc under PS. Figure 6d demonstrates the possibility of the
reduction in Jsc and Vo, in terms of the spatial movement
of charge carriers under PS. The quasi-Fermi level depends
on the electron distribution function ( /') and also the motion
of electrons in the coordinate space. Moreover, the change in
the momentum is influenced by the force field acting on the
electrons under PS. The electrons may also get transferred
into or out of the FI region by collisions/scattering interac-
tions with the secondary electrons. According to Eq. (13),
the total rate of change in electron distribution function ( f),
can be written as [51],
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df af
d_t — —vvrf—Ffo-f-g‘f‘S(r,P,t)
d d
= d—{+v.vrf+F-fo= 3—{+S(rvp’f) (13)

This change in the distribution function (%) can be
explained into different possible phenomena as follows: (1)

af _ . .
<W)f0rce = —F.V,f, represents the change in the dis-
tribution function due to local forces. Where F = g—lt’ =

h% = g (E + v x B), the total force is equal to the sum of
the force due to the locally generated electric field (due to
the p—n junction as well as difference in the carrier density)
and the Lorentz force due to the magnetic flux density, B
(as a result of the motion of electrons with the device), (2)

.f')

o) gitr
tion in the electron distribution function due to concentration
or temperature gradients,  both of which result in a dif-
fusion of carriers from the FI region to the PS region of

the term ( = —v.V, f, represents the spatial varia-

the solar cell under illumination, (3) (%) is the collision

term representing rate of change of the distribution function
due to collisions, or scattering which equals the difference
between the in-scattering and the out-scattering processes,
(4)s(r, p, t) represents generation—recombination processes
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which play significant role on the electrical performance of
the device. Out of the above listed processes, the possibility
af

of the spatial variation in the electron distribution (W)d'ff
1

and the recombination, s(r, p, t) processes are most domi-
nating factors responsible for decreasing the charge carrier
concentration under the PS condition. Therefore, among all
the losses the major reduction in J-V performance is due
to the recombination and spatial relaxation losses under PS.
Moreover, the decrease in the carrier concentration reduces
the Voc and thus, the overall 5 of the Si solar cells.

4.3 Effect of surface recombination losses on EQE
under PS

To elucidate the recombination within solar cells subjected
to PS, the external quantum efficiency (EQE) has been ana-
lyzed to understand the reduction in Jsc. The shape of EQE
is influenced by front and back surface recombination losses,
optical losses and bulk recombination. In order to correlate
recombination losses with various %PS, the EQE curves have
been determined for FI and various %PS by employing PC1D
simulation. The PC1D simulation software has been widely
used to simulate various electrical and optical characteristics
performance of silicon solar cells [52,53]. The PC1D simu-
lations have been carried out by fitting the experimental J—V
curves for FI and various %PS using bulk lifetime (t,/p, n
or p in suffix represent electron or hole, respectively) and
surface recombination velocity (Sy/p for front surface and

Table 2 List of input parameters used for PC1D simulation

SI. No. Parameter Value

1 Area (cm?) 6.25 (initial)
2 Thickness (pm) 180

3 Bandgap (E) at 300K (eV) 1.12

4 Intrinsic concentration nj (cm™3) 1 x 100

5 Base doping p-type (cm™3) 1.5 x 1010
6 Emitter doping n-type (cm™>) 2.7 x 1020

Snby/pb for back surface) as variable input parameters. The
input parameters are listed in Table 2, and output parameters
are listed in Table 3 (includes variable input parameters). The
EQE curves show gradual decrement as shading percentage
increases as shown in Fig. 7. The blue response of EQE (300-
450nm) shows significant reduction from 30 to 0.7% with
respect to increase in %PS. The lower blue response signi-
fies that with increase in %PS the front surface recombination
velocity increases from 100 to 10° cm/s as listed in Table 3.
Further, the decrease in EQE also indicates low absorption
of photons in shorter wavelength under PS. Furthermore, the
reduction in EQE in the wavelength range from 450 to 900 nm
reflects the high bulk recombination due to the low carrier
life time of generated charge carriers with increase in %PS.
In the wavelength range of 900-1150 nm, the EQE decreases
significantly due to low absorption of longer wavelengths
and low carrier lifetime under PS resulting in the low charge
carrier collection. A low charge carrier collection indicates
a higher recombination at back surface under PS. High sur-
face recombination at the front and back surface results in a
significant reduction in Jgc from 37.84 to 5.48 mA cm™2.
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w0k —e— 84% PS
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Wavelength (nm)

1050 1200

Fig.7 External quantum efficiency (EQE) of c-Si solar cells simulated
by PC1D for FI and different %PS

Table 3 Output and variable input parameters for EQE calculation in PC1D simulation

PS (%) Exp. Jsc PCID Jsc Exp. PCID Bulk recombination  Front surface recombination  Back surface Recombination
(mAcm™2)  (mAem™?)  Voc (V) Voc(V)
Ty (US) Tp (1S) Sh (cm S*I) Sp (cm S*]) Shb (cm s*') Spb (cm S*])

FI 37.84 32.58 0.62 0.64 100 100 100 50 150 120

25%PS 19.2 20.00 0.60 0.59 2 30 104 5 x 10 5 x 10* 104

50%PS 13.3 12.36 0.59 0.58 1 10 5 x 10 103 10 5 % 10
60%PS 10.10 10.03 0.59 0.58 0.8 5 103 103 10 10

84%PS  5.45 3.84 0.55 0.56 0.5 5 103 103 10 10

@ Springer



Journal of Computational Electronics

Furthermore, to envisage the effect of front surface recom-
bination on overall power loss, Griddler simulation has
been performed for various %PS. The Griddler simulation
software is integrated with two-dimensional FEM model
supported with MATLAB programme [54,55]. The Grid-
dler simulation software consists of a meshing algorithm
and steady-state solver with the arbitrary front metalliza-
tion geometries to simulate J-V characteristics of a solar
cell [54]. The main input parameters for the Griddler simula-
tion included as wafer type, cell length, metallization pattern,
short-circuit current density (Jsc), number of busbars (Ny),
number of front fingers (Ny), busbar width (Wyygpar), finger
sheet resistance, finger contact resistance, layer sheet resis-
tance. The input parameters values of Ny, Wyyghar, finger
sheet resistance and finger contact resistance have been taken
as1,14,70 pm, 3 x 10~ mS2/sq. and 0.35 m2 cm?, respec-
tively (Table 4). The J-V performance and corresponding
losses have been obtained for FI and various %PS, by varying
Jsc value of solar cell area not covered by the front grid. The
Jsc value of 40.2 mA cm 2 has been assumed for FI [56].
The Griddler simulation has been carried out by varying Jsc
in the range of 40-6 mA cm~2 for FI to 84%PS in order to fit
the experimental data. Figure 8 depicts the pie chart of power
losses encountered due to front surface recombination loss,

Table 4 List of input parameters for Griddler simulation

Parameters Values

Wafer type Square

Cell length (cm) 2.5

Metallization pattern Full area metal contact
Number of busbar 1

Width of busbar (cm) 0.2

Number of front fingers 14

Width of finger (jum) 70

Finger sheet resistance (m£2/sq.) 3.00 x 10~

Finger contact resistance (m$2 cm?) 0.35

- power output

2] front shading

front resistive losses
=1 front recombination losses

front resistive and shading loss with respect to power output
for FI and 84%PS. It is clearly seen that the most dominant
power loss mechanism is the front surface recombination,
which is found to be 6.73 and 76.54% for FI and 84%PS,
respectively. This can be well corroborated by the decrease
in the blue response of EQE (see Fig. 7) due to the high sur-
face recombination velocity of charge carriers under shading
effect. Figure 9a—d depicts the statistical variation of electri-
cal performance parameters extracted from two-diode model,
PCI1D and Griddler simulation software with respect to FI
and %PS. The Jsc and n decrease drastically with respect to
increase in %PS as compared to Vpoc and FF. The Jsc and
Voc depend on the amount of extracted electron—hole pairs
which decreases with the increase in recombination under
increasing %PS.

4.4 Resistance analysis

The resistive losses play an important role in the reduction
of J-V performance under PS. There are various reports on
the effect of front and rear side resistive losses on electrical
performance. In the present work, we have calculated the
resistance and the power losses by doing resistance analysis
using Eq. (S1)-(S8) (see supplementary information). The
effect of emitter and bulk resistance on the power losses have
been studied for FI and PS. It is to be noted that the active
area of the solar cell for FI and 50%PS has been taken into
consideration as the one of the variable parameters for the
calculation. The active area of Si solar cell for FI and 50%PS
conditions has been calculated by subtracting the area of the
front metal contact grid which comes out to be 5.50 and
2.64 cm?, respectively.

The value of emitter resistance (R.) changes from 0.16 2
t0 0.71 Q for FI and 50%PS, respectively, as listed in Table 5.
Similarly, the value of bulk resistance (Rpyx) changes from
0.0012 to 14.3m<2 for FI and 50%PS, respectively. The
change in the value of R. and Ry, mainly affects the series
resistance, which changes from 0.19 2 to 0.23 Q as calcu-

- power output

88 front shading
B front resistive losses

[E=] front recombination losses

0
L sawps =

13.03%

Fig.8 Effect of the front surface recombination on the power output loss simulated by Griddler under FI and 84%PS
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Fig.9 Statistical variation in electrical performance parameters Jsc, Voc, FF, 1 simulated by two-diode model, PC1D and Griddler as function of

shading area

Table 5 Series resistance calculation using resistance analysis under
FI and PS condition

Sr. No Parameters FI 50%PS
1 Rpus (mS2) 3.11 3.11

2 Ry (m€2) 5.71 8.1

3 Rf () 0.357 0.25

4 Re (mQ) 0.166 0.71

5 Rpuik (L2) 0.0012 14.3

6 Rpp+ () 0.01 0.01

7 Ra1 () 0.01 0.01

8 N 14 10

9 Rs(R2) 0.19 0.23

lated using Eq. (4) for FI and 50%PS, respectively, and is in
agreement with the two-diode model predictions (Table 1).
Furthermore, the calculated emitter power loss (P.) using
Eq. (S9) is found to be 34% for 50%PS as compared to the
initial power. The P, has been attributed to the loss of charge
carriers due to recombination at front side governed by PS.

5 Conclusions

The reduction in the J-V performance due to various recom-
bination losses has been critically addressed for c-Si solar
cells subjected to various %PS. The experimental J-V char-
acteristics for various %PS have been analyzed by fitting
two-diode model. The change in diode ideality factors and
reduction in Jgc are mainly influenced by the recombina-
tion of generated charge carriers laterally moving toward
the shaded region due to concentration gradient. The re-
alignment of quasi-Fermi levels under PS results in the
decrease in Vpc from 0.62 to 0.55V. The reduction in EQE
has been simulated by PC1D and explained in terms of the
front surface and bulk recombination as the most dominant
factors responsible for the reduction in overall efficiency
from 18.31 to 2%. The front surface recombination has been
quantified by using Griddler simulation software, which is
found to be 6.73 and 76.54% for FI and 84%PS, respec-
tively. The power loss of 34% encountered for the emitter
region confirms higher front surface recombination under
PS. This study provides a better insight into the recombina-
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tion losses associated to partial shading and its consequences
for the reduction in the overall efficiency of silicon solar cell.

6 Supplementary information

The supplementary information consists of the calculation
details of the series resistance. Figure S1 demonstrates the
effect of the change shape of shading on the J—V character-
istics of the solar cell.
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