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In the fabrication of interdigitated back contact (IBC) solar cells, it is very important to choose the right size of contact to achieve
the maximum efficiency. Line contacts and point contacts are the two possibilities, which are being chosen for IBC structure. It is
expected that the point contacts would give better results because of the reduced recombination rate. In this work, we are simulating
the effect of contact size on the performance of IBC solar cells. Simulations were done in three dimension using Quokka, which
numerically solves the charge carrier transport. Our simulation results show that around 10% of contact ratio is able to achieve
optimum cell efficiency.

1. Introduction

IBC structure for silicon solar cells is a promising technology
for photovoltaics, and it is proven that it offers higher effi-
ciency than other structures. Recently, a research paper pub-
lished in Nature Energy (by Yoshikawa et al. [1]) has
reported cell efficiency above 26% on IBC structure. In the
past, an efficiency of above 25% [2–4], above 24% [5], and
above 23% [6, 7] based on IBC structure have also been
reported by different research groups. Moreover, solar cells
based on IBC structure have been produced commercially
[8–11]. There are optical and electrical advantages associated
with IBC structure [12], which makes it the best design for
silicon solar cells.

IBC structure consists of an array of alternate n- and
p-diffused regions or an array of alternate emitter and back
surface field (BSF) regions on the back surface. IBC solar cells
are fabricated with different dimensions of emitter and BSF
[13]. The emitter of IBC solar cells is chosen not only wider
than BSF to increase short circuit current [14] but also it is
optimized with respect to BSF to reduce the effect of electrical
shading or EQE losses [15]. The contact opening of emitter
and BSF is another important parameter in the designing of
IBC solar cells because it is responsible for power [16] and

series resistance loss [17]. According to Meier and Schroder
[18], the selection of contact size depends on the current
transfer length. The current transfer length depends on
contact resistivity and sheet resistance; its impact on the
parameters of solar cells is not fully understood. The current
transfer length is defined as a distance over which the current
transfers from a metal contact to a diffused region. There are
various articles in the literature [19–22], which simulated the
IBC solar cells at different dimensions of emitter and BSF but
they did not optimize the dimensions of contact with respect
to emitter and BSF, and contact size was chosen irrespective
of the dimensions of emitter and BSF. However, there are
very few articles in the literature, which simulated the impact
of contact size on contact resistance [23], sheet resistance
[24], saturation current density [25], and leakage current
density [26].

In this paper, we are simulating the IBC structure of
silicon solar cell in three dimension with respect to the
contact ratio. The contact ratio is defined as the ratio of
width of contact opening to the width of emitter and BSF.
For modeling, we used a software tool called Quokka, which
is able to simulate silicon solar cell devices in 1D/2D/3D
[27]. The back surface of IBC solar cell looks like ZEBRA
crossing which is symmetric around one emitter and BSF
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[28] that is why the simulation of unit cell, which consists
of half emitter and BSF, resembles the behavior of a com-
plete IBC structure [15, 16, 20, 24]. In this work, we are
simulating the unit cell of IBC structure in three dimension.
For the metal contacts, we selected line and point contacts
on emitter and BSF.

2. Simulation Details

We simulated the unit cell (as shown in Figure 1) of IBC solar
cells in three dimension using Quokka. Quokka is a simula-
tion tool for solar cells, the results of which are well compar-
ative with SANTARUS [29, 30]. The unit cell of IBC has half
width of emitter, half width of BSF, and the gap between
emitter and BSF. For the bulk, we selected n-type silicon
because it has high lifetime and diffusion length [31, 32]. It
is desired to have high diffusion length for better working
of IBC solar cells [13, 16]. Front surface is doped with phos-
phorous to have the effect of front surface field, which reflects
the minority carriers to the bulk. Emitter is doped with boron
and BSF is doped with phosphorous. The gap between emit-
ter and BSF is considered as being well passivated with SiO2.

For the contacts to emitter and BSF, we selected line and
circle (point) contact as shown in Figures 2(a) and 2(b),
respectively. In this work, we simulated the effect of point
and line contacts on the performance of IBC solar cells.

Table 1 shows the values of input parameters, which
were taken for the simulation of IBC solar cells. The input
parameters like widths of emitter and BSF [5, 13, 33, 34],
saturation current densities [16, 35, 36], and sheet resistances
[13, 16, 24, 37] were selected according to the fabricated
designs published in research articles. The width of contacts
were varied from 8μm to 80μm to get different combinations
of the ratio for contact openings. In the case of point contact,
the width of contact is the diameter. The contact ratio (CR) is
calculated with respect to the dimensions of emitter and BSF
and is explained in

CR = contact opening × number of contacts
width of emitter + width of BSF

1

3. Simulation Results

3.1. Point Contact. The radius of point contacts varied from
8μm to 80μm which gives contact ratio between 3.2% and
32%. Light J-V characteristics were calculated under the
illumination of the front side. Figure 3 shows the light J-V
characteristics between the voltage ranges from 100mV to
700mV. Fill factor reduces at lower contact ratios and it
becomes stable as the contact ratio increases. This happens
due to the increase in series resistance as shown in Figure 4.
Fill factor dependence on series resistance is given in [38]

FFs = FF0 1 − 1 1
RsIsc
Voc

, 2

where FF0 is the fill factor not affected by series resistance,
Rs is the series resistance, Isc is the short circuit current,
and Voc is the open circuit voltage.

The contact size affects the contact resistance [39],
which further affects the fill factor [40]. This reason is
related to the fact that contact size changes the current
transfer length, which affects contact resistivity. Contact
resistivity is dependent on doping density, and it prevents
the formation of good ohmic contact because of surface
state Fermi level pinning except the heavily doped regions
in semiconductor.

Figure 4 shows the variation of Rs and Voc with respect to
contact ratio. The dependence of Voc on solar cell is given as
in [38]

Voc =
nkT
q

ln
IL
I0

+ 1 , 3

where IL is the light-induced current, I0 is the saturation
current, n is the ideality factor, k is Boltzman’s constant,
T is temperature, and q is charge.

Suns Voc is calculated with respect to total current gener-
ation at 1 Sun. Suns Voc provides the light current-voltage
characteristics of the diode without the effects of series resis-
tance [38]. This is calculated as given in [41]

SunsVoc =
kT
q
ln

Jph,1 Sun
J0 + J0,base

+ 1 , 4

where Jph,1 Sun is the total generation at 1 Sun (we considered
it to be 40mA/cm2) and J0,base is the saturation current in the
base region but it does not represent the recombination with
ideality factor.

In normalVoc, the effects of ideality factor and series resis-
tance are considered but in Suns Voc these two are ignored.

Suns Voc (upper curve) decreases with the increase in
contact ratio. This happens because of the change in satura-
tion current density [25] which is true as expected because
the recombination will increase with the increase in contact
ratio (as shown in Figure 5(a)). However, the behavior of
Voc (lower curve in Figure 4) which is calculated from
Figure 3 is different. Although Voc does not show much
change with respect to contact ratio, Voc values decrease at
the contact ratio below 15% and the Rs values increase below
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Figure 1: Unit cell of IBC solar cells.
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15%. This happens because of the decrease in current transfer
length [18]. Above 15%, there is a minor increase in Voc but
Rs is stable. Above 10%, the slight decrease in Rs is responsi-
ble for the change in Voc [42]. This explanation supports the
behavior of maximum power (Pmax) which is shown in
Figure 6. Pmax changes its behavior around contact ratio of
10%. Below 10%, Pmax increases due to the decrease in series
resistance and above 10% Pmax decreases due to the increase
in recombination, around which the Suns Voc (contact ratio
between 10% and 32%) also decreased. In the range between
10% and above, the maximum voltage coming out from the
solar cells also decreased.

Figure 5 shows the variation due to recombination mech-
anism in emitter and BSF. The recombination in Figure 5(a)
is the actual recombination without any normalization. The
left recombination is in the emitter and the right recombina-
tion is in the BSF. The light J-V characteristics in Quokka is
calculated according to [27]

J light = Alight
inner J

light
inner + Adark

inner J
dark
inner + Aemitter J

dark
emitter

+ ABSF J
dark
BSF + Aedge J

dark
edge,

5

where A denotes the part of the area represented by unit cell
and Jemitter and JBSF are current densities inside the emitter
and BSF, respectively.

The current densities in the emitter and BSF can be
represented by the two diode models of solar cells [43, 44]
as represented in the following:

J = J01 exp
q V − IRs

kT
− 1 + J02 exp

q V − IRs
2kT

− 1

+
V − IRs
Rsh

− JL,
6

where J01 and J02 are saturation current densities in quasineu-
tral and depletion region. JL is the light-induced current. The
first component in (4) is due to diffusion and the second
component is due to recombination.

Figure 5(a) shows the variation of recombination in emit-
ter (left) and BSF (right) with respect to the contact ratio. The
contacts on emitter and BSF accounts for around 6% [16, 17]

of recombination losses in solar cells. These recombination
losses reduce short circuit current and cell efficiency.
Figure 5(b) shows the component of recombination current
due to the contacts in emitter and BSF. Left recombination
current is in emitter and right recombination current is in
BSF. There is a continuous increase in recombination
(Figure 5(a)) and a continuous decrease in recombination
current (Figure 5(b)) with respect to the contact ratio. The
recombination increases gradually below 10% of contact
ratio and increases suddenly above 10% of contact ratio.
However, it does not show much effect in the case of recom-
bination currents due to the contacts especially in the emitter
region. This happens because the emitter in IBC structure is
always wider than the BSF region. One can reduce recombi-
nation by reducing contact pitch. Contact pitch affects cell
parameters and maintain tradeoff between recombination
and resistive losses [45]. Moreover, widely spaced contacts
are responsible for ohmic losses and degrade the efficiency
of solar cells [46].

3.2. Line Contact. In the second part of simulation, we used
rectangular shape for contact and repeat the same calcula-
tions we performed in part I. Because the width of contact
was very small that is why we called it line contact. Line con-
tact covers more area than point contact, which affects
recombination. The width of line contacts varied from 8μm
to 80μm.

Figure 7 (main figure) shows the variation of light J-V
characteristics with respect to different contact ratios. As
the contact ratio decreases, the curve moves toward the high
values of Voc. The variation in J-V curves in the case of line
contact are less than the case of point contact. In Figure 7
(inset figure), the lower values of voltages are excluded to
closely observe the variation in J-V characteristics. With
the decrease in contact ratio, the cell parameters like Voc,
efficiency, and fill factor increase in the case of line contact.
In the case of line contact, we are the not plotting the varia-
tion of maximum power because it is clear from Figure 7
that the maximum power which comes out from a solar cell
will decrease with contact ratio.

Figure 8 shows the variation of Rs, Suns Voc, and Voc
(calculated from Figure 7) with respect to contact ratio.

(a) (b)

Figure 2: Backside view of IBC solar cell with (a) line contact and (b) point contact. Colored regions are as follows: black, emitter; pink, BSF;
green, gap; and blue, contact.
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Unlike point contact, the variation in Voc does not change
around any specific value of contact ratio. This happens
because line contact covers more area than point contact.
That is why the variation with respect to the width of line
contact is negligible. There is a sudden decrease in series
resistance from 0% to 10% of contact ratio and it continues

to decrease with significant change in slope. Unlike point
contact, the series resistance in line contact does not stabilize
after any particular value of contact ratio. This happens
due to the high rate of recombination; this effect has been
studied by using LBIC scan around metal lines on solar
cells [16, 26, 33, 47, 48] and photoluminescence [24].
The light response of these experiments measured the
lowest light intensity around metal lines. This effect is
responsible for electrical shading and EQE losses.

Figure 9 shows the variation of recombination and
recombination current (due to the contact) with respect to
contact ratio in the emitter and BSF. In both cases, there is
a continuous increase (Figure 9(a)) and continuous decrease
(Figure 9(b)) in curves and they do not change its behavior
around any specific dimension of the width of line contact.

In the case of point contact, the recombination current
due to contact in emitter decreases from 14.99mA/cm2 to
8.94mA/cm2 and in the case of line contact, the recombi-
nation current in emitter due to contact decreases from
6.46mA/cm2 to 3.76mA/cm2. In the case of point contact,
the recombination current due to contact in BSF decreases
from 12.65mA/cm2 to 9.49mA/cm2, and in the case of
line contact, the recombination current due to contact in
BSF decreases from 4.27mA/cm2 to 3.10mA/cm2. This
means that the magnitude of recombination current in
the line contact is less than the magnitude of recombina-
tion current in the point contact. The recombination
current in the IBC solar cells calculated from Quokka is
given by [49]

Jrec = J0 X1/n − 1 , 7

where J0 is the saturation current density, X is the fluence,
and n is the ideality factor.

Table 1: Simulation parameters.

Parameters

(i) Unit cell dimensions

Cell thickness 180μm

Half width in x direction 550–1050μm

Width in y direction 100μm

(ii) Front surface

Boundary type Conductive

Sheet resistance 120–140 Ω/□ [13, 16, 24, 37]

Doping type n-type

JoFront 1.00E−13 A/cm2 [16, 35, 36]

(iii) Bulk

Doping type n-type

Resistivity 3 Ω·cm
Lifetime 3000 μs

(iv) Rear (emitter/BSF)

(a) Emitter

Contact opening: contact shape Line/circle

Half width in x direction 4–40μm

Contact pitch in x direction 200μm

Number of contacts 4

Metal width (shown in Figure 1) Same as emitter width

Contact position Aligned

Emitter: shape Line

Half width 400–800μm [5, 13, 33, 34]

Sheet resistance 60–80 Ω/□ [13, 16, 24, 37]

Contacted region: Jo 6E−13A/cm2 [16, 35, 36]

Contact resistivity 1E−4 Ω·cm2

Noncontacted region: Jo 2.7E−14A/cm2 [16, 35, 36]

(b) Gap

Non-contacted region: Jo 1E−14A/cm2

(c) BSF

Contact opening: contact shape Line/circle (centrally located)

Half width in x direction 4–40μm

Contact pitch in x direction 100μm

Number of contacts 1

Metal width (shown in Figure 1) Same as BSF width

Contact position Centrally located

BSF: shape Line

Half width 100–200μm [5, 13, 33, 34]

Sheet resistance 30–50 Ω/□ [13, 16, 24, 37]

Contacted region: Jo 3.15E−13A/cm2 [16, 35, 36]

Contact resistivity 1E−4 Ω·cm2

Noncontacted region: Jo 5E−14A/cm2 [16, 35, 36]
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Figure 3: Light J-V characteristics between 100mV and 700mV at
different contact ratios.
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The recombination current is strongly dependent on
ideality factor. The higher values of recombination current
in point contact is due to the lower ideality factor.

In the case of point contact, the recombination in emitter
increases from 0.002 to 0.376 and in the case of line contact,
the recombination in emitter increases from 0.084 to 0.478.
In the case of point contact, the recombination in BSF,
increases from 0.0018 to 0.137 and in the case of line contact,
the recombination in BSF increases from 0.018 to 0.134. The

recombination in the case of line contact is concave down
increasing (Figure 9(a)) and recombination in the case of
point contact is concave up increasing (Figure 5(a)) which
means that the recombination started taking higher values
at low contact ratios in line contact. This tells us that there
is more recombination in line contact than point contact.

The area covered by line and point contacts are shown in
Table 2. The high recombination in the case of line contact is
due to the fact that there is more area covered by line contact,
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Figure 5: Variation of (a) left/right contact recombination with respect to contact ratio and (b) left/right contact recombination current with
respect to contact ratio.
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which increases the reverse saturation current in the
contacted region [25, 26]. This gives us the reason why most
of the IBC solar cells are fabricated with point contact.

4. Discussion

In the fabrication of IBC solar cells, there is not much impor-
tance given to contact sizes. Most of the time, the dimensions
of contacts are considered the same irrespective of the
dimension of the emitter and BSF. For the exact comparison
with recombination, more experimental results are required,
which specifically focus on contact size. However, most of the
optimization of contact sizes are done at wafer level, that is,
by processing of wafer for sheet resistance measurement

[25], lifetime measurement [50], and transfer length mea-
surement [51]. But these measurements do not relate contact
sizes with cell parameters. To have better understanding of
modeling, it needs more experimental result with respect to
contact sizes on IBC solar cells.

The variation in recombination is still unknown and
many parameters can be responsible for it. The dimensions
of contact sizes cannot be solely responsible for the recombi-
nation mechanism in solar cells. The bulk defects and traps
[52, 53] are also responsible for recombination in solar cells.
The bulk defects influence the diffusion length [54], which
reduces the light-induced current in solar cells especially of
IBC structure.

In the high efficiency solar cells, the losses due to contacts
are very less (roughly around 6%) [16] and it can be further
reduced by optimizing its dimension. There are pros and
cons associated with both large and small contact sizes. Small
contact size gives large Suns Voc but high Rs reduces fill
factor. Large contact size reduces Rs but at the same time it
reduces Suns Voc.

In the case of point contact, maximum power shows its
peak value neither at the lowest contact size/ratio nor at the
highest contact size/ratio, but at some middle values, this
uses the advantageous features of both low Rs and large Voc.

In the case of line contact, there is a possibility of huge
shading losses especially in large area cells, but it has another
advantage of high collection efficiency. The dimensions of
point contacts should be optimized properly with respect to
contact pitch and area; otherwise, the solar cells having line
contact will behave similarly as the solar cells having point
contact. To get the advantages of point contact, the contact
pitch should be optimized with respect to the diffusion length
[13] and emitter coverage [15, 37] because this affects the
lateral carrier transport.

There is always a compromising situation between charge
collection and contact resistance. The current transfer length
proposed by Shockley et al. [55] can provide great help in the
optimization of contact size. The current transfer length is
calculated using [18]

LT =
ρc
Rsh

, 8

where LT is the transfer length, ρc is the contact resistivity,
and Rsh is the sheet resistance.

Although current transfer length gives the idea of
minimum contact size, it does not give the exact required size
because this measurement is done at wafer level.

The area covered by the contact can also give good
approximation to guess high efficiency [25, 26]. It is dubious
to simulate solar cells with respect to area of contacts because
different shapes like circle, square, rectangle, and triangle can
have the same area but they will have different contact
resistance and sheet resistance and simulation of solar cells
may show the same results with respect to the same area of
different shapes. There is a possibility of losses like error in
specific contact resistance [56] and high ideality factor [57]
with rectangular and square shapes. That is why one should
avoid rectangular and square shapes as point contact.
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5. Conclusion

Simulation results were presented with respect to line and
point contacts on unit cell of IBC solar cells. Light J-V
characteristics were different for both cases. There was a
continuous decrease in series resistance with respect to
contact ratio in the case of line contact but with point contact
series, resistance stabilizes above 10% of contact ratio. There
was a change observed in maximum power calculation

around 10% of contact ratio, with point contact. There is
no hard and fast rule in the selection of contact size whether
it should be as minimum as possible or as maximum as
possible. There is always a compromise between low Rs and
high Voc in the optimization of contact size but it can be
optimized with respect to maximum power.

In the case of line contact, there was not much variation
observed with respect to the size of line contact. There was
a continuous decrease in series resistance and Suns Voc with
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respect to the contact ratio. Moreover, there was a negligible
increase in Voc (calculated from light J-V) with line contact.

Although the behavior of recombination and recombina-
tion current due to contact were the same in both cases of
point and line contact, the point contact showed small
variation below 10% of contact ratio. The comparison of
simulation results of point and line contact showed that
the magnitude of recombination was lower in the case of
point contact.

Our simulation results shows that with the use of point
contact and at around 10% of contact ratio, the IBC structure
can achieve optimum cell efficiency. However, to further
reduce the effect of series resistance, one can increase contact
ratio maximum up to 15% to overcome the challenges of
fabrication and cost.
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