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Integration of Metal Meshes as Transparent Conducting
Electrodes into Perovskite Solar Cells

Chiara Ongaro,* Bart Roose, Jeremy Fleury, René Schneider, Kyle Frohna, Zher Ying Ooi,
Jakob Heier, Samuel D. Stranks, and Andreas Schüler

As the demand for photovoltaic technologies continues to grow, the quest
for efficient and sustainable transparent conducting electrodes (TCEs) rapidly
rises. Traditional solutions, such as indium tin oxide (ITO), face challenges
related to indium scarcity and environmental impact. To tackle these issues,
a novel metal mesh rear TCE consisting of gold micro-meshes is developed
as ITO replacement in perovskite solar cells (PSCs). This study reveals
that optimized Au meshes can guarantee 75% of the extracted photocurrent
compared to reference devices with ITO and a promising power conversion
efficiency (PCE) of 8.65%. By utilizing hybrid mesh structures with a 10-nm ITO
layer, the PCE further improves to 12.1%, with the extracted current exceeding
80% of the reference. Metal meshes can even serve to replace the opaque metal
contact of PSCs, amplifying their functionality and efficiency through bifacial
and multi-junction applications. Here, aerosol jet-printed silver meshes serve
as front electrodes, combined with either 5–10 nm of Au, achieving efficient
semi-transparent devices (PCE 16.8%), or with 5–10 nm of ITO, providing
enhanced bifacial properties while maintaining competitive efficiency. Overall,
this work highlights remarkable features of metal meshes, making them
promising alternatives to commonly used TCEs in optoelectronic applications.

1. Introduction

Perovskite solar cells (PSCs) have emerged as highly attractive
solutions to pave the way for cost reductions in photovoltaic (PV)
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technologies and continued advance-
ments in efficiency. With the cost of sil-
icon modules being pinned by the bal-
ance of system costs[1] and the cells’
lab efficiencies nearing their theoreti-
cal limits,[2,3] exclusivity of silicon so-
lar cells might no longer be a fore-
gone conclusion for a rapid deploy-
ment of PV technologies. According to
the International Energy Agency, PV in-
stallations should approach 1 TW per
year to meet the 1.5 °C objective. To
put this into perspective, the current
cumulative PV installations amount to
1 TW, making it one of the most
significant challenges of our time.[4,5]

PSCs present remarkable optoelec-
tronic properties, low raw material cost,
potential for a short energy payback
time, and relatively simple synthesis
processes.[6–9] However, despite signif-
icant progress in their development,
several obstacles still hinder their full
potential. Notably, scalability is a cru-
cial challenge that must be addressed

to facilitate the transition from current lab-scale manufacturing
techniques to larger-area devices. Currently, up-scaling is coupled
with performance losses primarily stemming from the increase
of sheet resistance in the conducting electrodes as their dimen-
sions increase. The identification of suitable materials and manu-
facturing methods for conducting electrodes represents a pivotal
challenge that must be addressed to facilitate the market entry of
PSCs.[9,10]

For nearly four decades, the quest for effective transparent
conducting electrodes (TCEs) has primarily revolved around
doped metal oxides, with a strong emphasis on indium tin oxide
(ITO).[11] While this material offers high electrical conductivity
and good transmittance in the visible range, it also presents ma-
jor drawbacks. Notably, the US Department of Energy has classi-
fied ITO as a critical material due to its scarcity and high demand,
resulting in a high supply risk for the industry.[12] ITO has also
been identified as a hotspot in the life cycle analysis of perovskite
modules. Gong et al. reported that both in terms of energy inten-
sity (MJ m−2 per module) and carbon footprint (kgCO2-eq m−2

per module), ITO is responsible for about 80% of the module’s
impact.[13]Furthermore, ITO is inherently brittle, rendering it un-
suitable for flexible device applications.[14]
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Ongoing research is actively seeking alternatives to address
the challenges associated with ITO in optoelectronic devices
and guaranteeing a sustainable industry at the terawatt scale.[15]

Some notable options include materials like alternative transpar-
ent conducting oxides (TCOs), metal films, carbon nanotubes,
nanowires, graphene flakes, and especially, metal meshes.[16,17]

Among those, metal meshes offer a highly promising solution
due to their exceptional combination of low sheet resistance, high
transparency, and mechanical flexibility. Their outstanding prop-
erties establish them as one of the most favorable alternatives
within these emerging technologies and potential frontrunners
in the quest for ITO replacements.[18]

However, integrating metal meshes into PSCs introduces spe-
cific challenges that hamper their development in comparison
to other well-established PV technologies where metal mesh in-
tegration has been successful.[19,20] For example, the propen-
sity of the halides in perovskites to penetrate thin interface lay-
ers can lead to reactions with the metal meshes, causing se-
vere degradation in the active layer and compromising device
stability.[17,21,22] To address this issue, protective layers are of-
ten introduced to prevent ion migration within the devices and
maintain their performance.[23] Furthermore, perovskite layers
are generally quite thin. Any imperfections or roughness on the
surface of the metal mesh can have an impact on the quality of
the perovskite film deposited on top.[24,25] Achieving a smooth
and uniform perovskite layer on metal meshes can pose addi-
tional challenges.

In the context of PSCs, the search for novel transparent con-
ductive materials has primarily focused on applications for flexi-
ble substrates, thus targeting bottom electrodes. In flexible de-
vices, glass is often replaced by materials like PET (polyethy-
lene terephthalate) or PES (polyestersulfone) due to their flexi-
bility and lightweight properties. Although commercially avail-
able, ITO films on plastic substrates suffer from significant limi-
tations. The first major drawback is their extreme fragility, stem-
ming from the brittleness of ITO. Additionally, their performance
falls short of that achieved with glass-based ITO films, primarily
due to the constraints on annealing temperatures imposed by the
use of plastic substrates.[19] This presents the need for efficient al-
ternative solutions, and metal meshes find a suitable ground in
this regard. Several works have explored the possibility of embed-
ding metal meshes into a PET substrate employing a UV curable
resin. The resulting structures are then coupled with conductive
materials such as ITO, AZO or other polymers, generating a hy-
brid electrode.[26–31]

The integration of metal meshes into PV devices extends be-
yond rear electrode applications; these structures are equally well-
suited as top electrodes. The adoption of a transparent or semi-
transparent front contact can yield substantial improvements in
solar cell performance, enabling the development of bifacial so-
lar cells, tandem integration, and transparent photovoltaic solu-
tions. For instance, transparent mesh front electrodes could serve
as transport interlayer in multi-junction applications, enhancing
performance compared to single-junction technologies.[2,32] Sim-
ilarly, bifacial solar cells have demonstrated the capability to im-
prove module power density by tens of percentages compared to
their monofacial counterparts.[33] However, difficulties in fabri-
cating high-quality structures without damaging the underlying
material limits the exploration of alternative top TCEs.[34] Cur-

rently, to the authors’ knowledge, there are no scientific papers
that investigate the integration of metal meshes as transparent
top electrodes in PSCs. Some instances have explored the use of
conductive oxides/polymers, carbon nanomaterials, nanowires,
and ultrathin metal films as potential alternatives.[34–37]

This work encompasses mesh integration both as bottom and
top electrode, with the dual goal of finding viable alternative to
commonly used TCOs and enhancing the overall performances
of PSCs through bifacial and tandem integration. In contrast
to prior research efforts focusing on embedded mesh struc-
tures for bottom electrode application, this study introduces
an innovative rear electrode design featuring embossed metal
meshes on a rigid glass substrate. This rear transparent electrode
consists of photolithography gold meshes combined with a 5–10
nm thick conductive layer on top. The top electrode, usually
made up of a continuous metal contact, is instead replaced by
aerosol-jet printed silver meshes generating a semi-transparent
or transparent front contact. Figure 1 depicts the respective
devices’ architectures for both the rear and front electrode mesh
integration.

2. Results and Discussion

2.1. Rear Electrode

2.1.1. Microscope Characterization of Au Meshes

The gold meshes for the rear electrode are manufactured using
UV-photolithography, as detailed in Experimental Section (Sec-
tion 4.1). The meshes present a grid-like structure, in which the
metal lines are characterized by their linewidth (w), line thick-
ness (t), and pitch (p), which represents the spacing between two
adjacent meshes. The meshes are fabricated reproducing the
pattern of commonly used ITO substrates in the lab, consisting
of nine pixels (Figure 1a). Three distinct designs are employed
for our study: the first one features a linewidth of 1 μm and
pitch of 10 μm (referred to as 1 × 10 μm), the second one a
linewidth of 2 μm and pitch of 50 μm (2 × 50 μm), and the third
one a linewidth of 2 μm and pitch of 100 μm (2 × 100 μm). The
thickness remains unvaried across all designs and is fixed at
100 nm.

Figure 2 displays selected images of the fabricated Au meshes
using photolithography. The design and size of the structures
closely adhere to the specified dimensions described earlier. In
Figure 2a, the meshes appear indistinct to the human eye due
to their micro-structure. Only the underlying pattern onto which
the meshes are deposited is visible. To ensure better connection
during JV measurement, it is decided to deposit the meshes ex-
clusively onto the 9-pixel squares at the center of the substrate.
In contrast, the contacts surrounding the squares are made of a
continuous gold film. This design choice allows to have a better
connection between the pixels and the pins of the JV measure-
ment setup.

2.1.2. Benchmarking Mesh against Standard ITO Electrode

Efficient solar cell electrodes must exhibit a good balance be-
tween transparency and conductivity. Enhancing the transmit-
tance of these structures can be achieved through geometric
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Figure 1. Cell architectures of perovskite devices for integration of a) Au meshes as bottom electrode and b) Ag meshes as top electrode.

modifications of the meshes, primarily by reducing the linewidth
and increasing the pitch, which diminishes coverage. However,
such alterations entail a reduction in conductivity that could im-
pact the device’s overall performance. Increasing the thickness
of the meshes can linearly reduce the sheet resistance (Rs) with-
out compromising transmittance. However, this adjustment in-
creases the surface roughness of the electrode which may cause
shunting in the thin film devices. Finding the optimal mesh de-
sign for an electrode application implies identifying the trade-off
between conductivity and transparency.

The figure of merit proposed by Haacke enables quantification
of this trade-off and comparison of different transparent conduc-
tive films based on their optical and electrical properties[38]; it is
computed as:

𝜙H =
T10

550 nm

Rs,mesh

[
10−3 Ω−1

]
(1)

where T550 nm is the optical transmittance at 550 nm and Rs, mesh
is the sheet resistance of the meshes, which can be approximated
as:[39]

Rs,mesh ≈ 𝜌 ×
p

w × t
(2)

w, p, and t are, respectively, the width, pitch, and thickness of
the meshes, and 𝜌 is the resistivity of the material. For gold, the
resistivity is 2.44 × 10−8 Ωm.[40]

To probe these theoretical calculations of the sheet resis-
tance of the metal meshes, two samples are fabricated with un-
patterned meshes measuring 4 × 200 and 4 × 400 μm (linewidth
× pitch), respectively. These meshes covered a square area and
featured continuous metal contacts all around, enabling 4-point-
probe measurement. Upon measurement, the observed sheet
resistance values exhibited a deviation of approximately 5–10%
compared to the theoretical values, deemed to be sufficiently ac-
curate to approximate the sheet resistance of the other designs.

Table 1 presents the calculated area coverage ratio, measured
total optical transmittance of the meshes, calculated Rs, mesh, and
corresponding figure of merit, compared against the standard
ITO electrode.

The results demonstrate that a mesh electrode comprised
solely of metal structures exhibits transmittance and sheet re-
sistance comparable to a standard ITO electrode. Notably, the
larger pitch designs, characterized by higher transmittance val-
ues, achieve a balance between transparency and conductivity
which matches, and even has the potential to surpass, ITO per-
formance.

Figure 2. Representations of Au structures manufactured through photolithography: a) image of the bottom electrode contact (2 × 50 μm Au meshes
not visible); b) SEM image of 2 × 100 μm meshes; c) SEM image of 2 × 10 μm meshes; d) SEM image of 2 × 50 μm meshes.
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Table 1. Area coverage ratio, transmittance at 550 nm (including glass sub-
strate), sheet resistance and calculated Haacke’s figure of merit for mesh
samples identified by their linewidth × pitch, together with a standard ITO
reference electrode.

1 × 10 2 × 50 2 × 100 ITO

Coverage [%] 19 8 4 N/A

T550nm[%] 68.1 81.2 86.1 88.3

Rs [Ω sq−1] 2.4 6.1 12.2 15.0

ΦH[10−3Ω−1] 8.8 20.4 18.3 19.2

2.1.3. Current–Voltage Measurements

The 1 × 10, 2 × 50, and 2 × 100 μm mesh structures are inte-
grated in a cell architecture as described in Figure 1a. To bridge
the gaps among the meshes, reduce their surface roughness,
and guarantee a more homogeneous conductivity, a 10 nm thick
ITO conductive film is sputtered on top of the larger meshes
designs (50 and 100 μm pitch), defining a hybrid electrode.
This is deemed to play an important role in maintaining fa-
vorable optical properties while allowing efficient charge col-
lection, compatible with the perovskite diffusion length in the
1 μm range in standard perovskite devices.[41] From the exper-
imentally determined conductivity (1800 S cm−1), we estimate
the sheet resistance of the 10 nm thick ITO layer to be at least
550 Ω sq−1. Such a thin interlayer shows excellent optical proper-
ties. The total transmittance of the Au meshes on glass substrate
is measured at 86.1%, which only slightly decreases to 85.8%
with 10 nm ITO sputtered on top of the meshes, confirming
the high transparency of this thin TCO (Figure S1, Supporting
Information).

Figure 3 display the JV curves in reverse scan of the champion
devices: 1 × 10 μm (green curve), 2 × 100 μm (red curve), and 2 ×

Figure 3. Reverse scan JV curves of champion devices: simple mesh elec-
trode with 10 μm pitch Au meshes (green curve); hybrid electrode with
50 μm pitch Au meshes (blue curve), and 10 nm sputtered ITO layer; hy-
brid electrode with 100 μm pitch Au meshes (red curve) and 10 nm sput-
tered ITO layer; reference device with a conventional ITO electrode (gray
curve).

50 μm (blue curve). Note that the 2× 50 and 2× 100 μm structures
are combined with 10 nm of ITO sputtered on top. These sam-
ples are compared against a reference device (gray dashed curve)
featuring a standard ITO electrode and unvaried cell stack. The
average values (over the non-shunted pixels) of the performance
metrics at reverse scan can be found in Table 2, along with the
percentage of working devices (WD). The corresponding values
in forward scan can be found in Table S1, Supporting Informa-
tion.

The 1 × 10 μm mesh design, the smallest achievable with the
adopted manufacturing processes, demonstrates the feasibility
of charge extraction with a 10 μm spacing. Despite this distance
exceeding the typical perovskite diffusion length, it is still pos-
sible to extract 75% of the generated photocurrent with respect
to the reference device and achieve devices with an average effi-
ciency of 6.1%. This ability to maintain relatively high JSC can be
attributed to the conductive PEDOT:PSS hole transport material
(HTM), which promotes charge transfer at the electrode. In com-
parison to the reference device, the Voc of the 1 × 10 μm pixels
is notably impacted by the presence of the Au meshes, result-
ing in a decrease from 0.97 V in the reference to 0.6 V. This re-
duction may be linked to an unfavorable and/or inhomogeneous
interface between the HTM and the metal meshes, leading to di-
rect contact between the perovskite and the electrode. Such con-
tact could serve as a non-radiative recombination center, conse-
quently leading to a lower Voc.

[42,43]

Observations revealed that the 50 μm meshes, without any in-
terlayer, resulted in notably poor performance. This may be at-
tributed to the excessive spacing between the mesh lines, hinder-
ing the extraction of charges, even in the presence of a conduct-
ing polymer as HTM. As a result, it was determined that larger
pitch structures should be combined with conductive interlayers
to address this issue. With the hybrid electrode structures, the
Voc, together with all the other performance metrics, increases.
The 2 × 100 μm sample exhibits a matching average Voc with
the reference, while achieving 80% of the JSC extracted from the
ITO electrode (Table 2). The record PCE reaches 12.1%. This en-
hancement can be attributed to the reduced surface roughness
of the bottom electrode, resulting in a better interface with the
layers above and consequently lowering the series resistance, as
reported in Table S2, Supporting Information. Further optimiza-
tion of the mesh design, spin coating parameters, and slightly in-
creasing the ITO thickness, would likely narrow the performance
gap with the reference devices even further.

2.2. Front Electrode

2.2.1. Microscope Characterization of Ag Meshes

Silver meshes for the front electrode are manufactured through
aerosol jet printing as detailed in Experimental Section (Sec-
tion 4.2). They also present a grid-like structure similar to the
one employed for the Au meshes, but with a larger spacing be-
tween the metal lines. Particularly, three distinct designs are un-
der consideration, distinguished by variations in their pitch di-
mensions, which are set at 0.5, 0.75, and 1 mm. The structures
are positioned on the electrode so as to replicate the pattern of
commonly evaporated continuous metal electrodes (Figure 1b).
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Table 2. Summary statistics for samples with Au meshes under JV measurements in reverse scan: sample name, percentage of working devices (WD)
(out of a total of 8), average Jsc, average Voc, average FF, average PCE. Electrode name identified by the linewidth x pitch; ITO10 indicates presence of
10 nm of sputtered ITO.

Electrode name WD [%] Avg. Jsc [mA cm−2] Avg. Voc [V] Avg. FF[%] Avg. PCE [%]

1 × 10 μm 37 15.72 ± 5.6 0.61 ± 0.08 58.74 ± 11.2 6.10 ± 3.4

2 × 50 μm, ITO10 37 18.53 ± 0.9 0.72 ± 0.1 52.63 ± 15.2 7.22 ± 3.1

2 × 100 μm, ITO10 87 17.13 ± 2.1 0.97 ± 0.1 49.55 ± 9.7 8.47 ± 2.9

Ref 75 21.11 ± 0.7 0.97 ± 0.002 79.58 ± 1.5 16.28 ± 0.7

Figure 4 presents the microscope images of the metal struc-
tures with different pitches, superimposed on a perovskite pixel.
The illustrations offer a visual representation of how the the sil-
ver meshes are integrated into the solar cell architecture follow-
ing the pattern in Figure 1b. The details of the meshes’ designs
are summarized in Table 3. The values of the lines’ thicknesses
and widths are estimated through the analysis of bright-field mi-
croscope images.

2.2.2. Assessing Impact of Laser Sintering through PL Measurements

Achieving high conductivity in the aerosol jet printed meshes re-
quires a sintering process. The traditional thermal treatment in-
volves heating the samples up to 250 °C, which is unsuitable for
perovskite materials.[44] To overcome this limitation, laser curing
is explored as an alternative method for localized sintering with-
out subjecting the entire device to elevated temperatures. This
laser treatment is found to significantly enhance the conductivity
of the metal meshes, yielding similar results to traditional ther-
mal annealing. Nevertheless, concerns arise regarding the poten-
tial impact of the laser treatment on the nearby perovskite mate-
rial. While the perovskite layer is shielded by the SnOx, there was
uncertainty on whether the laser could induce local heating or
cause degradation due to high-intensity radiation. To investigate
this, two samples are manufactured: one with laser sintered silver
meshes and another one with un-sintered ones. Both samples are
then tested using photoluminescence spectroscopy (PL) with the
laser being shone from the devices’ glass side, in an area where
both the meshes and the perovskite material are present.

The integral PL spectral mapping is plotted to detect any
changes in the emissive properties of the perovskite material
(Figure 5a,b. This is done by computing the integral of the in-
tensity of each collected PL spectrum at a given position. The
PL spectra are also analyzed to identify any visible shifts in the
band gap, which could be linked to the laser treatment. To do that,
the center of mass for each collected PL spectrum is computed
(Figure 5c,d).

Upon inspection of the integral PL plot and centroid plot,
shown in Figure 5, it appears that the laser sintering process
did not cause a very significant decrease in the PL properties
of the perovskite layers. Note that the higher PL intensity along
the mesh pattern is attributed to the reflection of silver from
the metal grids. When comparing the average PL integral val-
ues on the mesh pattern for both sintered and non-sintered sam-
ples, we observe only a 3% decrease in intensity. The average
PL spectra for both the sintered and non-sintered samples, both
on and outside the mesh area, can be found in Figure S2, Sup-
porting Information. This reduction in PL intensity is consid-
ered minor, especially since these less emissive areas are local-
ized and do not follow the integrity of the mesh lines. Further-
more, further optimization of the laser sintering process is pos-
sible, such as reducing the laser speed and/or decreasing its
intensity.

The centroid plot reveals a slightly lower peak position for
the sintered sample, averaging at 1.658 eV along the meshes.
In contrast, the non-sintered sample displays a consistent peak
position centered at 1.662 eV, concealing the mesh pattern.
Nevertheless, it is important to highlight that the variance

Figure 4. Microscope images of Ag meshes with different pitches on perovskite devices, from left to right: 0.5, 0.75, and 1 mm pitch.
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Table 3. Dimensions and optical properties of aerosol jet printed Ag
meshes.

Pitch (p) Thickness (t) Line-width (d) Coverage Tmesh

[μm] [μm] [%] [%]

0.5 1.8 ± 0.15 20 ± 1.5 7.84 92.16

0.75 1.8 ± 0.15 20 ± 1.5 5.26 94.74

1 1.8 ± 0.15 20 ± 1.5 3.96 96.04

in bandgap wavelength is under 1%, making it a negligible
alteration. A histogram illustrating the distribution of cen-
troid positions across the entire PL area can be found in
Figure S3, Supporting Information, further corroborating the

minimal disparity between the sintered and non-sintered mesh
samples.

2.2.3. Performance Characterization and Assessment of Bifacial
Properties

Figure 6a,b presents the JV characterization results of the cham-
pion devices with 1 mm-pitch Ag meshes integrated with, re-
spectively, a Au or ITO layer on top. The thickness of the con-
ductive films is either 5 nm (orange curves) or 10 nm (green
curves). The samples are also compared with reference cells
presenting a continuous Cu metal top contact (gray dashed
curve). The average values for the performance metrics at re-
verse scan can be found in Table 4, along with the percent-
age of working devices (WD). Corresponding values for the

Figure 5. Hyperspectral images. a,b) Spectral integral of samples with aerosol jet-printed Ag meshes: non-sintered (a) and sintered (b). c,d) Centroid
plot (center of mass of PL spectra) of samples with aerosol jet-printed Ag meshes: non-sintered (c) and sintered (d).
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Figure 6. a,b) JV curves in reverse scan of the champion devices with mesh top electrode, 1 mm pitch structures, with 5-10 nm of Au (a) or ITO (b).
Gray dashed curve representing the reference device with continuous Cu electrode c,d) EQE curves of representative samples with mesh top electrode,
1 mm pitch structures, with 5–10 nm of Au (c) or ITO (d). Representing performance under illumination from the glass side (solid lines) and the mesh
side (dashed lines).

forward scan can be accessed in the Table S3, Supporting
Information. A more graphical representation, through box-
plots, of these summary statistics (both in reverse and for-
ward scan) is also provided in Figures S4 and S5, Supporting
Information.

Record performances are attained with samples featuring 5
or 10 nm Au layers, achieving PCEs of 16.8% and 16%, respec-
tively, which are only approximately 15% lower than the refer-
ence device (PCE of 18.8%). It is noteworthy that, despite the
best efficiency achieved with 5 nm of Au, a notable degree of

Table 4. Summary statistics for samples with Ag meshes under JV measurements in reverse scan: sample name, percentage of working devices (WD) (out
of a total of 8), average Jsc, average Voc, average FF, average PCE. Electrode name identified by the pitch dimension of Ag meshes; Au5/Au10/ITO5/ITO10
indicate presence of 5 or 10 nm of Au/ITO.

Electrode name WD [%] Avg. Jsc [mA cm−2] Avg. Voc [V] Avg. FF [%] Avg. PCE [%]

1 mm, Au5 50 17.32 ± 0.9 1.19 ± 0.06 64.54 ± 11.9 13.52 ± 3.7

1 mm, Au10 50 17.53 ± 0.4 1.23 ± 0.03 69.11 ± 2.1 14.93 ± 1.1

Ref Au 87 18.89 ± 0.3 1.23 ± 0.009 76.60 ± 1.6 17.86 ± 0.7

1 mm, ITO5 75 13.42 ± 1.2 1.24 ± 0.01 36.50 ± 7.9 6.16 ± 1.8

1 mm, ITO10 87 13.50 ± 1.7 1.15 ± 0.2 44.22 ± 12.4 7.19 ± 3.1

Ref ITO 100 18.80 ± 0.4 1.25 ± 0.02 76.60 ± 4.4 18.00 ± 1.3
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Table 5. JSC calculated from EQE measurements for both glass-side and
mesh-side illumination.

JSC, glass [mA cm−2] JSC, mesh [mA cm−2]

5 nm Au 17.1 9.1

10 nm Au 16.3 9.5

5 nm ITO 15.4 14.7

10 nm ITO 15.9 15.3

variability is observed among the measured pixels, which also ex-
plains the low percentage of working devices. SEM examination
of the samples with evaporated gold revealed that the 5 nm Au
layer is non-conformal, displaying features that indicate incom-
plete surface coverage. In contrast, the 10 nm thick samples ex-
hibit a more uniform film, resulting in enhanced measurement
consistency and a narrower distribution (Figure S6, Supporting
Information).

Devices with ITO as the conductive layer in the hybrid elec-
trodes generally led to inferior performance compared to their
Au counterparts. This disparity in performance can be ascribed
to the inherent differences in the conductive properties of the ma-
terials. While ITO is recognized for its excellence as a transparent
conductor, it still presents lower conductivity when compared to
metals like gold. Such thin layers of ITO may not provide ade-
quate charge extraction, leading to elevated series resistances, as
demonstrated by the Rs values in Table S4, Supporting Informa-
tion, consequently resulting in a decrease in FF.

The samples exhibit consistent results across different pitch
sizes, as detailed in Figure S7, Supporting Information. The ab-
sence of substantial performance improvements with narrower
pitch sizes suggests that a 1 mm pitch may be sufficient for func-
tional devices with performance levels comparable to the refer-
ence. In cases where similar outcomes are achieved, the larger
pitch design is preferred for its superior transmittance and re-
duced material consumption.

To provide evidence of the bifacial properties of the cells
equipped with the mesh top, contact EQE measurements from
the meshes and glass side are carried out. Figure 6c,d showcases
the EQE curves of a representative pixel for the samples with
1 mm pitch structures and variable Au and ITO thicknesses. The
spectra for the remaining samples can be found in Figure S8,
Supporting Information.

From the EQE values, it is also possible to compute the pho-
tocurrent density listed in Table 5.

The obtained results indicate that the performance reduction
between the glass and mesh sides is more significant in the sam-
ples with a Au film. This is due to the opacity of the Au layer, with
a measured transmittance at 550 nm of 46%, which hinders the
transmission of light through the device. On the other hand, the
samples with ITO show relatively consistent results when mea-
sured from both the front and front sides. The short-circuit cur-
rent reduction for both ITO samples, when measured from the
glass and mesh sides (Table 5), is approximately 4%. These val-
ues align well with the coverage of the 1 mm lines, as described
in Table 3. This suggests that the observed decrease in JSC can
be attributed to the coverage of the Ag meshes, which leads to
reduced light absorption and current extraction.

Overall, the incorporation of a Au interlayer is found to en-
hance electrical properties of the mesh samples, whereas ITO en-
hances bifacial characteristics. Despite recognized potential for
further improvement in electrical performance by augmenting
the thickness of the ITO layer, such an approach contradicts the
overarching objective of minimizing indium consumption and
striving toward the production of indium-free devices. Moreover,
the integration of ITO into devices introduces challenges for po-
tential applications involving flexible substrates, due to the brit-
tleness of the material. This is also pertinent in the context of
aerosol jet-printed meshes, which demonstrate high potential for
flexible substrate applications. These considerations prompt the
exploration of alternative materials to ITO as transparent conduc-
tive interlayers. Within this research framework, the emphasis
has been put on Au; however, exploration of other transparent
conductive materials such as AZO or MXenes could also open
promising avenues.[25,45]

2.3. Comparison of Mesh Electrodes

The integration of metal meshes into the front and back elec-
trodes of PSCs serves distinct functions tailored to specific goals.
For the bottom Au mesh contact, the aim is to replace the con-
ventional ITO electrode, addressing concerns related to its envi-
ronmental impact, efficiency losses during upscaling, and supply
risks associated with indium. The Ag top mesh contact integra-
tion seeks to enhance the overall performance of devices by en-
abling bifacial or multi-junction applications.

This duality in application is reflected in the choice of materi-
als and manufacturing techniques for the metal meshes. For the
rear electrode, gold is preferred due to its compatibility with per-
ovskite material. Employing UV-photolithography, smaller mesh
patterns are crafted, striking a delicate balance between high con-
ductivity and transparency. This balance is particularly crucial in
p-i-n devices, where the rear electrode allows incident radiation to
pass through. For the top electrode, silver is an alternative to gold
due to the absence of direct contact between the perovskite layer
and the top electrode, preventing any possible ion migration.
Therefore, here, silver meshes, with their higher conductivity and
cost-effectiveness, become the preferred choice.[46,47] Aerosol jet
printing allows for the fabrication of larger mesh structures with
line thickness about 20 times bigger than with photolithography,
keeping the sheet resistance sufficiently low. The locally applied
laser curing step permits a successful sintering process preserv-
ing the perovskite stack beneath.

The challenges involved in the mesh integration into PSCs are
many fold. In the case of gold meshes, the current deposition
techniques require spincoating of the HTM and perovskite ma-
terial on top of the structures. The inherent surface roughness
of the substrate complicates the uniform deposition of these thin
layers on the mesh electrode, leading to the formation of poten-
tial pinholes. The introduction of a 10 nm-thick layer of ITO sput-
tered onto the meshes offers an improved interface that reduces
the risk of shunting. This hybrid electrode design achieves a sig-
nificant 90% reduction in indium usage compared to a conven-
tional perovskite stack employing a 100 nm-thick ITO substrate.
Increasing the thickness of the conductive oxide could promote
the formation of a defect-free interface, potentially enhancing
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device performance even further. However, to maintain the ad-
vantages of a mesh electrode over a standard ITO one, it is ad-
visable, instead, to explore integration with alternative indium-
free materials.

While the thickness of the lines in the front electrode mesh
structures is not constrained by the need for spin coating on top
of them, fabrication challenges still arise due to the presence of
the perovskite stack beneath the metal meshes and the require-
ment for a sintering process. To address these issues, a thin layer
of ALD SnOx is applied to the electron transport material (ETM).
This protective layer serves a dual purpose: shielding the per-
ovskite from potential ion migration and ensuring the integrity
of the perovskite stack during the laser curing process.

3. Conclusion

To attain sustainable solar cell manufacturing on a terawatt scale,
the exploration of indium-free TCEs is essential. This study fo-
cused on the potential replacement of conventional ITO rear elec-
trode and traditional metal top contacts with mesh electrodes, en-
abling the creation of transparent or semi-transparent solar de-
vices.

Photolithography embossed Au meshes, utilized as bottom
electrodes on glass substrates, have showcased their capability as
TCEs in standalone and hybrid configurations. These structures,
when paired with a 10 nm-thick ITO interlayer, have achieved
promising efficiencies of up to 12%, with the extracted current
surpassing 80% of that attained with a standard ITO electrode.
Aerosol jet-printed Ag meshes were introduced to replace con-
tinuous metal contacts in PSCs. The experiments revealed that
the perovskite material remained well-preserved even after laser
sintering. Devices featuring Ag meshes combined with a thin Au
layer exhibited promising performances, achieving up to 16.8%
efficiency with a modest reduction of less than 10% in JSC com-
pared to the reference device employing a copper electrode. This
configuration also offered moderate bifacial properties, enhanc-
ing overall device performance. Hybrid structures composed of
Ag meshes and a thin ITO layer, despite the limited conductiv-
ity of the thin TCO, achieved a record efficiency of 11.6% and
extracted 70% of the JSC achieved by the reference device. This
configuration holds even higher potential for bifacial and multi-
junction applications.

With continued optimization, such as modifications of the
mesh design, tuning of the spin-coating parameters, inter-
face engineering, and choice of alternative transparent conduc-
tive materials, mesh electrodes hold great promise for advanc-
ing the development of sustainable and efficient photovoltaic
devices.

4. Experimental Section
UV-Photolithography for Bottom Electrode: Manufacturing of metal

meshes began by cleaning twice 4″ and 550 μm-thick soda lime glass
(SLG) wafers at 100 °C in a Piranha solution, which is a 3:1 solution of
strong sulfuric acid (H2SO4) and hydrogen peroxide (H2O2). The wafers
were then spin coated with the negative photoresist AZ nLOF 2020 using
a Süss ACS200 GEN3 modular cluster tool. After UV exposure through di-
rect laser writing, the samples were developed with the same cluster tool.
Following development, any leftover residues were removed through high-

frequency O2 plasma cleaning for 10 s at 200 W (Tepla-Z2). Gold metal
films were then deposited using a Leybold Optics LAB 600H through e-
beam evaporation. A thin layer of 10 nm of titanium (Ti) was deposited first
to favor adhesion, followed by gold. Finally, the photoresist lift-off process
took place thanks to remover 1165 revealing the wanted mesh structure
on the glass wafer.

For the small mesh design (1 × 10 μm), due to the particularly tight
structures, a positive photoresist, LOR 5A 400 nm + AZ 1512 HS 1.1 μm,
was employed. The utilization of these different photoresists allowed for a
successful lift-off process, enabling the remover to etch the desired parts
of the meshes.

Aerosol Jet Printing for Front Electrode: The silver meshes were printed
through an aerosol jet printer (Opamec Decathlon AJ-5X) with a noz-
zle of size 100 μm using the Novacentrix JS-ADEV N250 silver nanopar-
ticle ink. During printing, the subtrate was heated to 80 °C to ensure
fast fast evaporation of the ink’s solvent. Right after printing, the struc-
tures underwent a laser sintering process, with the laser spot follow-
ing the printed paths, offering a localized annealing treatment. This pro-
cess used a 830 nm (NIR) laser with a power of 680 mW (2486-L4 from
JDSU). Both processes, printing, as well as laser sintering, were run at
4 mm s−1.

Hybrid Electrodes: Mesh structures both in the front and rear electrode
were integrated with thin conductive layers, consisting of ITO or Au. Thin
layers of ITO, either 5 or 10 nm-thick, were sputtered onto the meshes. In
both electrodes, the oxide was sputtered solely in alignment with the pixels
to prevent any risk of short-circuiting. For the front electrode, this was
achieved with a ink pen used to draw lines for pixel separation. Following
the sputtering, the sacrificial layers, defined by the pen, were dissolved in
acetone using an ultrasonic bath for a brief duration. For the front contact,
a metal mask was used to pattern the electrode.

ITO was sputtered with a home-built setup in the class 10 000 clean
room. The ITO target was In2O3/SnO2 90/10 wt%, used with an argon flow
of 20 sccm, pressure of 6.67 × 10−3 mbar, and power of 20 W in RF mode.
The deposition rate was 2 nm min−1, resulting in an ITO conductivity of
1800 S cm−1, measured with a 4-point-probe.

A thin layer of gold, either 5 or 10 nm-thick, was also explored as alter-
native to ITO in the bottom hybrid electrode. Such a layer was thermally
evaporated using a metal mask.

Perovskite Solar Cell Fabrication: The experiments focused on widegap
p-i-n devices known as formamidinium (FA) cesium-based devices, specif-
ically FA0.75Cs0.25PbI2.4Br0.6. The perovskite material featured a band gap
of approximately 1.67 eV and low bromide content (30%). Solution-
based processing was utilized for both the HTM and the perovskite ac-
tive layer. Thermal evaporation was employed for the ETM, passivation
layer, and the continuous metal front contact. Manufacturing of cells
was carried out in batches of nine devices each presenting eight work-
ing pixels. The steps involved in the manufacturing process are herein
described.

The HTM, perovskite, and passivation layers were spin coated onto
the substrate. In the case of the rear contact integration, this substrate
comprised a hybrid Au mesh electrode. For the front electrode, it con-
sisted of a standard 1-inch, pre-patterned 100 nm-thick ITO layer on
soda lime glass (SLG). Prior to use, the ITO substrate underwent a thor-
ough cleaning process, involving several steps: First, it was subjected to
a 15-min ultrasonic bath in a 2% Decon 90 solution in deionized wa-
ter, followed by rinsing with deionized water and another 5-min ultra-
sonic bath. Next, the substrate was immersed in acetone for 15 min us-
ing an ultrasonic bath, and then in IPA for another 15 min. Finally, it
was dried using compressed air and subjected to a 15-min UV/ozone
treatment.

HTM: Two different HTM were employed in this study: PEDOT:PSS
and 2PACz. While PEDOT:PSS was used for the devices with a meshed
bottom electrode, 2PACz was preferred for the front electrode integra-
tion. This choice was determined by the unfavorable interface between this
HTM and the Au meshes, which is, instead, improved with PEDOT:PSS.
The 2PACz HTM consisted of a 1.5 mM solution of 2PACz in anhy-
drous ethanol. Previous to spin coating at 3000 rpm (5 s ramp) for 30 s,
the 2PACz was sonicated for 15 min. 100 mL per device was dispensed
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onto each sample. It was then annealed on a hot plate at 100 °C. PE-
DOT:PSS was purchased from Ossila (Al 4083) and diluted with methanol
in a 3:1 ratio and sonicated before use. The solution was filtered using
a 0.45 μm PTFE filter and spread on the substrate. After spin coating
(4000 rpm, 1000 rpm ramp, 30s), the substrate was heated to 120 °C for
20 min.

PVK: The perovskite active layer consisted of a 1.1 M solution of
FA0.75Cs0.25PBI2.4Br0.6, which was prepared by dissolving 0.825 M of for-
mamidinium iodide (FAI, Greatcell Solar), 0.275 M of cesium iodide (CsI,
Sigma-Aldrich), 0.33 M of lead bromide (PbBr2, TCI), and 0.781 M of lead
iodide (PbI2, TCI) in a 4:1 (vol:vol) mixture of N,N-dimenthylformamide
(Sigma-Aldrich) and dymethylsulfoxide (Sigma-Aldrich). The solution was
then stirred at 50 °C until fully dissolved (about 2 h). Before spin coating,
the solution was filtered with a PTFE 0.22 μm filter. Each device was spread
with 100 μL of perovskite solution and spin coated for 10 s at 2000 rpm
and for 40 s at 6000 rpm. 20 s prior to the end of the program, 200 μL
of antisolvant chlorobenzene (CB) was dispensed on the sample to favor
crystallization. The samples were then transferred to a hot plate and an-
nealed for 30 min at 100 °C.

PDAI: A 0.3 mg mL−1 solution of PDAI (Sigma-Aldrich) in a 1:1
(vol:vol) mixture of isopropanol and toluene was stirred at 70 °C for 2 h.
The solution was then filtered through a 0.22 μm PTFE filter, and 100 mL
per device was spin coated at 4000 rpm for 20 s, followed by annealing at
100°C for 5 min.

The ETM was deposited through thermal evaporation in vacuum; 20 nm
of C60 (Sigma-Aldrich) was evaporated on top of the PDAI. The same pro-
cedure was applied for the 7 nm of bathocuproine (Sigma-Aldrich) and
120 nm of copper for the devices featuring meshes as bottom electrodes.
The devices with mesh front electrode do not present these two last layers
but are instead substituted by ALD SnOx.

A 25 nm SnOx interlayer was deposited by atomic layer deposition (Pi-
cosun). Tetrakis(dimethylamino)tin(IV) (TDMASn, EpiValence) was used
as precursor and H2O as a reactant. The precursor bubbler was heated to
75 °C and the chamber to 100 °C. The reactant vessel was kept at room
temperature. The pulsing sequence consisted of a 0.6 s pulse of TDMASn,
30 s purge, 0.1 s pulse of H2O, and 30 s purge, resulting in a growth rate
of 0.1 nm per cycle.

Sample Characterization: JV measurements were conducted using an
Arkeo multichannel platform (Cicci Research) and an LED solar simulator
(G2V Sunbrick Base-UV). The devices’ active area was 0.158 cm2. Scan-
ning was performed in both forward and reverse directions at a scan rate
of 200 mV s−1 with a voltage step of 50 mV. The samples were placed on
a custom-made sample holder equipped with pins for easy connection to
the devices.

For EQE measurements, a Bentham PVE300 system in transformer
mode was used. The light source consisted of a dual xenon short-arc lamp
and a quartz halogen lamp. A 10 × 10 mm Si reference cell was employed
to calibrate the power of the probe beam.

Wide-field hyperspectral photoluminescence (PL) measurements were
carried out on a Photon Etc IMA Vis system. The samples were illuminated
with a 405 nm continuous wave laser through a 20x chromatic aberration
corrected objective lens (Nikon TU Plan Fluor, 0.45 NA). The illumination
was structured to have a uniform top hat profile across an area larger than
the collected images are collected from (330 × 330 μm2). The monochro-
matic illumination intensity was measured to be 65 mW cm−2, approxi-
mately 1 sun equivalent for materials with the bandgap used in this work.
PL was collected through the same objective lens, spectrally split through
a volume Bragg grating before the image was focused onto a digital CMOS
camera (Hamamatsu ORCA-Flash4.0 V3)

For spectroscopy measures, total transmittance and total reflectance
spectra were acquired through a Shimadzu UV-3600Plus UV–vis spec-
trometer with the Shimadzu ISR-603 integrating sphere.
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Supporting Information is available from the Wiley Online Library or from
the author.
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