<]
TUDelft

Delft University of Technology

Integrated front-rear-grid optimization of free-form solar cells

Gupta, Deepak; Barink, M; Galagan, Y; Langelaar, Matthijs

DOI
10.1109/JPHOTOV.2016.2617082

Publication date
2016

Document Version
Accepted author manuscript

Published in
|IEEE Journal of Photovoltaics

Citation (APA)

Gupta, D., Barink, M., Galagan, Y., & Langelaar, M. (2016). Integrated front-rear-grid optimization of free-
form solar cells. IEEE Journal of Photovoltaics, 7 (2017)(1), 294-302.
https://doi.org/10.1109/JPHOTOV.2016.2617082

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1109/JPHOTOV.2016.2617082
https://doi.org/10.1109/JPHOTOV.2016.2617082

Integrated front-rear grid optimization of free-form solar cells

Deepak K. Gupta!, Marco Barink?, Yulia Galagan®, and Matthijs Langelaar!

Department of Precision and Microsystems Engineering, Delft University of Technology,
2628CD Delft, The Netherlands, e-mail: D.K.Gupta@tudelft.nl, M.Langelaar@Qtudelft.nl.
2M. Barink is with TNO/Holst Centre, High Tech Campus 31, 5605KN Eindhoven, The
Netherlands, email: Marco.Barink@tno.nl.
3Y. Galagan is with the Holst Centre - Solliance, High Tech Campus 21, 5656 AE
Eindhoven, The Netherlands, email: Yulia.Galagan@tno.nl.

Friday 7" October, 2016

Abstract

Free-form solar cells expand solar power beyond traditional rectangular geometries. With the flexi-
bility of being installed on objects of daily use, they allow making better use of available space and are
expected to bring in new possibilities of generating solar power in the coming future. In addition, their
customizable shape can add to the aesthetics of the surroundings. Evidently, free-form solar cells need to
be efficient as well. One way to improve their performance is to optimize the metallization patterns for
these cells. This work introduces an optimization strategy to optimize the metallization designs of a solar
cell such that its performance can be maximized. For the purpose of optimization, we model an existing
transparent free-form solar cell design, including front and rear electrode patterns, to validate it against
previously published experimental results. The front and rear metallizations of this transparent free-
form solar cell are subsequently redesigned using topology optimization. More than 50% improvement
in output power is achieved by using topology optimization.

1 Introduction

With the growing energy demand and the need for new and clean energy resources, solar power is experiencing
remarkable growth throughout the world. It is expected that the cumulative global solar photovoltaics (PV)
market will triple to around 700 GW in 2020 compared to that in 2015 [1] and a long-term global forecast
scenario describes worldwide solar PV capacity to reach 4600 GW by 2050 [2]. Looking at the United States
alone, the total electrical power sector capacity in 2015 was reported to be around 1045 GW [3] with 27 GW
of total solar power capacity and it is reported that 30% of its all new electricity generation capacity in 2015
came from solar [4]. In 2016, the PV installations are expected to increase by around 65 GW.

To ensure that solar power can be a sustainable solution to the growing energy demand for future,
innovative ways are being explored to increase the overall PV installations. In some recent works, free-
form solar cells have been designed which can be installed on objects of daily use [5-7]. These provide
new possibilities of generating solar power, however, the generated energy needs to be affordable as well.
Significant research is being conducted to make solar cells more efficient and thereby reduce the cost per
unit of solar energy [8] .

Among various other possibilities to enhance efficiency is optimization of solar cell metallization patterns.
The metallization determines the voltage distribution over the cell, which affects the generated current and
power. Significant research has been conducted in the past to improve on this aspect [9-13]. To the best of
our knowledge, these standard methods are restricted to predefined geometries such as the H-pattern and
in general optimize for the grid width and the spacing between the grid lines. The truely optimal designs
might be more complex than the shapes that can be realized from optimization under such restrictions. With
the advancements in printing technologies, fabricating more complex patterns is no longer a problem [7,14],



however, the real challenge lies in designing them such that the solar cell performance can be improved.

In a paper presented at the 40th IEEE Photovoltaic Specialists Conference [15], it was shown that new
and potentially superior layouts can be generated using a topology optimization (TO) approach. TO is
a computational paradigm capable of optimizing the distribution of a certain material in a given domain
subjected to certain constraints, such that the performance of the system is maximized [16]. Compared to
conventional shape and size optimization approaches, TO provides more flexibility and does not even require
an initial design concept. For a general overview of the concepts and applications of TO, see [16-18] and
references therein. In the context of solar cells, TO has also been used to design efficient light trapping
structures [19-21].

The work presented in [15] uses TO to optimize the front metallization patterns for solar cells. The
details related to the mathematical formulation of the problem as well as the computational aspects of the
methodology are discussed in [22]. Tt is also shown that the optimized front metal grids obtained using TO
are comparable in terms of performance to the H-patterns for standard solar cell shapes.

An important advantage of the TO methodology is demonstrated in [23], where this method is used to
optimize the front metal grids for free-form, non-rectangular solar cells. Freeform solar cells are gaining recent
attention from an aesthetic point of view since they can easily blend into the architectural makeup of the
surroundings. For recent research related to unconventional shapes for the solar cell domain, see [5-7,23,24].
In the study reported in [23], front grid patterns for several freeform shapes were optimized e.g. circular,
hexagonal, leaf-shaped, shapes of motorbike fairings, etc. For unconventional shapes, no established efficient
grid pattern is known, like the H-pattern for rectangular cells. Grid optimization using the TO approach
however applies to any domain shape.

It is important to note here that while TO can design efficient metallization patterns for freeform solar
cells, there are various other challenges associated with these freeform shapes. Manufacturing non-rectangular
solar cell shapes (e.g. circular or semi-circular geometries) and the corresponding grid layouts has been
attempted for the past four decades [25]. Manufacturing of free-form silicon solar cells is quite difficult due
to technological limitations. Printing and coating techniques utilized in the manufacturing of organic solar
cells open a lot of possibilities in the freedom of forms and shapes. These create a new market for PV
technologies by combining PV functionality and aesthetics. Therefore, solar cells with artistic shapes attract
a lot of attention. However, scaling up the size and their non-rectangular shapes typically lead to efficiency
losses. It points on the necessity of optimization the metallization patterns for these cells.

In conventional solar cells, only the front electrode has been considered for optimization, as the rear
electrode usually covers the entire backside. Transparent or semi-transparent solar cells are more aesthetically
appealing than the opaque ones. To preserve this transparency, it is important not to cover the whole rear
surface with the electrode material. Thus, a limited amount of electrode material can be used on the rear
side and it becomes important to use an appropriate pattern. Important to note here is that the optimal
grid designs for the front and the rear sides depend on each other, since together they determine the local
voltage difference between front and rear side that determines the local current density. To maximize the
performance of a solar cell, they should be optimized together. Some preliminary results related to this aspect
were reported by us in [26], however that study was restricted to only electrode thickness optimization on
the rear side.

This paper presents for the first time an optimization strategy which can be used to simultaneously
optimize the front and rear metallization patterns for solar cells. For the purpose of this optimization, a
solar cell model with front and rear metal designs is presented. Based on the available experimental data,
the model is tuned so as to match the behavior of the fabricated tree-shaped solar cell example presented in
[7]. Further, this model together with the proposed approach are used to optimize the metallization designs
for this example.

The rest of this paper is organized in the following manner. Section 2 describes the optimization method
and the mathematical model for the integrated front-rear grid optimization in solar cells. This approach is
tested on a solar cell with the shape of a Christmas tree. The model validation and optimization results are
discussed in Section 3 and the final conclusions are presented in Section 4.
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Figure 1: Schematic diagram of a solar cell model with front and rear conductive surfaces. The voltage
difference between the front and rear sides, combined with the illumination level, controls the current density
across any point in the semiconductor layer.

2 Method

2.1 Topology Optimization

In this work, topology optimization (TO) is used to simultaneously optimize the front and rear metallization
patterns for solar cells. As stated above, TO is a computational approach capable of optimizing the material
distribution in a given domain without violating some given constraints such that the performance of the
system is maximized. In the traditional optimization methods, the electrode pattern is assumed to consist
of straight lines and the design is only optimized for metal line width and line spacing. TO abandons such
restrictions and can achieve more complex and better performing designs which cannot be obtained with the
conventional shape optimization techniques.

TO comprises of a series of design updates, each update being based on the sensitivity responses computed
from the design obtained in the previous step. Typically, the design domain at each step is discretized into
a set of finite elements and the performance of the design is evaluated using finite element analysis. Within
every finite element, the amount of material is allowed to vary from 0 to 1. Here 0 refers to void (no
material) and 1 refers to solid (full material). To obtain a manufacturable solution, the intermediate values
are penalized and made unfavorable [27,28]. The optimization process is stopped when changes in objective
value or design fall below a certain threshold in consecutive steps.

2.2 Mathematical formulation

In this section, the mathematical aspects of the solar cell metallization design optimization problem are
discussed. A solar cell model with front and rear electrodes is presented and then the various aspects of the
proposed optimization strategy are discussed. These are as follows:

2.2.1 Solar cell model

For the purpose of front and rear grid optimization in solar cells, a simplified model is used. This model is
an extended version of the front grid optimization model described in [22] and is illustrated in Fig. 1. In this
figure, the semiconductor layer is sandwiched between the front and rear conductive surfaces. In general,
these surfaces might consist of thin, transparent, moderately conductive layers with a deposition of highly
conductive metal grid lines. Since the conductivity of the transparent layers as well as the metal grid is
several orders higher than that of the active layer, it is assumed that the current across the active layer in
the thin-film solar cell travels in the transverse direction. On the front and rear conductive surfaces, current
flows along the surface planes.

The out-of-plane current density at any spot of the solar cell can be described using the following equation:

AV
T

J = Jp, — Jo(efaT — 1), (1)

where J, Jy and J;, denote net, reverse bias and photoillumination current densities, respectively and g, kp
and T refer to the electric charge, Boltzmann constant and local temperature, respectively. In general, J,



does not depend on the voltage difference as in Eq. 1. However, for organic solar cells, Eq. 1 does not fit
very well [31-33]. While modeling, this needs to be taken into account and the behavior of the device needs
to be accurately modeled. The illumination can be non-uniform on the solar cell front surface, however, here
we consider uniform illumination only. The voltage difference across the active layer denoted by AV is equal
to V¢ — V., where V; and V,. denote the voltage values measured on the front and rear conductive surfaces,
respectively. For the front side, the busbar voltage is denoted by Vj,s and on the rear side, the point at
which the load is connected is set to 0 volts. The power output can then be stated as

Pout = (%us - 0)/ JdA = %us/ JdA. (2)
Q Q

Here, dA is a differential area of the solar cell and J is the respective out-of-plane current density. The
efficiency 7 of the solar cell can then be calculated as

n = Lot/ A 00%, 3)

Pinp
where P,,; and A refer to the solar cell power output and its front surface area and pjn, is the input power
density which is assumed to be 100 mWem ™2 under standard conditions.

2.2.2 Finite element modelling

The physics of the front as well as the rear conducting layers can be modelled using a Poisson equation of
charge conservation during electrical conductivity, which is as follows:

dp
2 _
oAV = 5 (4)

where o, V and p refer to the conductivity of the material, the electric potential and the enclosed charge
density, respectively. When discretised using finite element method, the system of equations for the front
and rear sides combined together can be stated as

GV =1, (5)

where G is the total conductivity matrix and V and I refer to voltage and current vectors, respectively.
From Eq. 1, it can be seen that the current and voltage are non-linearly related. Due to this, the system of
equations given in Eq. 5 cannot be solved directly. Thus, it is transformed into a set of residual equations
and then the system is solved to minimize the overall residual using the Newton method. Changing Eq. 5
to a residual form, the following can be stated:

R(V) =GV —I(V) =0, (6)

where R is the residual. For the discretized system, quadrilateral finite elements with bilinear shape functions
are used. The total conductivity matrix G is constructed from the element conductivity matrix G(¢) using
a modified SIMP model [27] as follows:

G'(e) = (Gmln + jp(GO - Gmln))Gée)7 (7)

where G.,in and Gy are linear conductivities of the transparent conductive layer and the metal electrode,
respectively and & denotes the fraction of the finite element filled with the electrode material. The term
p refers to penalization power and for this problem it is set to 3. This serves to obtain clearly resolved
electrode designs. For more details on this aspect, see [22].

The various components of Eq. 6 are constructed as follows:

R=[R; R,]7, (8)
v=[v; V,JT, (9)
a=| e | (10)
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Figure 2: Christmas tree shaped free-form solar cell, (a) schematic diagram showing the layout of different
printed layers [7] (b) photograph of the solar cell fabricated using inkjet printing [7] (c¢) modeled front side
metallization design and (d) modeled rear side metallization design.

where, the subscripts f and r correspond to the front and rear surfaces of the solar cell, respectively. The
global conductivity matrices Gy and G, can be constructed by assembling the contributions from element
conducitivity matrices for the front and rear grids, respectively. For the consistency of the model, it is
important that the magnitude of current entering the active layer at any spot on the rear side is equal to
the current exiting the active layer from the corresponding spot on the front side. Thus, I is constructed as
follows:

I=[1, -1Iy%. (11)

The model proposed in [22] for the front side metallization assumes that the current flows from the whole
front surface to the connection point (busbar). However, for the rear side, current needs to flow from the
connection point to the whole rear surface. To take this into account, a minus sign is added to the current
vector for the rear side.

2.2.3 Optimization

The objective of optimizing the metallization patterns is to maximize the solar cell efficiency. The mathe-
matical formulation of the optimization problem can be stated as

max 7

X, Vous

R(V)=GV —I(V) =0, (12)
1 -

Here, X is given as X = [Xy X,], where X and X, are the vectors of design variables for the front side and
rear side, respectively and V,. denotes the material volume fraction for the rear side. Each design variable
denotes the volume fraction of the finite element filled with the electrode material. The inequality constraint
in Eq. 12 represents the restriction on the maximum amount of electrode material that can be used on the
rear side of the solar cell. We also let the optimizer find the optimal busbar voltage V4,5, by including it as
a design variable in the optimization problem.

For the front side of the solar cell, it is important that an optimum amount of electrode material is chosen.
For too less material, the resistive losses will be high due to the increased contrast in voltage distribution
on the front side. If too much material is used, although the resistive losses are reduced, a significant part
of the incident light gets blocked from entering the active layer leading to increased shading losses. Between
the two cases, there exists an optimum amount of material which reduces the sum of the two losses and this
can be determined by the optimizer. Thus, unlike the rear side, no restriction needs to be imposed on the
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Figure 3: J-V data measured for a small device (0.04 cm?) and the fitted J-V curve (obtained using a cubic
polynomial) for the OPV solar cell used in this study.

maximum allowable amount of front electrode material. The shading effect is taken into consideration by
replacing Jr, in Eq. 1 by J; such that
Ji=J.(1-2)", (13)

where r is a penalization power which is set to 2 in this study, to promote well-defined 0/1 solutions.

The optimization problem stated in Eq. 12 is a nonconvex optimization problem with more than 300,000
design variables and is solved using a gradient based technique. The model generated at each iteration step
is updated using method of moving asymptotes [29], a gradient based optimizer capable of handling general
non-linear programming problems with large number of design variables. For making a design update, the
optimizer needs design sensitivities i.e. gradient information denoting the dependence of cell efficiency on
the design. Due to the high dimensionality of the problem, an adjoint formulation is adopted for calculating
these sensitivities [22,30].

2.3 Applications

In this work, we use TO to optimize the front and rear metallizations for free-form solar cells. To demonstrate
the applicability of TO, a free-form Christmas tree shaped organic photovoltaic (OPV) cell domain is chosen.
One of the reasons to choose this test case is the fact that a similar OPV has been fabricated in the past and
the results are reported in [7]. Since the goal of the paper is to present the optimization methodology, the
choice of the test case does not limit the application of the methodology. Also, OPV and the inkjet printing
technology have a big advantage compared to c-Si due to the possibility of freeforms. These give enormous
aesthetical advantage and open possibility for new applications.

Here, we model the electrical behaviour of this test case as it is in [7] using the proposed front-rear
electrode model. The model is tuned based on the available experimental data so that it can match the
behavior of the fabricated solar cell example. The front and rear metallization patterns are then optimized
under two different scenarios assuming that the amount of electrode material that can be used on the rear
side is same (12%) as that in [7]. For the first case, the busbar on the front side is assumed to be the same
as that in [7] and the electrode distribution is optimized for the rest of the front domain as well as on the
rear side. For the second case, no pre-defined busbar configuration is assumed and TO is used to design
efficient patterns for both the sides. For both the cases, the busbar connection points on the front and rear
sides are assumed to be same as that in [7]. In addition, TO is also used to study the effect of amount of
rear electrode material on the performance of the solar cell.

3 Results and Discussions

In this section, we report the results for different simulation tests performed on the tree-shaped solar cell.
Before presenting the application of the proposed methodology, we discuss the details related to this test



Table 1: Performance statistics for the ideal device, the fabricated device [7] and various cases for the
tree-shaped OPV cell modeled using different metallization patterns.

Parameter Ideal case | Fabricated [7] | Modeled | Case I | Case II
Joe (mAcm™?) 6.14 2.80 2.76 2.92 3.22
Vo (volts) 0.56 0.46 0.47 0.47 0.48
Jmp (mAcm™2) 5.24 1.45 1.67 1.88 2.31
Vinp (volts) 0.38 0.26 0.25 0.3 0.28

Table 2: Model parameters for the Christmas tree

Parameter Value
Device area 6.24 cm?
Front PEDOT conductivity | 2 x 10* Sm~!
Front PEDOT thickness 100 nm
Front metal conductivity 6.3 x 106 Sm~!
Front metal thickness 300 nm
Rear PEDOT conductivity 5x 10* Sm~!
Rear PEDOT thickness 200 nm
Rear metal conductivity 6.3 x 10% Sm~!
Rear metal thickess 300 nm

case.

Fig. 2(a) shows the schematic representation of the Christmas tree shaped free-form solar cell and
photograph of the finished layout is shown in Fig. 2(b). All the functional layers, including the electrodes,
were inkjet printed [7]. Inkjet printed devices contained the following layer sequence: glass substrate/front
Ag fingers/front PEDOT:PSS/Zn0O/ Photoactive layer /rear PEDOT:PSS/rear Ag fingers. The photoactive
layer used here is Poly(3-hexylthiophene) - (P3HT) with an optical energy bandgap of around 1.7 eV. Ag
fingers and busbars (both front and rear) were inkjet printed using a Fujiflm Dimatix Materials Printer (DMP
2831). Inkjet printing of front PEDOT:PSS, ZnO nanoparticles, the photo-active layer and rear PEDOT:PSS
was performed on a LP50 printing platform (Pixdro, OTB) using an industrial printhead (KM512LN, 3.5
cm width, 360 DPI nozzle spacing). The specification of materials, ink formulations and inkjet printing
process is described elsewhere [7]. The active area of the cell was 6.24 cm?. Fig. 2(c) and (d) show the
metallization designs for the front and read side of the free-form solar cell as were used in this study to
model the electrical behaviour. These designs were obtained by a best effort based on intuition to maximize
performance. Therefore, losses can be expected due to the non-optimal arrangements and thicknesses of the
various electrode lines.

In this paper, we optimize the front and rear metallizations for this free-form solar cell so that its
performance can be improved. For modeling purpose, we use experimental J-V data which was measured on
a small device (area 0.04 cm?). The J-V curve obtained by fitting a cubic polynomial in the experimental
data is as follows:

J(mAcm™?) = —6.14 + 4.72V — 43V? + 97.88V3. (14)

The measured data as well as the fitted J-V curve are shown in Fig. 3. The proposed front-rear electrode
model uses voltage values between 0.2 and 0.55 volts only. Due to this reason, only this part of the experi-
mental data is used in Fig. 3 to derive the J-V curve. This JV-curve is then used in the front-rear electrode
model for optimization.

Before optimizing the metallization patterns, we tune the model so that the behavior of the study exam-
ple can be properly modeled. For the same purpose, the photoillumination component of current density in
Eq. 14 is reduced by a certain factor. For a OPV, photocurrent is observed to be voltage-dependent [31-33]
and this behavior is especially prominent in the reverse regime. Since our model uses the data only for a
small range of positive voltage values, we assume that photocurrent is independent of voltage. Thus, the
magnitude of J;, in Eq. 14 is 6.14 mAcm™2. This assumption does not affect the conclusions of this paper
due to the fact that all performance related comparisons of the optimized designs are done with the modelled
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Figure 4: I-V and P-V curves for the modeled solar cell with Christmas tree shape.
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Figure 5: Optimized metallization patterns with a pre-defined perimeter electrode for the front side for a
solar cell with Christmas tree shape.

version and not directly the fabricated one for the tree-shaped solar cell.

Table 2 lists the parameters used for modeling purpose. These parameters are the same as that of the
previously fabricated solar cell. The PEDOT and electrode material are used to model the front and rear
conductive surfaces. The effective conductivities G and G for every finite element stated in Eq. 7 are
calculated using the information stated in Table 2 for PEDOT and electrode material, respectively. The
electrode finger width is not allowed to be less than 150 um. Since the main goal of this paper is to present
the potential of the proposed optimized strategy, we preferred to keep the model simple and certain factors
have not been taken into account. An example is the transparency of the solar cell. The small device on
which the J-V measurements were done consisted of an I'TO layer. On a other hand, the tree-shaped solar
cell discussed here uses PEDOT layer as the conductive polymer due to which its transparency is significantly
lower, thereby lowering its Jr. Another factor is that the dimensions of the electrode lines in the fabricated
design are generally higher than the modeled ones. This is because during inkjet printing, the ink spreads
and makes shading larger [34]. Also, additional resistances including the shunt resistance have not been
considered here. To include these effects in the model, J;, has been reduced by 35%. This reduction factor
has been chosen ensuring that the I-V and P-V curves obtained from the model for the study device closely
match those of the fabricated version.

As a next step, we use TO to optimize the front and rear metal grids for the chosen free-form solar
cell. The busbar connection points are chosen to be the same as the ones in [7]. For the first instance of
optimization (Case I), a fixed electrode line is defined along the perimeter of the domain for the front side.



Table 3: Performance statistics for the tree-shaped solar cell model with different metallization patterns.

Model Power density (in mWem~2) | Relative Improvement
Original 0.416 -

Case I 0.564 35%

Case II 0.632 52%

Front design Rear design Superimposed design

Figure 6: Fully optimized metallization patterns for a solar cell with Christmas tree shape.

The thickness of this line is kept roughly the same as the one in the original prototype cell (Fig. 2(c)). For
the rear side, the amount of electrode material to be used has been set to 12% to match the original design
(Fig. 2(d)) and no restriction is imposed on the amount of material to be used on the front side. Fig. 5
shows the resultant front and rear metallization patterns obtained using TO. The predefined electrodes on
the perimeter of the cell already give a relatively low voltage contrast within the domain. The optimization
process has only added a few small lines on the front side for further improvement and a total of 16% of the
front side is found to be covered with electrode material in the optimized design. The corresponding I-V
and P-V curves are shown in Fig. 4. The resultant design improves the solar cell performance by around
35% compared to the original design. Interestingly, the dendritic nature of these optimized patterns may be
perceived as aesthetically appealing, ‘natural’ features. Other associated parameters such as short-circuit
current density Jo., open-circuit voltage Vi and current density and voltage at maximum power point, Juyp
and Vpp, respectively are reported in Table 1. Compared to the ideal case, significant drops are observed in
Jsc and Jpyp for the tree-shaped solar cell. One of the primary reasons is the shading caused due to electrode
deposition on the front side. Also, since the current generated in the active layer depends on the voltage
value, considerable reduction can be observed in the total current generated due to the voltage contrast on
the front surface eventually leading to reduction in J. and J,, of the device.

In another run of TO (Case II), no pre-defined geometry is assumed for electrode lines on the front and
rear sides. Instead, it is left to the optimization process where to place all of the front electrode material.
Fig. 6 shows the optimized metallization patterns obtained for this case. For this case, only 7% of the front
surface of the optimized design is covered with the electrode material. The corresponding I-V and P-V curves
are shown in Fig. 4 and other related parameters are reported in Table 1. With these optimized electrode
patterns, a significantly higher amount of current can be collected at the busbar and a relative increase of
52% is observed in the solar cell power output. The optimal value of Vs for both the cases was around 0.3
volts. Similar to the previous case, a dendritic network of electrode material is obtained for the rear side.
However, a very different metallization pattern is obtained for the front side with quite a larger amount of
electrode material being added during the optimization process to form the optimized pattern. The relative
improvement in the solar cell performance for this case is significantly higher compared to Case I. This is
because, with no pre-defined geometry here, the optimization process has more flexibility to distribute the
electrode material.
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Figure 7: Solar cell power outputs for different electrode material volume fractions for the rear side of the
cell.

An interesting observation is that the metallization pattern on the front side is not as densely branched
as the rear side. For Case I, assuming a pre-defined geometry leaves very less amount of electrode material
to be distributed on the front surface. For Case II, the amount of electrode material used on the front side
( 7%) is still quite low compared to that used on the rear side ( 12%). Due to this and the fact that a
minimum feature-size restriction is imposed, the formation of a dense metallization network is avoided on
the front side. Note that the choice of using 12% electrode material on the rear side was made to match the
original design. It is of interest to study the influence of this choice on the optimized output power.

Fig. 7 shows the output power of different optimized metallization designs for Case II obtained for various
electrode material fractions on the rear side (V;.). With an increase in V,., the overall power output increases.
This is because the surface conductivity on the rear side increases thereby leading to a more uniform voltage
distribution as well as reduced resistive losses. Thus, ideally the whole rear side should be covered with
electrode material to achieve maximum performance. However, from an aesthetic point of view, these cells
need to be (partially) transparent. Thus, a restriction is imposed on the value of V,.. It is interesting to see
in Fig. 7 that with V,. set to 12%, the transparent Case II design, at 0.63 mWcm~2 achieves nearly 82% of
the output power density of a fully covered cell.

From the two cases analyzed above, it can be deduced that the proposed modeling and optimization
strategies work well with the chosen free-form organic solar cell example. However, the application of this
methodology is not restricted to organic solar cells only. Through the use of appropriate parameter val-
ues, the proposed solar cell model can be adapted to any kind of solar cells, which allows the optimization
methodology to be applied to those technologies as well. An important assumption in the applied model is
that the current through the active layer runs in transverse direction. This assumption is valid for all solar
cells where conductivity of front and rear surfaces is significantly higher than that of the active layer. Since
this is true for most of the solar cells, our approach can be generalized and is applicable to different types of
solar cells.

The goal of this paper is to demonstrate the application of the proposed optimization methodology and
the presented example very well augments it. The advantages of using OPVs and the inkjet printing tech-
nique for freeform solar cells are already discussed in [7]. However, to ensure maximum power output from
these freeform solar cells, several additional factors need to be considered. The power output of these cells
can be affected due to the grid thickness as well as shading degradation [35]. The affect of these parameters
has been studied in [36]. In [37], the effect of conductivity on the performance of thin-film solar cells has
been studied. It is also important to understand the effect of stress distribution on the delamination of
these solar cells and the impact that it would eventually have on their performance. Also, while modeling
and optimization of the grids, we ignored the effect of temperature. The local current generated in the
active layer also depends on the temperature distribution. Thus, the metallization pattern should ideally
be optimized with respect to the temperature as well. In our future research work, we aim to include these
aspects to further improve the accuracy of the results.
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4 Conclusions

In this paper, a front-rear electrode model is presented which can be used to model the front and rear
metallizations in solar cells. The model has been validated through comparisons with previous experimental
results. Further, combining topology optimization with this model can generate front and rear metallization
designs which perform significantly better than the existing ones. The application on a free-form Christmas
tree shaped solar cell domain demonstrates the fact that this approach is not restricted to standard solar
cell shapes and can be easily applied to free-forms. As it is nontrivial to design metallization patters for
free-form solar cells by hand, significant improvements in output power can be achieved: more than 50% for
the considered example. It was also found that although efficiency of a semi-transparent cell was less than
that of a full coverage rear electrode, through optimization the difference was only 18%. We expect that the
proposed methodology can be a significant contribution to the trend towards transparent, free-form solar
cell devices.
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