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Abstract— In this paper we model a large-area high-efficiency 

interdigitated back-contact (IBC) solar cell by means of a 

distributed electrical network. The simulation tool allows 

accounting for the distributed resistive effects in diffusions and 

metallization. The model also considers the electrical shading 

effect and resistive losses due to both BSF and emitter busbars. A 

calibrated model is used to investigate the case of a large-area 

(15.6x15.6 cm2) IBC cell, in which we investigate the influence of 

key busbar parameters: number of busbars; busbar width; 

soldering pitch (for module connection); metal sheet resistance. 

The predictive simulations allow finding out the optimum 

number of busbars, arising from a tradeoff between the electrical 

shading effect due to the BSF busbars and resistive losses due to 

the emitter busbars and the fingers. Moreover, we show how the 

distance between soldering points on the metal busbars, 

influences the choice of the busbar width. We found out that, if 

an adequate number (>7) of soldering points is adopted, the 

busbar width should be kept lower than 0.5mm. On the other 

hand, the adoption of a thick Cu-plating (15µm) leads to an 

increase of efficiency of 0.2%abs with respect to the case of 

sputtered Al metal (3µm thick). 

 

Index Terms— interdigitated back-contact (IBC), solar cell, 

distributed model, simulations, electrical shading, SPICE, 

photovoltaic, busbar. 

I. INTRODUCTION 

Interdigitated back-contact (IBC) solar cells are part of the 

current research activities of the PV community and 

conversion efficiency higher than 24% have been reported [1-

6]. However, there are several challenges related to the back-

contact solar cell design, which should be addressed. 

Electrical shading effect is the result of a reduced minority 

charge carrier collection probability in the BSF and generally 

in a non-diffused gap region, due to an increased 

recombination [7, 8]. This leads to a reduction of the short-

circuit current density (JSC). In contrast, in emitter regions 

holes are collected (assuming n-type substrate), but electrons 
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need to be transported laterally to BSF regions. This lateral 

transport adds resistive losses and hence leads to fill factor 

(FF) reduction [9]. This behavior of BSF and emitter regions 

becomes critical when designing the busbar regions.  

In order to achieve large-area IBC solar cells (15.6 x 15.6 

cm2), an increased number of busbars can be considered to 

limit resistive losses related to current transport over the long 

fingers. As each BSF and emitter busbar adds a loss in JSC or 

FF, a trade-off is required between the losses introduced by 

the busbars and the losses introduced by the long fingers. 

Hence, in order to reach an efficient cell design, a modelling 

environment is essential.  

TCAD device simulations of IBC solar cells have been 

adopted in order to analyze doping profiles, passivation 

schemes and recombination mechanisms [10-13]. However, 

due to the computational effort, the simulation domain is 

typically limited to a small element of symmetry, which does 

not account for finger and busbar effects. On the other hand, 

recently, different authors have shown modelling activities for 

solar cells, by simulating distributed electrical models [14-16]. 

In [15], two different IBC cell types (with broken and full line 

contact openings) are investigated by mixing experimental 

results and electrical simulations performed with a distributed 

model. However, the effect of busbars is not accounted for. In 

[16], a distributed network is used to discuss different 

contacting schemes for IBC solar cells with four busbars and 

evaluate their impact on the fill factor evaluation. In [17], an 

IBC version of a Quokka model is presented, allowing for fast 

simulations by means of finite volume implementation in 

MATLAB. The influence of perimeter losses in IBC solar is 

reported, including the effect of busbars. However, the 

analysis is limited to the case of small solar cells (16 cm2) 

having two busbars only. 

In [18], we presented a quasi 3-D distributed electrical model 

for IBC solar cells, which is able to account the influence of 

BSF and emitter busbars. The validity of the model was 

verified by means of comparison with experimental 

measurements in the case of a small area (4 cm2) IBC solar 

cell with two busbars. With respect to [15-18], we perform a 

comprehensive study allowing us to investigate large-area 

(15.6 x 15.6 cm2) IBC solar cell with multiple busbars. 

Moreover, the influence of important geometrical and 

electrical properties of the busbars (number, width, soldering 

pitch, metal sheet resistance) is analyzed. Useful information 
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be 

 
about the optimal grid configuration can derived, allowing to 

provide guidelines for the development of large area IBC solar 

cells. 

The paper is organized as follows. In section II we review 

the distributed electrical model along with its experimental 

calibration and validation on a small area IBC silicon solar 

cell and we analyze the influence of busbar width. In section 

III we adopt the model to simulate a large-area IBC solar cell 

and to evaluate the impact of geometrical and electrical 

configuration. Finally, conclusive remarks are provided in 

section IV. 

II. DISTRIBUTED ELECTRICAL MODEL 

A. Description of the Model 

In IBC solar cells the p-n junction is placed on the rear side. 

Moreover, the emitter and BSF regions are designed in an 

interdigitated pattern. We model the electric behavior of the 

solar cell, by dividing the whole cell area into smaller sub-

circuits and solving the resulting network with a SPICE circuit 

simulator. In Fig. 1 we report a schematic representation of the 

equivalent circuit network in which three main regions can be 

recognized: finger region, containing the interdigitated 

structure; emitter busbar region; BSF busbar region. The 

elementary unit, representative of the finger region, is 

composed by a 2-diode model in which the current source 

JPHO represents the photogenerated current and is proportional 

to the irradiance, while the diode saturation current densities 

J01 and J02, account for the recombination mechanisms. The 

model also includes the following resistive components: shunt 

resistance RSH; 2-dimensional resistive network due to the 

conduction through emitter region (RE) and BSF region (RBSF); 

contact resistance at metal/emitter (RCE) and metal/BSF (RBSF); 

distributed resistances associated to the metallization of the 

emitter (RME) and BSF (RMBSF) fingers. 

The elementary unit representing the BSF busbar region, is 

also composed of a 2-diode model and of a metal and BSF 

resistive network. Because of the electrical shading effect, 

above the BSF busbar area a lower collection probability of 

the photogenerated minority carriers is found with respect to 

the finger region. This is because the bulk diffusion length 

becomes comparable or lower than the minority carrier paths, 

that is the distance from the pn-junction. As a matter of fact, a 

reduction of the short-circuit current is observed when the 

BSF busbar area is illuminated. In order to calculate the 

photogenerated current in the BSF busbar region, let us 

consider the generic decay of excess holes with distance [19]: 
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where Dlength is effective diffusion length in the BSF busbar 

region, pne is the injected hole concentration and x is the 

distance. Since we are interested in the concentration at the pn 

junction, x can be considered as the distance from the edge of 

the busbar. Holes are uniformly generated in the BSF busbar 

area and the current collected at the pn junction can be 

calculated as the integral of the photogenerated rate dpn/dt 

from x = 0 to x = WBSFBB (BSF busbar width): 
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where α = Dlength / WBSFBB, Wcell and ts are the width and 

thickness of the cell, respectively, q is the elementary charge. 

The quantity ts·q·dpne/dt represents the photogerated current 

(JPH0), which must account for other recombination effects 

(e.g. surface recombination) except for the shading effect. The 

current source of the model, for a generic elementary unit (i,j) 

can be calculated as: 
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where Au(i,j) is the area of the considered (i,j) cell, G0 is the 

TABLE I 

MAIN ELECTRICAL AND GEOMETRICAL PARAMETERS ADOPTED FOR THE 

CALIBRATION OF THE SMALL-AREA IBC CELL. 

Description Value 

Emitter sheet resistance 80 Ω/☐ 

BSF sheet resistance 50 Ω/☐ 

Bulk sheet resistance 120 Ω/☐ 

Resistivity of metallization 2.7.10-6 Ω.cm 

Specific contact resistance 1.10-4 Ω.cm2 

Metal thickness 2 μm 

Busbar width 1900 μm 
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Fig. 1. Schematic representation of an IBC solar cell with the proposed model. 

Elementary units, which are based on the two-diodes circuits, are 

implemented in the distributed electrical network.  
 

Fig. 2. Schematic of the experimental IBC solar cell [18]. The black dashed 
line indicates the cell area without considering the two busbars.  
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irradiance at 1 sun, G is the considered irradiance (which can 

be equal to 0 in case of shaded busbar or dark conditions). 

Once the Dlength is calibrated, the distributed electrical model is 

able to account for the influence of busbar width on the short-

circuit current. In the BSF busbar region there is no contact 

between the metal layer and the substrate. The assumption of 

non-contacted busbar is in agreement with the experimental 

IBC cell considered in this work for the model calibration.  

The emitter busbar elementary unit does not show reduced 

collection probability of holes, because of the emitter region 

(and hence of the pn-junction) above the busbar. However, 

electrons photogenerated in this region, have to drift though 

the (highly resistive) bulk region towards the finger region. 

This leads to a significant increase of resistive losses and 

hence to a reduction of the fill factor.  

The element of symmetry, to be simulated, is delimited by 

the soldering pitch on the busbars and by the distance between 

busbar centers. With reference to Fig. 1, the elementary units 

have a length of 100 µm along the finger direction and a width 

of 767 µm equal to half of the finger pitch. The computational 

time is then function of the considered element of symmetry 

and, in a state-of-the-art desktop PC, one IV curve simulation 

can last from a few minutes up to a few hours. 

B. Calibration of the Simulation Tool  

The accuracy of the model was verified in [18] by means of 

comparison with experimental data. The IBC sample 

considered was an n-type silicon solar cell with a finger region 

of 2 x 2 cm2 and two busbars at the opposite sides of the cell 

[20]. A schematic of the IBC cell is reported in Fig. 2, while in 

Table I we report the main electrical and geometrical 

properties used for the calculation of resistive network. 

As a first step, dark JV measurements are used in order to 

calculate J01 and J02 saturation current densities and the shunt 

resistance and the comparison with simulation is reported in 

Fig. 3a. The effect of non-ideal ideal recombination is 

accounted for in the J02 component. 

As a second step, experimental JV curves under AM1.5G 

spectrum are considered, aiming at calibrating JPH0. In order to 

avoid the JSC and FF reduction due to the emitter and BSF 

busbars, a mask was adopted to illuminate the finger region 

only. The accuracy of the model is also verified by 

considering the impact of busbars on the figures of merit of 

the cell. The results are reported in Fig. 3b. In particular we 

considered three different cases: i) JV curve with both busbars 

shaded (red triangles); ii) JV curve with BSF busbar 

illuminated and emitter busbar shaded (blue circles); iii) JV 

curve with emitter busbar illuminated and BSF busbar shaded 

(green squares). In all the three cases, we found out a good 

agreement between experimental data and simulation results. 

As expected the highest efficiency is obtained when both 

busbars are shaded. On the other hand, when considering an 

illuminated BSF busbar, the experimental efficiency drop due 

to the electrical shading is well modeled by the electrical 

simulations. Moreover, if the IBC cell with illuminated emitter 

busbar is measured, a FF reduction is observed. This FF 

degradation can be ascribed to resistive losses and hence can 

be modeled with the conduction through the bulk region. 

C. Impact of Busbar Regions 

In order to investigate the influence of the busbar regions on 

the solar cell performance, we used the calibrated model to 

simulate an IBC cell with different emitter and BSF busbar 

widths. In particular, we considered a constant finger length of 

2 cm while varying the busbar width up to 5.5 mm. 

In Fig. 4 we report FF and η as a function of the emitter 

busbar width. In this case, the BSF busbar area is considered 

shaded. Due to electrons drifting through the bulk region 

above the emitter busbar, the increase of busbar width leads to 

a significant reduction of FF and hence of efficiency. In 

particular, a FF as low as 66 % is found if a busbar width of 

5.5 mm is considered. In Fig. 5 we analyze the impact of BSF 

busbar width on JSC and η. Because of the electrical shading 

effect, a strong reduction of JSC, and consequently of η, is 
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Fig. 4. Simulated (a) fill factor and (b) efficiency of an IBC cell as a function 

of the emitter busbar width. Due to the increase of resistive losses, because of 

the conduction above the emitter busbar region, a reduction of FF is observed 

with the busbar width. 

 

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

10

20

30

40

J
02

=9.01 nA/cm
2

n
2
=2.14

 

 

J
 (

A
/c

m
2
)

 Experimental

 Simulated
J

01
=110 fA/cm

2

n
1
=1

(a)Dark

 Simul.    Experim.

w/o Busbars  23.29 %   23.15 %

with BSF BB  21.90 %   21.89 %

with Emitter BB  22.38 %   22.43 %

(b)

J
 (

m
A

/c
m

2
)

V (V)

Illuminated

Symbols: Experimental

Lines: Simulated

 
Fig. 3. Dark (a) and Illuminated (b) JV curves. Simulation results are in 

agreement with experimental data. In (b) different shading conditions are 

considered for the emitter and BSF busbars in order to verify the accuracy of 

the model [18]. 
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observed when increasing the busbar width. Besides the 

increase of percentage area covered by BSF busbar, the 

overall JSC reduction must be also ascribed to the local JSC 

degradation in the BSF busbar area (see Fig. 5a). These 

findings are in agreement with what reported in [7]. 

III. SIMULATION OF LARGE-AREA IBC SOLAR CELL 

In the case of unequal currents per busbar, as for IBC solar 

cell, the contacting scheme can significantly affect the FF of 

the cell [21]. In this paper, we consider voltage (and current) 

probes placed at each soldering point. According to Fig. 6, a 

resulting soldering pitch can be defined. We assume the cable 

resistance and the soldering (or pin) contact resistance to be 

negligible, hence, all voltage (and current) probes are assumed 

be short-circuited with no resistance. Therefore, we will 

consider ideal FF, which does not account for losses due to the 

contacting scheme. 

As shown in Fig. 6, the lateral busbars are assumed to have 

half width with respect to inner busbars. This ensures a 

uniform voltage drop between lateral and inner busbars. It is 

worth noting that, the assumption of half lateral busbar could 

be subject to manufacturing constraints. 

The experimental IBC cell considered in section II has a 

limited area of 2 x 2 cm2. In order to extend the cell to a 

conventional area of 15.6 x 15.6 cm2, it is important to 

properly investigate the geometry of busbars. In this section, 

the distributed model is adopted to simulate a 15.6 cm wide 

IBC solar cell, in which the number of busbars, the busbar 

width, the soldering pitch and the metal sheet resistance are 

used as parameters. Table II summarizes the main parameters 

considered in section III for the simulation of large-area IBC 

solar cell. 

A. Influence of Number of Busbars 

In this subsection, the soldering pitch is considered to be 

0.614 cm. This value is chosen small enough to neglect the 

voltage drop along busbars, since the influence of the 

soldering pitch is investigated in subsection III.B. We consider 

a Cu metallization having a thickness of 5 µm and a busbar 

width ranging from 0.3 mm up to 3 mm. The number of 

busbars is varied in order to find optimum value of efficiency. 

The short-circuit current (Fig. 7a) reduces by increasing the 

number and the width of busbars, because of the electrical 

shading effect due to the BSF busbar. In case of wide busbars, 

the JSC degradation is larger. 

The fill factor behavior, reported in Fig. 7b, is the result of 

two competing effects. In fact, the finger resistance reduces by 

 
Fig. 6. Schematic of busbars geometry and soldering points in the case of IBC 

solar cell featuring lateral busbars with half width with respect to inner 

busbars. 
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Fig. 5. Simulated (a) short-circuit current and (b) efficiency as a function of 

the BSF busbar width. By increasing the busbar width, the short-circuit 

current decreases because of the electrical shading. 
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Fig. 7. Simulated (a) short-circuit current, (b) fill factor and (c) efficiency of a 

15.6 cm wide IBC cell as a function of number of busbars.  

TABLE II 

PARAMETERS CONSIDERED FOR THE ANALYSIS OF THE LARGE-AREA IBC CELL  

Description Value 

Metallization 
Cu 5 µm thick; Cu 15 µm thick;  

Al 3 µm thick; 

Busbar width from 0.3 mm up to 1 mm 

Soldering pitch from 0.1534 cm up to 3.835 cm 

Emitter finger width 1044 µm 

BSF finger width 330 µm 
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increasing the number of busbars, and this explain the initial 

increase of FF. On the other hand, the FF losses due to 

conduction above the emitter busbar increase as long as the  

considered number of busbars is increased. As discussed in 

section II, the last effect is minimized in the case of narrow 

busbars, hence leading to higher FF.  

According to the considered busbar width, an optimum 

number of busbars can be observed in Fig. 7c, allowing to 

maximize the conversion efficiency in a large-area IBC solar 

cell. This results from the trade-off between JSC degradation 

due to the electrical shading effect and the FF reduction due to 

the finger resistance and the conduction above the emitter 

busbars. The narrowing of the busbars, leads to an 

improvement of both JSC and FF, as reported in Fig. 7a and 

Fig. 7b, respectively. However, for a busbar width lower than 

0.5 mm, no improvements of FF are observed, meaning that 

the resistive losses due to the emitter busbars are negligible. 

As a matter of fact, the FF tends to saturate for a large number 

of busbars, rather than having a bell shape. Moreover, only a 

small increase of JSC is observed. In general, the narrower are 

the busbars, the larger is the number of busbars allowing to 

maximize the efficiency. The best performance are achieved in 

the case of 0.3 mm wide busbars, featuring a maximum 

conversion efficiency higher than 23.2 %.  

B. Analysis of Soldering Pitch 

In subsection III.A, the soldering pitch was fixed to a 

relatively small value of 0.614 cm. This would mean 25 

soldering points on one busbar of 15.6 cm long. For this value, 

the conduction through metal busbars is not limitative. 

However, especially in the case of narrow busbars, FF could 

be strongly affected by the soldering pitch. Hence, in order to 

further investigate the influence of BSF and emitter metal 

busbars, in Fig. 8 we report the FF and efficiency as a 

function of the soldering pitch and of the busbar width. The 

number of busbars is chosen accordingly to the optimum 

values derived in Fig. 7. Narrow busbars lead to a larger 

degradation of FF. For a soldering pitch of 0.614 cm (as 

considered in Fig. 7), the FF losses are small for all the 

considered busbar width. However, a small soldering pitch 

and consequently a large number of soldering points, can lead 

to an increased cost to assemble the  IBC cells into a module 

[22]. If we consider a pitch as a large as 3.8 cm, we observe a 

maximum FF reduction of about 2.3 %abs in the case of 0.3 

mm wide busbars. As a result, the optimum busbar width is 

function of the soldering pitch. The simulation results of this 

paper indicate that, if a 5 µm thick Cu metallization is 

adopted, the optimum busbar width is in the range 0.3 mm – 

0.5 mm, depending on the considered soldering pitch.  

It is worth noting that, the soldering points can have a 

width of a few millimeters, hence larger than the busbar width. 

This effect is not accounted for in our simulations and can 

potentially lead to a degradation of efficiency, especially in 

the case of narrow busbars with a lot of soldering points. 

C. Impact of Metal Sheet Resistance 

The co-optimization of the number of busbars and busbar 

width, reported in section III.A, leads to a trade-off between 

finger metal losses, electrical shading due to BSF busbar and 

resistive losses above the emitter busbar. Moreover, the 

presence of soldering points on metal busbars, as discussed in 

section III.B, leads to resistive losses along metal busbars. 

Hence, metal sheet resistance is a crucial parameter for the co-

optimization process. Therefore, in this section we compare 

three types of metallization: Al 3 µm thick; Cu 5 µm thick; Cu 

15 µm thick. The simulated efficiency is reported in Fig. 9, 

where the busbar width is considered equal to 0.3 mm, 0.5 mm 

or 1 mm, while the soldering pitch is kept constant to 1.534 

cm. 

The optimum value of efficiency is achieved in the case of 

0.3 mm wide busbars, meaning that the conduction through 

the metal busbars is not limitative for the considered soldering 

pitch. As expected, the simulation results indicate that the 

adoption of Cu-plating (15 µm thick) leads to the best 

performance. From one hand, the advantage over the sputtered 

Al metal is limited to about 0.2 %abs. On the other hand, in the 
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Fig. 9. Simulated efficiency of a 15.6 cm wide IBC cell with a soldering pitch 

of 1.534 µm. The co-optimization of busbar witdth and number of busbars is 

performed for different types of metallization: Cu 15 µm thick, Cu 5 µm thick 

and Al 3 µm thick. The considered busbar width (0.3 mm, 0.5 mm, 1 mm) is 
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case of thick Cu busbar, the optimum efficiency is achieved 

for a significantly lower number of busbars. In turn, a lower 

total number of soldering points is required. Interestingly, the 

wider busbars (1 mm) lead to a higher increase of efficiency 

(from Al 3 µm thick to Cu 15 µm thick), of about 0.3 %abs. As 

reported in Fig. 7b, the FF of 0.5 mm or 0.3 mm wide busbars 

does not decrease when the number of busbars is increased. 

Hence, in the case of poor metal conductivity the number of 

busbars can be effectively increased to limit the resistive 

losses along the metal busbars and metal fingers. Otherwise, in 

the case of 1 mm wide (or wider) busbars, the increase of the 

number of busbars leads to a reduction of FF, because of the 

conduction above the emitter busbars. Overall, when a low 

metal sheet resistance is considered, a better tradeoff is 

achieved in the case of narrow busbars. 

IV. CONCLUSIONS 

In this work, we analyzed the influence of BSF and emitter 

busbars in large-area (15.6 cm wide) IBC solar cells by means 

of a calibrated SPICE simulation tool. 

The optimum number of busbars arises from a trade-off 

between on one side the JSC degradation due to the electrical 

shading effect above the BSF busbars and the FF reduction 

due to the conduction above the emitter busbars, and on the 

other side the metal finger resistance. 

We also investigated the influence of soldering pitch on the 

metal busbars, which is an important parameter to be 

considered for connections at module level. This introduces an 

additional trade-off in the width of the busbars: the metal 

busbars need to be wide enough to limit resistive losses 

towards the soldering points. In the case of 0.3 mm wide 

busbar (Cu 5 µm thick), a soldering pitch of 3.8 cm leads to a 

FF and efficiency degradation (with respect to a soldering 

pitch of 0.15 cm) of 2.3 %abs and 0.7 %abs, respectively. Then, 

a busbar width lower than 0.5 mm can be adopted to maximize 

the efficiency, provided that an adequate number (>7) of 

soldering points is implemented. Moreover, if we consider a 

thick Cu-plating (15 µm), an increase of efficiency of about 

0.2 %abs is observed compared to the case of sputtered Al 

metal (3 µm thick). 

In the case of low conductive metal (thin Al) a lot of thin 

busbars are required to limit resistive losses over the metal 

fingers. If we consider high conductive metal (thick Cu), 

longer fingers can be used and hence there is less need to keep 

busbars narrow.  

Overall, this paper provides useful guidelines for the busbar 

design in large-area IBC solar cell, allowing to exceed 23% of 

efficiency. 
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