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Perovskite modules with 99 % geometrical fill
factor using point contact interconnections design
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Thin film photovoltaic technology, based on hybrid metal
halide perovskites, has achieved 25.2% and 16.1 % certi-
fied power conversion efficiencies for solar cell and solar
module devices, respectively. Still, the gap between power
conversion efficiency of small area solar cells and large area
solar modules is greater than for any other photovoltaic
technology. Analysis of loss mechanisms in n-i-p solution
processed devices defined layer inhomogeneity loss and in-
active area loss as the two most prominent loss mechanisms
in upscaling. In this study we focus on minimizing inactive
area loss. We analyze the point contact interconnections
design and demonstrate it on perovskite thin film solar mod-
ules to achieve a geometrical fill factor of up to 99 %. Nu-
merical and analytical simulations are utilized to optimize
interconnections and solar module design and balance inac-
tive area loss, series resistance loss and contact resistance

loss.
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1 | INTRODUCTION

Hybrid metal halide perovskite based thin-film photovoltaic technology proved its ability to achieve power conversion
efficiencies (PCE) higher than any other single junction thin-film photovoltaic technology. The highest certified PCE
for a perovskite solar cell is 25.2 % for a device area of 0.1 cm? [1, 2, 3], while for a perovskite solar module it is 16.1 %
for an aperture area of 802cm? [4]. Even though these are impressive results for perovskite thin film photovoltaic
technology, there is still an upscaling loss of at least 35 % between best certified small area solar cells and best large
area solar modules (Figure 1a). Based on latest results, the upscaling loss is decreasing. The small area solar cell to
large area solar module upscaling loss consists of four interdependent loss mechanisms: layer inhomogeneity loss,
P2 ohmic loss, sheet resistance loss and inactive area loss [5]. Increase in the knowledge of interface engineering,
perovskite crystallization dynamics and solution engineering adapted to upscalable deposition methods lead to de-
vices with improved layer homogeneity and PCE [5, 6, 7, 8, 9, 10]. Intensified research efforts on the upscaling of
perovskite solar modules using other deposition methods, such as evaporation have yielded improved performances
as well [11, 12].

Other three interdependent losses, namely, P2 ohmic loss, sheet resistance loss and inactive area loss can be min-
imized with optimal interconnections patterning [13] and solar module design. This study focuses on minimizing
inactive area loss by changing the interconnections design from classical line contact to point contact for solar mod-
ules with monolithic serially interconnected cells (Figure 2). In order to achieve a decrease in inactive area loss while
keeping P2 ohmic loss and sheet resistance loss low, solar module design should be optimized too.

Inactive area loss is a geometrical loss calculated as ratio of the inactive area to solar module aperture area. Inac-
tive area is the area between P1 and P3 interconnections. The solar cells are serially connected through the ohmic
P2 interconnection. P1 and P3 interconnections need to assure isolation of either the front or the back electrode,
respectively.
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FIGURE 1 Overview of published perovskite solar module aperture area versus a) power conversion efficiencies
and b) GFF [4, 10, 12, 14, 15]. Circular data points in a) represent highest certified small area solar cell for a specific
year [1].

The measure used to define the ratio of the active area to the aperture area of the solar module is the geometrical
fill factor (GFF). Figure 1b shows reported GFF for published perovskite modules to date [4, 10, 12, 14, 15]. The highest

GFF achieved is 95 % [9, 16] using ps pulsed laser patterning. Hence, the module inactive area loss is 5% or more,
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making this the second most significant loss mechanism after layer inhomogeneity loss [5]. In this work we show
how an inactive area loss can be decreased from 5 to 1 % by optimizing the design of the module to point contact
interconnections [17] and processing perovskite modules with 98.5 and 99 % GFF.

2 | EXPERIMENTAL DETAILS

Devices used in this study are the planar n-i-p perovskite solar modules processed on 0.7 mm thick glass substrates
with the area of 3by 3cm?. Processing is performed in the N, atmosphere, unless otherwise specified. Glass sub-
strates with 150 nm indium tin oxide (ITO) layer (10 - 25 Q/n) are acquired from Colorado Concept Coatings LLC. P1
laser patterning is completed before cleaning. Solar module aperture area is 4 cm? (2 by 2 cm?2), with 4 serially con-
nected cells of 5mm length. Samples are cleaned using successive steps in soap/distilled water/acetone/isopropyl
alcohol (IPA) at 55 °C in ultrasonic bath.

A layer of 20 nm of compact titanium oxide, serving as the electron transport layer, is deposited using electron beam
evaporation [18]. The perovskite active layer is CH3NH3Pbls_, Cl, (MAPI). It is formed from the precursor solution
that consists of mixed lead source of Pb(CH3CO5),-3H,0 with 20 % PbCl, and CH3NHjs!1 using dimethylformamide
(DMF) as a solvent [19]. The layer is processed using one-step spin coating followed by a 10 minute thermal annealing
at 130 °C. Hole transport layer is formed using spin coating of 2,2’, 7,7’ tetrakis (N,N-di-p-methoxyphenylamine) 9,9-
spirobifluorene (Spiro-OMEeTAD) dissolved in chlorobenzene (80 mg/mL) doped with 28.5 uL/mL of 4-tert-butylpyridine
and 17.5 uL/mL of bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI, 520 mg/mL in acetonitrile). Prior to the back
contact deposition, the devices are placed in a dry air box for 12 hours of oxygen doping of the 250 nm thick, amor-
phous Spiro-OMEeTAD layer. Laser patterning is used to remove the transport layers and photoactive layer and expose
ITO electrode for the P2 interconnection (Fig 2). Back electrode is a thermally evaporated 80 nm thick gold layer. To
complete solar module processing, laser or mechanical patterning [13] is used for P3 interconnection. Therefore the
final device stack consists of the glass/ITO/TiO,/CH3;NH3Pbls_, Cl, /doped Spiro-OMeTAD/Au.

For patterning we used ns and ps laser systems or mechanical patterning. Rofin RSY20E THG 355 nm ns pulsed
Nd:YVO4 g-switched laser was used for the P2 point contact interconnection (7 ns laser pulse, 15 kHz frequency and
191 mW average power, ablated from the glass side) and the P3 interconnection (7 ns laser pulse, 15 kHz frequency
and 10 mW average power, ablated from the film side). MSV 500 ps pulsed laser system integrated in the nitrogen
glovebox has been used with 355 nm wavelength for classical P1, P2 and P3 (10 ps laser pulse, 200 kHz frequency
and 360, 86 and 74 mW average power, respectively, ablated from the film side) patterning. Mechanical patterning
used for the P2 and P3 interconnections of the reference modules has been explained in detail in a previous study
[13].

The devices were illuminated with an AM1.5G spectrum generated by a class A solar simulator (Abet Sun 2000). Hys-
teresis current-voltage measurements are performed by stepping through applied voltage in reverse (Voc to Jsc) and
forward (Jsc to Voc) direction with a scan speed of 1.0 or4.9 V/s for solar cells or modules respectively. Maximum
power point tracking performance is measured for 180 seconds using a tracking algorithm [20] with measurement

delay of 3 seconds and voltage step of 10to 50 mV.

3 | RESULTS AND DISCUSSION

Prior to the demonstration of perovskite solar modules with point contact interconnections, we will discuss the point

contact interconnections design and its effects on module design and losses. The difference between classical line
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FIGURE 2 Top view and cross section of a solar module with 4 cells connected in series with a magnified view of
a) classical and b) point contact interconnections. Blue and red dotted lines indicate where the cross-sections are
taken. The red dotted cross-section represents the part of the point contact interconnection where P1 and P3
interconnections overlap.

contact and point contact interconnection design is seen from the top view of the modules, shown in schemes in
Figure 2 [17]. The point contact interconnections design utilizes low P2 contact resistivity between the front and
the back electrode in order to decrease the contact area in P2 interconnection. The P2 contact area changes from
a rectangular area with line contact to multiple circular areas with the point contact design. Discontinuity in the P2
interconnection allows for the P3 interconnection line to meander around P2 points and to predominantly overlap
with the P1 interconnection, decreasing the inactive area of the cell (Figure 2b).

To take advantage of the point contact interconnection design, effects of this interconnection on the solar module
design are analyzed. The point contact interconnection design has multiple parameters that can influence the solar

module performance (Figure 2b) and they are as follows:

e P2 point contact, which includes both size (radius, r) and the shape (circular) of the contact;
e Distance between P2 points, w;

e Length of the cell in a modules, L;

e  Width of P1 and P3 and the distance between P1-P2 and P2-P3 at the point contact area;
e Shape of the P3 interconnection around the P2 point.

Although a purpose of the point contact interconnection is to minimize the inactive area loss, its implementation
will also affect the sheet resistance loss as well as the P2 electrical loss. Varying the size of the inactive area of the
module requires re-optimization of the L. in order to achieve minimal sheet resistance loss. P2 electrical loss depends
on the contact resistance of the P2 which is affected by contact resistivity between ITO and Au at the P2 point contact,
point contact geometry, w and L.

Parameters such as the P1 and P3 width as well as the distance between these interconnections are determined
based on the laser system limitations and perovskite stack characteristics. In experiments presented here, they are
constant. The shape of the P3 interconnection is rectangular (Figure 8a) and not circular, as demonstrated in Figure 2b.

This parameter is not expected to have a significant effect on performance as it relates to the low-ohmic gold back
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electrode. Moreover, effects of the shape of both the P3 interconnection and the P2 point contact on the performance
of thin film solar modules were analyzed in a theoretical study by Krumscheid et al. [21]. Assuming negligible contact
resistivity at P2, it was concluded that the shape of the P2 contact (circle, square, triangle) or P3 (circular, rectangular,
etc.) do not affect performance of the solar modules. Therefore, in this study the shape of the P2 contact remained
circular.

In a subsequent analysis we demonstrate how the radius of the circular P2 point contact (r), the distance between
points (w) and the length of the cell (L.) can affect the interconnection losses and hence the performance of the solar
module. To be able to quantify losses stemming from these changes, P2 contact resistivity of the ITO/Au contact

formed using ns laser patterning was determined.

b)

Pulse energy increase

FIGURE 3 a) SEM image of one P2 point contact. Circles indicate laser ablation regions with affected TiO, (red),
removed TiO; (blue) and removed ITO (white). b) Optical microscope images of P2 points imaged from glass side of
the substrate with all the stack layers present. The circles indicate TiO, removal area where ITO is exposed to direct
contact with Au (blue) and ITO removal area (white).

P2 contact resistivity

The goal of the P2 interconnection is to create a low resistance ohmic contact between the front (ITO) and the
back electrode (Au). P2 is patterned before the deposition of the back contact. Therefore, laser ablation is used to
remove Spiro-OMEeTAD, MAPI perovskite and compact TiO, layers. The point ablation results in a circular removal of
HTL and perovskite and partial removal of TiO,, as indicated by the red circle in Figure 3a. For this SEM image, the back
contact, HTL and perovskite have been chemically removed to leave glass/ITO/TiO, for inspection. As demonstrated
in Figure 3a, the blue circle indicates an area with complete removal of TiO,, while the white circle is the area where
ITO is removed. Additionally, Figure 3b shows that with an increase in laser pulse energy, both the TiO, removal
area (indicated by the blue circles) as well as the area of ITO removal (white circles) increase. Therefore, the contact
between ITO/Au is the donut shaped area between the blue and white circles. As such, from the point forward we
will treat it as a circular contact.

The first step to quantifying the P2 resistance loss is determining the contact resistivity of the formed contact using
the transfer line method (TLM). Using TLM, contact resistivity can be calculated by varying the P2 contact length, L as
shown in Figure 4a [13]. If the same approach is used for the point contact P2, the contact resistivity can be estimated
utilizing the data and equation shown in Figure 4b. It should be noted that the P2 contact length is increased by
increasing the number of points in the y-direction and with the assumption that the n points in that direction, the
contact length is equal the sum of the n diameters (inset in Figure 4b). The P2 contact resistivity is determined to be
8x10~* Qcm?. However, this approach assumes a linear current flow through a rectangular line contact of the front

and the back electrode, which is not representative of the point contacts between ITO/Au.

Therefore, in order to determine the exact contact resistivity of the P2 point contact, the point TLM approach has

been used, as indicated in Figure 5a [22, 17]. Using this design each measurement consists of measuring resistance
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FIGURE 4 a) Schematic of the line contact TLM b) Changes in measured total contact resistance with an
increase in contact length L for ns pulsed laser point contact P2. Fitting equation used to calculate contact resistivity
pc for the line contact is given above the graph [13]. Inset showing the optical microscope image of the point
contact line, with L and w.
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FIGURE 5 a) Schematic of the point contact TLM used for determining the P2 contact resistance and resistivity.
b) Average contact resistivity of the point contact between ITO/Au, ppo;n¢, for six samples. Black dotted line
represents the results shown in Figure 4b and the gray band is indicative of the results for the laser patterned line
contact[13].
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between two single 40 um diameter point contacts located on large conductive pads of 12.5 mm?2 (2.5 by 5.0 mm?). As
can be seen from Figure 5a, the measured resistance between the two points is the sum of the resistance of Au strips,
ITO strip in between the point contact and the point resistances (Equation 1). The contact resistivity of the ITO/Au
contact at the point, for the case where small single point is located on large rectangular pad, can be determined
directly from the Ry,in: (Equation 2) [22].

RT =2Rpoint +2Rau + RrT0 (1)
_ Ppoint
Rpoint ~ r? (2)

In order to determine point’s contact resistivity, ppoin¢ , Six TLM samples were measured. The samples targeted
identical geometry, wherein the resultant point contacts had ellipsoidal shape with the x-dimension of 40.8 + 4.0 um
and the y-dimension of 48.1+ 1.0 um. Taking into account the area of the point contact, the pj;,; is determined
to be up to 3x10~* Qcm? utilizing equations 1 and 2 (Figure 5b). In Figure 5b, the results are compared to the
contact resistivity results from Figure 4b (dotted line) and the contact resistivity calculated for the laser patterned
P2 line contact from a previous study [13] (gray band), in order to show that the presented P2 point contact has
a comparably low contact resistivity. Sample to sample variation stems partially from the positioning of the point
contact on the measurement pad. The difference in measured total resistance of up to 4 Q and potential distribution
of the different geometries have been modeled using SourceField [23].

Module and interconnection design

Knowing the P2 contact resistivity, we simulate point contact interconnected modules using Photovoltaic Module
Simulator (PVMOS) [24], an open source ordinary differential equation solver.

First, we analyze the effect of varying the radius of the circular point contact on the module performance. Figure 6a
shows how the variation in the P2 point contact radius and contact resistivity affect the module performance. Based
on the graph, the point contact interconnection is optimal if the contact resistivity is lower than 103 Qcm? and radius
higher than 18 um. For the presented results the GFF is assumed to be 98.5 %, the spot separation w=2 mm, the cell
length L.=5mm and the interconnection geometry is defined based on the sample shown in Figure 8a (P1=50 um,
P3=30 um). For comparison, analysis of the optimal P2 line contact has been demonstrated previously [13].

Further optimization of the module design is done by varying the distance between P2 points (w) and cell length (L;).
Width of P1 and P3 is assumed to be 100 ym with a radius of P2 of 40 um. Sheet resistance of ITO and Au as front
and back electrodes is 12 and 0.5 Q/o. Diode parameters are set based on the cell measurements of the TiO,/MAPI
stack. Figure 6b shows the optimal module design in the red area of the graph.

With changes in the point to point distance, w, the size of the inactive area of the module varies. Therefore, cell
length has to be optimized to assure optimal balance between contact resistance, inactive area and sheet resistance
loss. The ideal point contact solar module design is shown in the Figure 6b as a black dot with the optimal point to
point distance of 1.4 mm and cell length of 3.7 mm. However, for the purpose of this study, modules with cell length of
5 mm are used. Hence, the optimal point to point distance is 1.0 mm, as shown with the white square in the Figure 6b.
Moreover to experimentally test the optimal point contact distance (w), solar modules with cell length of 5mm and
interconnection design as shown in Figure 7a are used. Due to the classical P3, these samples do not have the

advantage of increase in active area expected from point contact interconnections. P2 point contact distance was
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FIGURE 6 Results of PYMOS simulation. a) Map of normalized module efficiencies depending on the P2 contact
resistivity and the P2 point contact radius. b) Map of normalized module efficiencies depending on the distance
between points, w and length of the cell, L.. L. and w values for the optimal module with point contact
interconnections (black circle) and optimal w for fixed L. of 5 mm (white square). The highest efficiency represents
the module with 13.1 % efficiency, which is 94.2 % of the champion 0.1 cm? cell.

varied from 53 um to 3 mm (Figure 7b). Performance of the solar modules is comparable for devices with P2 point
contact distance of up to 2 mm, while further increase in w leads to a decrease in solar module performance. The red
line represents the decrease in PCE based on the simulation results from Figure é6b. The same trend is also visible with
FF, but not with Vo and Jsc. The variation in results of the samples is due to the sample-to-sample and batch-to-
batch variations of spin coated solar modules, as discussed in our previous work [5].

Taking into account the experimental and simulation results, we conclude that the optimal P2 point contact dis-
tance for modules with 5mm cell length is 2 mm. This P2 point contact distance allows for increase in GFF without
compromising on performance. For fabrication of modules with point contact P1-P3 interconnections, modules with
the P2 point contact distance (w) of 2mm and 8 mm are processed. Point contact P2 and P3 are patterned using the
UV ns pulsed laser. Their performance is compared to reference modules with line interconnections (Figure 2a) where
P2 is patterned by the UV ns pulsed laser or by mechanical patterning. For reference modules P3 is patterned using
mechanical patterning. Optical microscope images of the top view of the modules from the back contact side are
shown in Figure 8a. Using such point contact design with the P2 point contact distance of 2 or 8 mm, modules with
98.5 or 99 % geometrical fill factor are achieved.

Resulting J-V curves and average efficiencies are demonstrated in Figure 8b. Due to point contact interconnections
and very high geometrical fill factor, the point contact modules show higher Jg<. However, the decrease in Vo and FF
are not expected based on the simulation and experimental results from Figure 6 and Figure 7. Moreover, if decrease
in performance was caused solely by increase in contact resistance, solar modules with P2 point distance, w of 2 mm
would be better performing than modules with w of 8 mm, which is not the case. Simulation of point contact modules
reveals that the measured decrease in performance is due to an increase in Jp, indicating additional recombination.
The source of the additional recombination is assumed to be due to the thermal effects of the ns pulsed laser P3
patterning on the quality of the interfaces in perovskite stack, as well as on the perovskite material itself [25, 26, 27].
For the processing of the P3 interconnection, the shallow P3 has been used [25] in order to ensure a lower thermal

effect of laser patterning. However, studied modules use a perovskite stack that faces problems due to TiO,/MAPI
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FIGURE 7 a) Top view scheme of the P2 point contact and P3 classical interconnection used for the test solar
modules. b) PCE, FF, Vo and Jsc of the resulting solar modules with cell length of 5mm and varying w from 53 ym

to 3 mm normalized to the modules with the lower w. Red line in the PCE graph represents the simulated decrease
in PCE from Figure 6b.
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FIGURE 8 a) Optical microscope images of the top view of the interconnections of the fabricated modules with
the point contact interconnection (left) and line contact (P2 ns laser and P3 mechanical) interconnection (right) from
back electrode side. b) J-V curves of the champion modules showing hysteresis of TiO,/MAPI stack. Inset are
average efficiency of modules of each type.

interface [28, 29] and MAPI perovskite that has been shown to degrade and form Pbl, due to laser induced thermal
effects [26, 25]. Barbe et.al. [26] show that laser induced degradation causes an increase in the series resistance of
the device, and thus hampering performance [26]. Finally, Spiro-OMETAD degrades with temperature increase above
65°C [30]. Therefore, it is expected that decrease in performance of point contact modules, visible in decrease in

Voc and FF is mainly due to thermal instability of the chosen perovskite stack and not inherent to the point contact
interconnection design.

4 | CONCLUSION

The cell-to-module performance gap for the perovskite based thin-film photovoltaics is decreasing mainly due to
improved layer homogeneities for larger area devices. The monolithic module devices experience losses due to the
design that includes sheet resistance loss, P2 electrical loss and inactive area loss ultimately accounting for a loss

of at least 6 %,.,.. With maximum reported geometrical fill factor for the perovskite modules of 95 %, inactive area
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loss is the most significant. The current study shows how replacing the line interconnections design with the point
contact design can help decrease these losses from 5 to 1 %. Moreover, laser patterned point contact is electrically
characterized to determine contact resistivity. Finally, perovskite solar module simulations are utilized to determine
optimal point contact size and interconnection and solar module design that would result in highest module perfor-
mance. As a result we present perovskite modules with geometrical fill factors of up to 99 %. Further work is focused
on using point contact design with thermally stable perovskite architectures and analysis of the effect of ns and ps
laser patterning on structural and chemical properties of the devices.
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