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In this study the geometrical optimization of monolithically integrated solar cells into serially
connected solar modules is reported. Based on the experimental determination of electrodes’ sheet
and intermittent contact resistances, the overall series resistance of individual solar cells and
interconnected solar modules is calculated. Taking a constant photocurrent generation density into
account, the total Joule respectively resistive power losses are determined by a self-consistent
simulation according to the 1-diode model. This method allows optimization of the solar module
geometry depending on the material system applied. As an example, polymer solar modules based on
ITO-electrodes and ITO-free electrodes were optimized with respect to structuring dimensions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Most of today’s thin film solar modules based on inorganic
semiconductors employ a semitransparent conducting electrode
based on doped metal oxides, named transparent conducting
oxides (TCOs) [1]. For example, monolithic solar modules based
on amorphous silicon are deposited on Indium doped Tin-Oxide
(ITO) or aluminum doped Zink-oxide (Al:ZnO) electrodes on glass.
However, one major drawback of these TCOs is the relatively large
sheet resistance, as the properties of transparency and conduc-
tivity are counterbalancing each other. Hence in general a
compromise between doping and layer thickness with respect
to the transparency is required. In other words, the limited
conductivity of the electrode can cause serious series resistance
losses, directly depending on the amount of photogenerated
current transported through it [2,3].

Recently, power conversion efficiencies surpassing 8% have been
reported for organic solar cells [4,5], making their application in
commercial products more and more viable [6]. Aiming for record
efficiencies, small scale organic solar cells prepared in research labs
are often designed in such way that the impact of the series
resistance originating from the TCO is minimized. However, this
effect can no longer be neglected when upscaling to practically
relevant large-area monolithic solar modules. While many groups
have already studied the effect of solar cell length [2,3,7,8] and solar
cell geometry [3,9] on overall performance, lesser investigations have
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been performed on serially interconnected solar cells, respectively
solar modules [10,11]. The serial interconnection between adjacent
solar cells within the module additionally requires knowledge of the
contact resistance between the hole collecting and the electron
collecting electrode. Whereas minimizing the solar cell length gen-
erally implies better efficiencies for single solar cells, too short solar
cell lengths lead to relatively large area losses in case of modules, as
the interconnection - i.e. the solar cell distance - becomes a more
and more dominant loss factor. In contrast, the application of modern
laser ablation techniques [12,13] allows reducing structuring dimen-
sions to levels, where the series resistance across the series connec-
tion dominates the overall resistive power losses. Hence a material
dependent optimization, balancing between current generation
within the cells and series resistance between them, is required in
order to maximize the power output of the solar modules.

In this work we exemplarily investigate the design of efficient
polymer solar cell based modules using ITO-electrodes or ITO-free
electrodes, considering structuring widths down to those levels
that are experimentally accessible by laser ablation. While laser
ablation is a well established method for inorganic solar modules
[14-16], its application to polymer solar cells is currently under
development [12,13,17,18].

2. Materials, methods and simulation
2.1. Material system

The standard solar cell structure considered within this report
is either based on a semitransparent doped metal oxide electrode
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or on a highly conductive doped polyelectrolyte. Both enable
sufficient sun light penetration and lateral transport of generated
photocurrent. Here, commercial ITO was considered on glass or
PET substrates on the one hand, exhibiting different sheet
resistances due to different deposition temperatures and resulting
crystallinities. On the other hand, highly doped PEDOT:
PSS (poly(ethylene-dioxy-thiophene):poly(styrene-sulfonic acid))
(Clevios PH 1000 purchased from H.C. Starck) was applied by
solution casting either on glass or on PET. To adapt the work
function in case of the ITO-substrates, generally a standard low-
conductive PEDOT:PSS layer is solution cast on top of the ITO.
Thereupon a blend film of P3HT (poly(3-hexyl-thiophene)) and
PCBM (phenyl-C61-butyric-acid-methyl-ester) forms the next
layer of the solar cell stack. This layer is generally solution
cast on top of the semitransparent electrode. We have demon-
strated earlier that this material system is capable of generating
photocurrents of 8-10 mA/cm? [19,20]. On top of the photo-
active layer an opaque aluminum electrode is deposited for
efficient extraction of electrons. Using this solar cell structure
we have demonstrated power conversion efficiencies of about
3-4% and peak external quantum efficiencies surpassing 60% on
ITO-glass [20].

3. Experimental methods

Sheet and contact resistances were determined experimentally
with a home built multi-tips setup, using a couple of computer
controlled source-measure-units. The sheet resistance Rgpeer i a
size independent magnitude given in the following physical units:

[Rsheet] = Q/ t (1)

where [0 denotes a square shaped area of the electrode of
arbitrary size. Thus the sheet resistance is only depending on
the geometry, but not on the size of the area, through which the
current is transported.

For determination of the sheet resistance, the four-point probe
or the Van der Pauw method was applied [21]. In case of the four-
point probe 4 tips are placed equidistantly with separation S on
top of the investigated electrode in one line. Then a constant
current is injected through the outer two electrodes (1 and 2) and
the potential difference is measured between the two inner
electrodes (3 and 4); compare with Fig. 1. Due to this arrange-
ment the determined sheet resistance is independent of the
contact resistance between the tips and the layer under
investigation.

I1 5 flowing through

1 ITO layer

Fig. 1. Schematic description of the four-point-method for determining sheet
resistances of an electrode, e.g. the ITO-layer.

Assuming a cylindrical potential distribution within the layer
of thickness d yields the electric field
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where p is the specific resistance, j the current density, Iy the
injected current, A the cylinder area and d the layer thickness. The
measured potential Us4 between tips 3 and 4 then becomes
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Solving for the specific resistance leads to
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Thus the measurement of the resistance becomes independent
of the distance between the tips, and only the layer thickness d
remains as dependent variable. In conclusion the layer thickness
independent sheet resistance R can be calculated as

Ry=" )

The determination of the contact resistance between the
electron and the hole extracting electrodes of two adjacent
serially connected solar cells is based on the linear transfer length
method (TLM) introduced by Shockley in 1964 [22]. As the
contact resistance Rc is reciprocally depending on the contact
area Ac, an area independent description of the specific contact
resistance pc is generally given by

pC = RC 'AC (6)

In general, the active part of the contact area, given by Ly <Ac,
in which the current injected into the contact pads is transferred,
has to be distinguished from the geometrical contact area Ac,
since the current injected into the contact pad may be confined to
a smaller area. However, our measurements on the considered set
of electrodes showed that the most accurate description of the
specific contact resistance is provided by considering the full
geometrical contact area. In the experiment, rectangular contact
pads of width w and length S (Ac=w-S) were placed under
various distances L,. To eliminate size effects, the contact length
S was varied in addition, yielding at least two sets of experiments.
The test structure was prepared by pre-structuring the conductive
substrate by ditches for electric isolation of the experiments and
using a shadow mask for the vapor deposition of the metallic
contact pads, as displayed in Fig. 2.

The measurement was performed using a four-point probe
design as given in Fig. 3. Between two contact pads of separation
L, a constant current was injected and an additional pair of
contacts was used to determine the potential loss across the same
structure (compare with Fig. 3).

Repeating the experiment for various contact pad distances L,
yields the total resistance R as a linear function of the distance L.

L
R(Ln) = Rspeer 1, +2Rc )

Extrapolation for L,—0 yields twice the pristine contact
resistance R¢, as shown in Fig. 4.

Repeating this experiment for different contact pad lengths S
allows the determination of the area independent specific contact
resistance pc.



H. Hoppe et al. / Solar Energy Materials & Solar Cells 97 (2012) 119-126 121
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Fig. 2. Structure of the test devices for determination of the specific contact
resistance between the electron and hole extracting electrodes. Note that the
horizontal lines display ditches that are isolating the two test structures on the
common e.g. ITO-substrate from each other.
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Fig. 3. Measurement of the contact resistance according to the TLM method. Both
the contact resistance Rc and the sheet resistance Rgpeer can be determined
simultaneously.

Fig. 4. Determination of the contact resistance Rc using the TLM method under
variation of the contact pad distance Lj,.

3.1. Simulation

3.1.1. Geometrical power losses

Whereas the power conversion efficiency of solar cells is solely
depending on the active area of the device, the module efficiency
is determined on the basis of the whole substrate size. As the
serial interconnection requires some finite solar cell distance,

a simple formula for the power loss due to the photovoltaic
inactive area is derived according to Fig. 5.

With that the module efficiency including the geometrical
efficiency loss becomes

€
Mmodute =cell” 7~ A7 ®)

where 7. is the power conversion efficiency within the active
area of a single cell, I denotes the solar cell length and Al the solar
cell distance within the module. The second factor in Eq. (8) is
here referred to as area fill factor of the solar module.

3.1.2. Resistive power losses

In this section individual contributions to dissipative power
losses from various ohmic resistances within the photovoltaic
module are derived. In Fig. 6 the cross section of a single solar
cell-marked with a rectangular dashed line-connected in series
within a monolithic solar module is depicted. The solar module
may have a certain width w, which is orthogonal to all other
dimensions and hence not shown in the schematic.

The arrows in Fig. 6 indicate the direction of the technical
current flow within the device. Each current flow is accompanied
with a corresponding Joule, respectively, resistive power loss due
to the existence of ohmic resistances. Besides some loss occurring
within the active layer due to the parallel resistance, five different
series resistance contributions are identified and contribute to the
total series resistance of the device:

1. the sheet resistance of the aluminum bridge;

2. the sheet resistance of the aluminum electrode above the
active area;

. the sheet resistance of the ITO-electrode below the active area;

. the sheet resistance of the ITO-bridge;

. the contact resistance between the ITO and the aluminum.

[S2 I VS

The series resistance contributions arising from the current
transport above or below the active area can be derived as
follows:

The photocurrent density Jpnoro is assumed to be constant over
the whole solar cell length, thus the laterally transported photo-
current Iypor is linearly increasing in the direction of transport
within the contacts. At the end of the photoactive region and
during the transport of the photocurrent through the electrode
bridge, Ipnoro remains constant. Fig. 7 illustrates that for the
maximum power point of the device.

In general, the power dissipation within an ohmic resistance is
proportional to the current squared passing through it

Pgiss =I*-R )

Considering that each resistance element dR is constant
throughout the whole electrode, and that the lateral current I(x)
is a function of the position in the direction of transport, the
power dissipation becomes

dP 4iss(V) = I(x,V)? dR, with dR
dx

Paiss x=1{ 5
—Ro G [ dPa = [ v iRo

and thus Pg(V) = I(V)zt’g—“/]v, with I(V)=J(V)wt. (10)

With the help of Eq. (10) we can thus define an effective sheet
resistance Reg which contributes for each electrode to the total
series resistance that applies to the passing current

l
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Fig. 5. lllustration of the active area loss for a monolithic solar module with serial interconnection. The solar cell distance Al represents the region in which no

photocurrent generation takes place.
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Fig. 6. Schematic cross section of a monolithic solar module with a single serially connected solar cell high-lighted by a rectangular dashed line. Different geometrical
lengths of the device resulting in various series resistance contributions are denoted. The arrows indicate the direction of technical current flow within the device.
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Fig. 7. Current flowing through the ITO-electrode in direction of transport for a
solar cell under illumination. Underneath the photoactive layer the current profile
rises linearly. This current remains constant for transport over the ITO-bridge
towards the ITO-aluminum contact region.

For each electrode bridge the series resistance arising from the
sheet resistance calculated geometrically as

Corid Al
Rprigee =Ro 5——— =Rp e

12
3Whridge (12)

where Al is the solar cell distance, and the bridge length Iy iggee
corresponds by definition to one third of the total solar cell
distance. The contact resistance originating from the electrodes
contact area simply calculated as

3
Reontact = P¢ Ar-w (13)

Finally, the parallel resistance under illumination, responsible
for dissipative losses as well, depends only on the active area of

NSERvan [ @

Fig. 8. Equivalent circuit for a solar cell based on the 1-diode model and described
by the Shockley equation.

each solar cell and calculated as

1
RP:me (14

3.2. Self-consistent 1-diode simulation

The self-consistent 1-diode simulation is based on the implicit
Shockley equation that is commonly used to describe the current-
voltage relationship of solar cells

V-IRs |
RP Ne

1=10~{exp(n—zT(v—1Rs))—1}+ (15)
with I, Iy and Is¢ being the total current, dark saturation current
and short circuit photocurrent, respectively, V the voltage, and Rs
and Rp being the total series and parallel resistances of each cell.
T is the temperature, k the Boltzmann constant, e the elementary
charge and n denotes the diode quality factor. The corresponding
1-diode equivalent circuit of a solar cell is given in Fig. 8

At first, all geometrical module parameters as the solar cell
length [, width w and solar cell distance Al are used to calculate the
geometry dependent series resistances and the parallel resistance
according to the Eqgs. (11)-(14). The diode parameters are chosen
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independent of the electrodes and are based on the experimentally
determined IV-characteristics of P3HT:PCBM solar cells. It is thus
assumed that the diode parameters are solely determined by the
photoactive layer, which is identical for all devices. This is reason-
able, as in all cases aluminum and PEDOT:PSS serve as charge
extracting electrodes and hence no differences in the rectification
behavior is expected. Neglecting the small differences originating
from the solar light propagation through the substrate and the
semitransparent electrode, it can be further assumed that the short
circuit photocurrent generated by the current source is constant for
all cases. Of course this assumption can be removed and the
calculation can be refined by conducting optical simulations for
each multilayer stack, but this is of minor importance for the
effects to be considered here.

Once all equivalent circuit element parameters were deter-
mined, the 1-diode simulation was conducted by sweeping the
external voltage. Upon determination of all currents passing and
voltages resulting at each equivalent circuit element, the global IV-
curve was calculated. From the IV-curves all solar cell parameters,
i.e. the short circuit photocurrent density Jsc, the open circuit
voltage Voc, the fill factor FF and the corresponding maximum
power point MPP and thus the power conversion efficiency # were
determined. Furthermore all resistive power losses were calculated
for the involved series and parallel resistances. By considering the
active area for power generation alone the geometrical power loss
due to the area fill factor (Eq. 7) was implicitly taken into account.

4. Results and discussion
4.1. Resistances

For solar cells based on the P3HT:PCBM material system a
constant specific parallel resistance pp under illumination of
about 1000 Q/cm? was found experimentally under AM 1.5 solar
simulation, independently of the active area of the device. The fit
of pp according to pp=R}A for a set of P3HT:PCBM based solar
cells with various active areas A is shown in Fig. 9.

The sheet resistances for various electrode materials were
determined according to the four-point method (Eqs. 1-5) and
are summarized in Table 1.

All specific contact resistances were determined according to
the TLM method and are listed for various electrode systems in

3500
3000

2500

pp = 1079 + 82 Qcm?

2000
1500 ~

1000

paralell resistance Rp [€2]

500

0 1 2 3 4 5 6
solar cell active area [cm?]

Fig. 9. Experimentally determined parallel resistances under AM 1.5 illumination
for solar cells with distinct active areas. The fit according to equation (14)
results in a constant specific parallel resistance pp, independent of the solar cell
active area.

Table 1
Experimentally determined sheet resistances of various electrode materials.

Material Layer thickness [nm] Rspeer [2/0]
Aluminum 135 0,16 + 0,01
ITO on glass 150 12,5+ 0,6
ITO on PET 150 50+3
PEDOT:PSS PH 1000 150 100 + 20

Table 2

Experimentally determined specific contact resis-
tances between various semitransparent electro-
des and aluminum.

Aluminum vs. pc [m Ohm cm?]

ITO on glass 11+1
ITO on PET 17 +1
PEDOT:PSS PH 1000 200 + 20

Table 2. Fig. 10 displays an example for the evaluation of the
specific resistance of ITO on glass by fitting the data points for the
contact resistances according to Egs. (7) and (13).

In the case of PH1000 the achieved film quality critically
determined its sheet and contact resistances, which in turn were
strongly correlated as well. However, sheet resistances of about
100 Q/O and specific contact resistances of 200 m Ohm cm? were
well reproducible on glass and PET substrates.

Taking all of these experimental results into account, the self-
consistent simulation was conducted for a range of solar cell
lengths and solar cells distances varying between 0.1 and 2 cm
and between 0.01 and 0.5 cm, respectively. Within the calcula-
tions it is assumed that the contact length between ITO and
aluminum is one-third of the total solar cell distance. The lateral
width of the solar cells was fixed to 5 cm in all cases.

For the simulation on ITO-either on glass or on PET-a maximal
photocurrent density of 9 mA/cm? was used, in good agreement
with our earlier experimental results [20]. Due to the stronger
absorption occurring in case of the thick PH 1000 electrode, the
maximal photocurrent density was reduced to 8 mA/cm? without
further proof. All diode parameters were kept constant in all cases
and were adopted to fit our experimental results obtained on ITO-
glass. This restriction is reasonable, as the diode behavior is
controlled by the photoactive layer and the charge extracting
electrodes, being aluminum and PEDOT:PSS for all cases studied.
However, to account for ITO-peaks occurring on rather amor-
phous ITO deposited on PET, the specific parallel resistance was
reduced to half of the value obtained for solar cells on ITO-glass.

At first an overview for the self-consistent 1-diode calculations
obtained for polymer solar cells built on ITO-glass is presented.

Fig. 11 displays the power conversion efficiency of a solar cell
having a width of 5 cm and a length up to 2 cm and an ITO-bridge
length as well as an hole extracting contact length according to
1/3 the cell distance ranging up to 0.5 cm. It is evident that the
power conversion efficiency of solar cells is mainly controlled by
the cell length and follows closely the behavior of the fill factor
(Fig. 11). The fill factor itself is a direct function of the combined
power dissipation losses arising from the series resistances and
the parallel resistance, both of which are shown in Fig. 12.

The parallel resistance depends only on the inverse solar cell
length, whereas the series resistance is depending on both the
solar cell length and distance. Fig. 13 displays the plain depen-
dencies of all series resistances on geometric module parameters—
as detailed in Egs. (11)-(13). Though the contact resistance is a
hyperbolic and the ITO-bridge resistance is a linear function of the
cell distance, the sum of the two is fairly constant for a wide range
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Fig. 10. Fit of the specific contact resistance of ITO on glass (right) to the contact resistances determined experimentally by the TLM method (left) for various contact pad

lengths S.
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Fig. 11. Calculated power conversion efficiency (left) and fill factor (right) of solar cells with varying cell lengths and distances. As the performance is related to the active

area of the solar cell alone, no area losses are taken into account.
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Fig. 12. Calculated parallel and series resistance for the periodically interconnected solar cell structure. Whereas Rp is a hyperbolic function of the cell length alone,

Rs exhibits dependencies on both geometrical dimensions.

of solar cell distances. Furthermore it is evident that the alumi-
num resistance is rather negligible as compared to all the others,
and the contact resistance has a major impact only for short
contact lengths.

Based on the resistances and the respective currents passing
them, the power dissipation at the maximum power point is
calculated for each of the geometries. While one part of the
photogenerated current has to pass all series resistances, another
part-constituting the shunt current Igpmpp and being also con-
trolled by the diode properties—is passing the parallel resistance,
leading to individual resistive power losses. The total electric loss
at the maximum power point is then obtained by adding the
power losses due to all series resistances and the parallel
resistance (compare with Fig. 14).

Finally the module power conversion efficiency, taking all
geometric and electric losses at the maximum power point into
account, is obtained. It is displayed for the set of different
investigated semitransparent electrodes in Fig. 15. The influence
arising from the area losses in solar modules is reflected by the
loss in efficiency for longer cell distances. In general the region for
maximum power conversion efficiency becomes more confined to
shorter solar cell lengths, with the increasing sheet resistances.
Increasing contact resistances lead to the requirement of longer
contact pad lengths, which is reflected by the performance
maximum occurring at slightly increased cell distances in case
of PH 1000-based electrodes (compare with Fig. 15 right image).

From Fig. 15 it is evident that the module power conversion
efficiency is dramatically reduced as compared to the cell. This effect
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Fig. 13. Geometric dependencies of all individual series resistances involved in the current transport within the solar module. Major influences arise from the ITO
resistance for long solar cell lengths and distances, and from the contact resistance for very short solar cell distances.
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Fig. 14. Dissipative power losses at the maximum power point due to Rp and Rs are controlled by the shunting current Iz, m,, and the part of the photocurrent passing through the
series resistances. The distribution of the two components of the photocurrent flowing over the parallel and the series resistances is directly controlled by the diode properties.

from the large contact resistance in case of PH 1000 electrodes, the
solar cell distance needs to be adjusted to slightly larger values than
for the ITO-electrodes. However, even though relatively large sheet
and contact resistances of course do limit the achievable power
conversion efficiency in the case of the ITO-free layer stack, a
considerable performance can be achieved for small solar cell lengths
and distances. For example in the case of 0.5 cm solar cell length and
0.05 cm solar cell distance, which can be e.g. readily achieved by laser
structuring of the interconnects, the ITO-glass system yields about

is solely governed by the fact that for the solar module power
conversion efficiency the whole substrate area is counting in, whereas
for the solar cell only the device active area is taken into account.
Whilst the geometrical losses become maximal for small solar cell
lengths, the electric power losses increase mainly for longer solar cell
lengths. This becomes strongly pronounced for the higher resistive
ITO on PET and PH 1000 on PET (compare Fig. 15), therefore relatively
small dimensions as compared to ITO on glass are required for
reaching relatively high efficiencies. Due to the strong contribution
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Fig. 15. Comparison of the module power conversion efficiency calculated for ITO on glass (left), ITO on PET (center) and PH 1000 on PET (right), for the resistance
parameters shown in Tables 1 and 2. The maximum power conversion efficiency drops from above 3.5% to below 3.5% and then to below 2.5%, favouring smaller solar cell
lengths but larger distances, for ITO on glass, ITO on PET and PH 1000 on PET, respectively.

3.5%, the ITO-PET system yields about 3.1% and the PH 1000-PET
system yields 2.4% power conversion efficiency-and thus about two-
third of the performance on glass with the given material system. Our
calculations thus indicate that completely ITO-free solar modules can
be commercially viable.

Furthermore, these calculations provide direct information
about optimal device geometries to achieve the maximum per-
formance attainable with an individual material system investi-
gated. Finally, this combined experimental and numerical method
yields fast and precise design rules for the appropriate device
layout, once all materials and interface properties were deter-
mined. Thus this approach displays a powerful tool for the design
of optimized solar modules.

5. Conclusion:

In conclusion we have shown that the combination of experi-
mental methods, applied for determining sheet and contact resis-
tances of electrodes, and numerical methods, applied for determining
the electrical power dissipation losses, allows a thorough optimiza-
tion of the solar cell and module device layout for the maximum
electrical performance. Due to the use of a self-consistent calculation
method computational errors arising from more simple models are
successfully prevented. The combination of methods presented here
can be understood as a recipe for maximizing the performance of a
given material system. Any discrepancy between experimental results
and the numerical evaluation clearly yields the optimization potential
for each of the solar cell parameters.

Our results suggest that for higher resistive semitransparent
electrodes, rather short solar cell lengths and short solar cell distances
yield the highest module performance. This can be achieved e.g. by
slot-dye coating in combination with laser ablation, or by some finely
registered printing technology. Thus the simulation results can also
be used to directly choose suitable deposition and structuring
methods yielding the optimal geometry in solar module design.
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