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Jannik N. Kleesiek , Maximilian Günther , Alexander Steigert, Darja Erfurt, Stefan Janke, Marlene Härtel ,

Rutger Schlatmann , Bernd Stannowski , and Angelika Harter

Abstract—The upscaling of perovskite/silicon tandem solar cells
is an increasingly important topic in research to bridge the gap
between laboratory scale performance and industrial application.
This requires adapting well-established technologies to enable the
processing of upscaled tandem cell manufacturing steps, including
the transparent conductive oxide (TCO) front electrode by mag-
netron sputtering and the metal contact by screen printing. For
state-of-the-art silicon heterojunction (SHJ) solar cells, both the
TCO and the metal contact are annealed at temperatures around
200 °C. Perovskite films in contrast are known to degrade at such
high temperatures, which makes the processing of the front contact
for perovskite based solar cells more challenging. In this work,
we demonstrate an optimized screen-printing process that, with
the right choice of sputtering process parameters, enables a low
TCO/Ag contact resistivity of around 1 mΩcm2 at a maximum
processing temperature of 135 °C and therefore suitable for (most)
perovskite absorbers. The interaction between the TCO and the
silver paste is analyzed in detail with respect to achieving low
contact resistivity between the two layers. Our results demonstrate
that controlling the hydrogen content during the sputtering process
is critical: higher hydrogen levels result in a clear increase in
the specific contact resistivity. Finally, we show a screen-printed
tandem device that further confirms the process feasibility.

Index Terms—Indium tin oxide (ITO), low temperature
metallization, perovskite solar cells, screen printing, specific
contact resistivity, transparent conductive oxide (TCO).

I. INTRODUCTION

P EROVSKITE/silicon tandem solar cells have attracted sub-
stantial research and sparked interest in industry in the

past years. Nevertheless, a considerable gap remains between
the efficiencies achieved in laboratory-scale devices and those
demonstrated in industrial-sized perovskite/silicon tandem cells.
While the silicon bottom cell, often based on silicon hetero-
junction (SHJ) or tunnel oxide passivated contact (TOPCon)
technology, is already well established in industry, the perovskite
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top cell is yet to be industrialized. To enable the transition toward
industrial deployment, several challenges must be addressed,
including the development of scalable fabrication technologies
and robust, industry-compatible processing.

To enable large-area Si/Perovskite tandem devices, not only is
the upscaling of the perovskite absorber challenging, but further
development of the front stack is also required. Both, processing
of the transparent conductive oxide (TCO) by direct-current
(DC) sputtering and the metal contact by screen printing are
well-established in industry. They are optimized for their ap-
plication in SHJ solar cells. Here, a final annealing at typically
200 °C is needed to cure the silver paste but also to cure the
sputter-damage in underlying silicon contacts and improve, e.g.,
crystallize the TCO layer [1], [2].

It is, however, well-documented that perovskite degrades at
elevated temperatures, hence, the maximum processing temper-
ature should be limited to well below 150 °C [3], [4], [5], [6].

Consequently, the establishment of suitable processing of the
front electrode at such temperatures remains challenging as high
electrical conductivity of the metal contact must be achieved; in
this work, the target range is a grid-finger resistance (Rfinger)
< 8 Ω/cm [4], [7]. In addition, it was shown that the TCO metal
contact should exhibit a low specific contact resistivity (ρc) of
less than 5 mΩcm2 to avoid significant serial resistance losses
[4].

As was mentioned above, lowering the curing temperature
after screen printing also affects the TCO properties, such as
the degree of crystallinity e.g., of indium tin oxide (ITO:H).
To remain within the required performance limits—such as
maintaining low contact resistivity—the interaction between the
TCO and the metal contacts must be carefully investigated. This
interaction also needs to be considered when optimizing the
screen-printing process for lower curing temperatures.

Adding H2 to the sputter gas during deposition of indium
oxide-based TCO films will suppress the crystalline growth and,
if high enough, lead to amorphous growth. Annealing at elevated
temperatures will trigger solid phase crystallization and result
in a rearrangement of the hydrogen incorporated in the films.
Most of it (or the hydrogen) is assumed to remain in the ITO
films after annealing up to 210 °C. In addition, hydrogen may
act as a donor and allows high carrier mobilities [2], [8]. As a
result, hydrogen containing indium oxide-based films can reduce
parasitic absorption and series resistance in solar cells [9].
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Fig. 1. (a) TCO sputter condition variation of the different ITO’s. (b) Cross-sectional 3-D-schematic of TLM substrate. (c) Top view drawing of the TLM substrate
design. Each stripe has screen opening width of 0.8 mm.

Moreover, a correlation between specific contact resistivity
and free charge-carrier density Ne is frequently discussed [10],
[11]. However, in many of these studies differences in the charge-
carrier densities were achieved by annealing the TCO at different
temperatures.

Barraud et al. [12] by contrast did not see a clear correlation
between charge-carrier density and specific contact resistivity.
Instead, they identified a strong influence of the water-vapor
pressure present during sputtering on the resulting Ag/TCO
contact resistivity. In this study a high water-vapor pressure was
shown to lead to increased specific contact resistivity in IO:H
films in SHJ solar cells suggesting that this increase is most likely
to be interfacial layer potentially being composed of silver oxide.
This increase in contact resistivity with increasing water vapor
pressure was also observed for ITO in SHJ solar cells [13].

In addition, Nishihara et al. [14] reported that catalysts used
in silver pastes can react with the TCO, promoting the formation
of silver oxide at the TCO/Ag interface, which in turn increases
the contact resistivity.

This work aims to develop a scalable front-electrode system—
consisting of the TCO and metallization—that is tailored to the
thermal constraints of perovskite/silicon tandem solar cells.

II. MATERIALS AND METHODS

To investigate the influence of hydrogen incorporation in TCO
layers, five different ITO films were deposited with varying
hydrogen concentrations in Ar/H2 sputter ambient. For the TCO
films labeled ITO 0%–1%, an oxygen partial flow of 2.1% in
Ar was introduced during sputtering. ITO 0% was deposited
without hydrogen, whereas ITO 0.33%–1% were deposited with
increasing H2 concentrations of 0.33%, 0.66%, and 1.0%. In
the case of ITO low O2, a lower O2 partial flow of 1.2% was
introduced during the sputter deposition, without any addition
of hydrogen. An overview of the sputter deposition conditions
is provided in Fig. 1(a).

All ITO layers were deposited by pulsed DC sputtering with-
out intentional substrate heating in a Leybold Optics in-line sput-
ter system (A600V7), using a planar In2O3:SnO2 (90:10 wt%)
target.

Charge-carrier concentration Ne, carrier mobility μe, and
resistivity ρwere determined by Hall-effect measurements using
the van der Pauw method at room temperature. For this purpose,
40 nm ITO films were deposited on Corning glass substrates
and subsequently laser-cut to 10 mm × 10 mm substrates. The
samples were annealed for 10 min on a hot plate in ambient air
at temperatures between 135 °C and 210 °C.

For deriving the TCO/metal contact resistivity ρc transfer-
length method (TLM) measurements were done. To prepare
samples for TLM, and also for X-ray diffraction (XRD) mea-
surements the ITO films were deposited on textured Czochralski
(Cz) silicon wafers featuring random pyramids of <2–3 μm in
height. A thick a-Si:H(p)-layer on the front side was included
to block carrier transport through the silicon bulk during TLM
measurements. The nominal ITO thickness was 68 nm on a
flat reference surface. The TLM sample stack is shown in
Fig. 1(b). Prior to metallization the wafers were laser-cut to
20 mm × 40 mm substrates.

For screen-printing a low-temperature silver paste from
NAMICS was used, which was optimized for low-temperature
tandem-cell metallization. Screen printing was performed using
an Ekra XH-STS system. The TLM pattern consists of eight
printed Ag stripes. Each stripe features a screen opening of
36 mm × 0.8 mm, with a stripe pitch decreasing from 3.6 mm
to 1.2 mm in steps of 0.4 mm. A top view drawing of the
TLM substrate design is shown in Fig. 1(c). The printed struc-
tures were subsequently annealed for 10 min at temperatures
between 135 °C and 210 °C on a hot plate under ambient
air.

To determine the finger resistanceRfinger, SHJ solar cells were
screen-printed with a 4 cm2, 21-cell test layout on a full wafer
(M6). Each cell incorporated two busbars and twelve connecting
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Fig. 2. (a) Grid finger resistance of the tested low temperature Ag paste for tandem cell application annealed at temperatures between 100 °C and 210 °C for
10 min under ambient air. A screen opening width of 40 µm was used. (b) Specific contact resistivity for the different ITO films annealed at temperatures between
135 °C and 210 °C for 10 min under ambient air. ITO 0% has no added hydrogen content during sputtering, while the hydrogen content added is increasing from
ITO 0.33% to ITO 1%.

grid fingers. The screen opening width of the grid fingers was
40 μm. The resistance between the two busbars was measured,
and the corresponding Rfinger values were calculated from these
measurements. These values were obtained by multiplying the
measured resistance between the busbars by the number of grid
fingers and dividing by the length of the fingers.

The four-point probe method was used for the electrical
measurements of the grid fingers and the TLM substrates. For
the TLM substrates a voltage was applied from −0.5 V to 0.5
V in steps of 0.05 V and the current was measured. For the
measurements of the Rfinger a voltage of −50 mV to 50 mV was
applied in 4 mV steps and the current was measured.

The crystal structure analysis of the ITO films was performed
using a BRUKER D8 Advance X-ray diffractometer for grazing
incidence measurements. The device is equipped with an X-ray
mirror (Goebel) and a 0-D (point detector) scintillation counter.
A Cu anode was used as the excitation source.

Lastly, to ensure the compatibility of the front-electrode
system for tandem cell applications developed here, a per-
ovskite/silicon tandem solar cell was processed. A monofacial
SHJ cell using Cz material (∼140-μm Si thickness) featuring a
submicron-textured front and rear side was used. The rear side
of the silicon bottom cell featured a reflector with a dielectric
buffer layer consisting of metal and hydrogen doped indium

oxide [(IMO:H) 34 nm on flat], screen printed Ag grid, SiO2

(180 nm on flat) and sputtered Ag (400 nm on flat). 20 nm (on flat)
IMO:H was sputtered on the front. The cell area of ∼1 cm2 was
defined by aligned sputter masks on the front and rear side. For
the top cell MeO-2PACz (4mmol) was spin-coated and annealed
(100 °C, 10 min) and a wide-band gap (1.69 eV) perovskite
absorber layer (Cs0.22FA0.78Pb(Br0.15I0.85)3 + 5% MAPbCl3)
was subsequently deposited by spin coating and annealed on
a hot plate at 100 °C for 20 min. An LiF passivation layer
(1 nm) and C60 as the electron transport layer (16 nm) were
thermally evaporated and subsequently an SnO2 buffer layer
(15 nm) deposited by thermal atomic-layer deposition using
TDMASn as a precursor and water as oxidant. ITO 1%, with a
thickness of 40 nm, was sputter-deposited for the front electrode,
followed by the application of a screen-printed Ag grid using the
low-temperature Ag paste with a screen opening width of 40μm.
Following screen printing, the samples were annealed at 135 °C
for 10 min in air on a hot plate.

III. RESULTS AND DISCUSSION

A. Grid Finger Resistance of the Annealed Ag Paste

Fig. 2(a) shows the dependence of the grid finger resistance
(Rfinger) on the annealing temperature. The target specification
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of <8 Ω/cm is achieved for the investigated low-temperature Ag
paste at annealing temperatures of 120 °C and above for a 10 min
annealing duration. This indicates that the paste formulation is
capable of providing sufficiently low lateral resistance at tem-
peratures compatible with perovskite/silicon tandem devices.

A preliminary experiment demonstrated, however, that a
specific contact resistivity of approximately 30 mΩcm2 was
achieved on ITO at an annealing temperature of 120 °C for a
duration of 10 min. This suggests that while bulk conductivity
within the printed Ag finger is already developed at 120 °C, the
interfacial reactions and microstructural evolution required to
form a low resistance ohmic contact are not yet complete. Con-
sequently, the overall series resistance of the front contact stack
would still be unacceptably high at this temperature, especially
for large-area tandem devices where contact resistivity becomes
a dominant loss mechanism.

Therefore, all subsequent experiments were performed at
annealing temperatures of ≥135 °C. This temperature range
represents a compromise between maintaining compatibility
with the thermal stability window of perovskite absorbers and
enabling sufficient interfacial activation of the Ag/TCO contact.
The annealing temperatures of 170 °C and 210 °C were selected
to gain deeper insight into the behavior of the specific contact
resistivity and to assess the TCO paste combination for potential
application in SHJ solar cells or for potential perovskite com-
positions allowing for higher temperatures.

B. Influence of the ITO Composition on the Specific Contact
Resistivity

To investigate the electrical properties Fig. 2(b) shows the
specific contact resistivity ρc for ITO 0%-1% versus anneal-
ing temperature. Regarding the ρc, it is noticeable that with
increasing hydrogen content an increase in ρc is observed.
Interestingly, at higher hydrogen concentrations (ITO 0.66% and
ITO 1%) there is an increase in ρc when increasing the annealing
temperature from 135 °C to 150 °C, which again decreases for
170 °C and 210 °C. This increase is not observed for ITO 0% for
which no H2 was added during sputter deposition, emphasizing
that the hydrogen content itself strongly influences ρc.

C. Influence of the Charge Carrier Density on the Specific
Contact Resistivity

As we speculate that the observed increase in ρc corresponds
to a reduction in Ne Fig. 3(a) shows ρc as a function of the
charge carrier concentration Ne for ITO 0%, 1% and low O2, as
determined by a preliminary test. A preliminary examination of
the behavior of ITO 0% and ITO 1% might lead to the conclusion
that there is a correlation between Ne and ρc. However, this
finding is contradicted by the observation that higher ρc is
achieved with ITO low O2 than with ITO 1%, despite the fact
that the Ne for ITO low O2 is almost twice as high. Conse-
quently, it can be concluded that Ne is not the primary factor
influencing the observed increase in ρc, confirming the findings
of Barraud et al. [12], at elevated hydrogen concentrations within
the sputter gas. Instead, the TCO composition—particularly its
hydrogen content—has a pronounced influence. The annealing

Fig. 3. (a) Specific contact resistivity as a function of the charge carrier density
annealed at temperatures between 135 °C and 210 °C for 10 min. (b) XRD
measurements of ITO 0%–ITO 1% annealed at temperatures between 135 °C
and 210 °C for 10 min.

temperature also affects the outcome, but primarily by driving
secondary temperature driven effects.

Although different substrates were used for Hall effect and
contact resistivity measurements, we assume similar trends re-
garding Ne for films grown on glass substrates and a-Si:H(p), as
observed from Cruz et al. [15]. Here, the influence of sublayers
on the electrical properties of ITO films was investigated. In
fact, Ne was found to be in a similar range for ITO films grown
on glass or a-Si:H(p)-layers in the as-deposited state and after
annealing at 210 °C. However, it was found that hydrogen can
diffuse from a-Si:H(p) into the ITO layer during annealing.

It should be mentioned that a different pot of Ag paste was
used for the preliminary test. For the preliminary test [see
Fig. 3(a)], the pot had been stored for 81 days following its
fabrication, while the Ag paste in the results shown in Figs. 2(b)
and 3(b) had been stored for 194 days after its fabrication, which
resulted in an ρc increase.

D. Influence of the Crystallinity on the Specific Contact
Resistivity

To investigate the crystallinity of the TCO layers XRD mea-
surements were performed. Fig. 3(b) shows the ρc for ITO 0%-
ITO 1% depending on the degree of crystallinity of the respective
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Fig. 4. Perovskite/silicon tandem J-V curves under simulated AM 1.5G illu-
mination in forward (VOC to JSC) and reverse (JSC to VOC) scan (top) and
EQE spectra (measured with grid) of a tandem cell (bottom). Optical reflectance
is shown in dots (1 - R; measured with grid).

TCO layers. As expected, crystallinity increases with higher
annealing temperatures and for higher hydrogen concentrations
a decrease in crystallinity is observed. The ITO films sputter
deposited without H2 already exhibit a crystalline fraction after
being annealed at 135 °C that further increases with temperature.
In contrast, the samples deposited with 1% H2 content are
amorphous after deposition and remain amorphous up to an
annealing temperature of 170 °C. Only with an annealing at
210 °C they show partial crystallinity.

Here again, at first sight, a direct causality can be assumed
between crystallinity and ρc, where the higher the degree of
crystallinity the lower the ρc. As illustrated in Fig. 3(b), there
are several conditions that result in the same crystallinity with
different ρc values. Conversely, other conditions yield different
crystallinity for the same ρc. Consequently, although there is
a correlation between crystallinity and ρc, the degree of crys-
tallinity is not the main driving factor determining ρc.

E. Proof-of Concept Perovskite/Silicon Tandem Device

To assess the upper bound of acceptable contact resistivity,
we employed ITO 1% annealed at 135 °C in a perovskite/silicon
tandem solar cell, ensuring that any lower resistivity values
should operate reliably. The J-V curve and parameters, as well
as the external quantum efficiency (EQE) are shown in Fig. 4.

As can be seen in the fill factor (FF) there are no severe resistive
losses indicating a low resistance ohmic contact between TCO
and screen-printed Ag grid. As can be seen in the EQE curve
the subcells are not perfectly current matched, with the silicon
bottom-cell slightly limiting the current of the tandem device.

Nevertheless, both J-V and EQE indicate that the screen-
printed layers can be integrated into a multijunction configu-
ration without detrimental processing incompatibilities.

F. Discussion

As the increase in contact resistivity at elevated hydrogen
concentrations could not be linked to either the charge carrier
concentration or the degree of crystallinity of the TCO layers, it
is hypothesized that the formation of an insulating intermediate
layer between the TCO and Ag grid is most likely, as previously
mentioned by Barraud et al. [12] and Nishihara et al. [14].
This is likely attributable to the desorption of hydrogen (and
oxygen) from the TCO, a process that is known to be enhanced
by the catalyst present in the silver paste. This phenomenon
appears to manifest predominantly within the process window
of low annealing temperatures, resulting in an increase in ρc,
which should not be neglected. Integration in a monolithic
perovskite/silicon tandem device show the process compatibility
for tandem application.

V. CONCLUSION

We have demonstrated a clear influence of hydrogen incorpo-
rated in ITO layers on the ρc to the metal grid. It was found that
the ρc does not correlate with the crystallinity nor the Ne of the
ITO, in the investigated range. The TCOs ITO 0%–0.66% have
been demonstrated to be suitable candidates in combination with
a screen-printed metallization for tandem cells. These candidates
are also within the relevant temperature range of up to 150 °C,
exhibiting a specific contact resistance of less than 5 mΩcm2.
From a contact resistance perspective, ITO 0%, to which no
hydrogen was added during the sputtering process, is the most
suitable candidate, with a specific contact resistance of approx-
imately 1 mΩcm2 being achieved at 135 °C. The grid finger
resistance of the tested paste was found to be approximately
1 Ω/cm at an annealing temperature of 135 °C, thus being below
the maximum value of 8Ω/cm for tandem cells. Incorporation of
the front-electrode system that presents the upper limit in terms
of ρc (ITO 1%) in tandem cells showed an excellent FF > 81%
with no severe resistive losses, forecasting successful process
integration of the screen-printing process in tandem devices.

Furthermore, this study demonstrates that it is important to
not just optimize the TCO layer alone but to also consider the
TCO/Ag interplay.
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