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ABSTRACT: Photovoltaics with monolithically connected tandem architec-
tures have the potential to achieve high efficiencies owing to enhanced spectral
absorption and reduced thermal losses. To achieve this, photoactive layers with
complementary absorption and interconnecting layers, which are robust,
transparent, and energetically suitable, are essential. Here, we investigate a
strategy to create an efficient, highly transparent, ohmic, and chemically robust
interconnecting layer based on atomic layer-deposited tin oxide (SnO2) and
solution-processed diluted poly(3,4-ethylenedioxythiophene):polystyrene sulfo-
nate (PEDOT:PSS), eliminating the need of widely reported parasitically
absorbing metal recombination layers. Monolithic perovskite/organic tandem
devices built on a metal-free interface (SnO2/PEDOT:PSS) compared to its
counterpart (SnO2/metal/PEDOT:PSS) show no significant difference in PCE,
but a remarkable enhancement in photostability. Furthermore, tandem solar
cells were tested under outdoor conditions for 2 weeks, showing improved stability and solar power conversion than single-junction
perovskite and organic devices, underscoring the potential of monolithic tandem solar cells.
KEYWORDS: tandem solar cell, interconnecting layer, photostability, outdoor testing, perovskite tandem

1. INTRODUCTION
Although the power conversion efficiency (PCE) of halide
perovskite solar cells (PSC) and organic solar cells (OSC) has
been steadily increasing during recent years,1 the Shockley−
Queisser (S−Q) limit prohibits PCEs in excess of 33% for single
junctions.2,3 To overcome the S−Q limit by minimizing
thermalization losses, multi-junction tandem solar cells which
combine two or more different band gap sub-cells have been
widely explored.4,5 Monolithic tandems have low internal
reflection losses owing to minimal interconnecting layers
(ICL) between two sub-cells which minimizes the coating/
printing efforts and potentially lower the cost.6,7 As for the
material combinations for sub-cells in monolithic tandems, an
optimal selection is desired to achieve both performance and
stability (which is often disregarded). Although there are several
perovskite material combinations for front sub-cells, back sub-
cells in all-perovskite monolithic tandems are limited to using
narrow band gap tin (Sn) based perovskites which are air
sensitive and highly reactive due to the oxidation of Sn2+ to
Sn4+.8−13 This intrinsic material property issue frustrates the
ease of fabrication of such devices and limits their operational
stability under ambient and outdoor conditions. Organic
photoactive layers, on the contrary, offer processing under
ambient conditions,14−18 show promising device performances
with tunable and ultralow band gaps,19−24 and are shown to be

stable under operational conditions.25−29 Hence, using a
combination of a wide band gap perovskite front cell, and a
narrow band gap organic back cell to fabricate perovskite/
organic monolithic tandem could be a solution to achieving
efficient and stable solar cells.30−36

The design of ICL, the layer that connects the two sub-cells, is
a challenging task when fabricating monolithic tandem solar
cells.37−40 An efficient ICL should possess the following
properties: (i) high optical transparency or optical redistribution
to reduce parasitic optical losses, (ii) ability to form ohmic
contact between sub-cells and maintain balanced carrier
recombination to ensure open-circuit voltage (VOC) addition
and reduce fill factor losses, and (iii) high resistance to solvent
permeability when using non-orthogonal solvents. Currently,
the main materials used for ICLs in the most efficient monolithic
tandems are sputtered indium−tin oxide (ITO) and atomic
layer-deposited (ALD) tin oxide (SnO2).
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sputtered ITO, thick buffer layers are needed to protect the front
cell from high-energy ions generated during sputter deposi-
tion.45 These thick layers lead to parasitic optical losses
impairing the tandem’s overall efficiency. ALD-deposited
SnO2 provides an outstanding platform to form efficient ICLs
given its highly conformal coating on the underlying surface.46,47

A very thin metal recombination layer of gold (Au) or silver
(Ag) is typically used to improve the ohmic contact.43,48,49

However, the presence of this metal layer can limit the short
circuit current (JSC) of the tandemdevices due to parasitic losses.
Moreover, the commonly used Ag combined with PEDOT:PSS
for extracting holes generated from the back cell, could cause
corrosion50,51 and result in unstable devices. Recently,
Brinkmann et al. introduced an indium oxide interlayer to
replace the silver thin layer and achieved excellent efficiency,
which emphasized the urgent need for a metal-free interconnect-
ing layer in a tandem structure.52

In this work, we investigate highly transparent interconnect-
ing layers based on ALD-deposited SnO2 films and diluted
PEDOT:PSS to understand the impact of a metal-free ICL on
perovskite (FA0.8Cs0.2Pb(Br0.4I0.6)3)/organic (PTB7-Th:IEI-
CO-4F) monolithic tandem performance and both photo-
stability and outdoor operational stability. We use a wide band
gap (WBG) perovskite (1.78 eV) as the front cell, where double
cation formamidinium (FA)/cesium (Cs) provides a balance
between efficiency and stability in comparison to methylammo-
nium (MA)/Cs due to the higher volatility of MA.53 The
perovskite layer could also serve as a UV filter to the organic back
cell, which would impact photostability.54−56 Non-polar
solvents and no thermal annealing treatment are used in organic
back cell fabrication, preventing damage to the front cell.6,43,57,58

The champion device with metal-free ICL gives 17.6% PCE,
similar to the 0.5 nm (18.0% PCE) and 1 nm Ag (17.4% PCE)
tandems. Moreover, stability tests under continuous simulated
illumination (>800 h) and real-world outdoor conditions
(average 32 °C) are conducted to demonstrate the great
potential of monolithic PSC/OSC tandem devices with metal-
free ICL.

2. EXPERIMENTAL DETAILS
2.1. Materials. The 10 Ω/sq pattern Indium−tin oxide (ITO) glass

was obtained fromXinyan Technology Ltd. PEDOT:PSS (Clevios PVP
Al4083) was purchased fromHeraeus. PTB7-Th, IEICO-4F, and PFN-
Br were purchased from 1-Material Inc. Chlorobenzene, 1-chloronaph-
thalene, methanol, and isopropyl alcohol were bought from Sigma-
Aldrich Inc. 2PACz was obtained from TCI. Ag was gained from Kurt J.
Lesker Company. Precursors and solvent for the perovskite: CsI from
Alfa Aesar, FAI was obtained from Greatsolar, PbI2 and PbBr2
anhydrous beads, dimethyl sulfoxide, dimethylformamide, and
chlorobenzene were obtained from Sigma-Aldrich.
2.2. Device Fabrication and Characterization. 2.2.1. Organic

Single-Junction Device Fabrication. ITO substrates were cleaned
using an ultrasonic bath with detergent water, deionized water, acetone,
and isopropyl alcohol (IPA) sequentially for 10 min each. The residue
solvent was dried by clean air blowing. Afterward, a diluted
PEDOT:PSS was spin-coated on top of the ITO substrate at 4000
rpm for 40 s and annealed at 105 °C for 30 s in the air. The PEDOT:PSS
was prepared from PEDOT:PSS and anhydrous IPA (1:9, v/v). The
substrates were transferred to the nitrogen glovebox right after the
baking process for further photoactive layer deposition. The photo-
active layer solution with a concentration of 25 mg/mL was prepared
from PTB7-Th:IEICO-4F (1:1.5, w/w) in chlorobenzene:1-chlor-
onaphthalene (96:4, v/v) solvent and stirred at 80 °C for 2 h. The spin
coating process was executed at 1800 rpm for 65s to yield a film
thickness of 130 nm. Then, a thin layer of PFN-Br (0.75 mg/mL in

methanol) was spin-coated at 3000 rpm for 30 s on the photoactive
layer. Finally, a 100 nm Ag was evaporated under reduced pressure (<2
× 10−6 Torr) to finish the device fabrication process, resulting in a
device area of 0.1 cm2. To reduce the reflection of ITO glass, an anti-
reflective layer (MgF2, 100 nm) was evaporated on the other side of the
solar cell. The whole device was then encapsulated by combining 18
mm× 18mm glass cover with lens bond optical cement type J-91 (EMS
Summers Optical) under 5 min UV-treatment.

2.2.2. Perovskite Single-Junction Device Fabrication. To prepare
the perovskite solution, PbI2, PbBr2, CsI and FAI were mixed in 4:3
DMF/DMSO at 1.1 M and stirred overnight. 1 mM 2PACz solution
was dissolved in ethanol and ultrasonicated for 15 min. The ITO
cleaning procedure was the same as for the organic single-junction
devices. After cleaning, the substrates were ozone plasma treated for 15
min and transferred inside the glovebox at <0.1 ppm of H2O and O2
under constant purging. The 2PACz solution was then spin-coated at
3000 rpm for 30 s and then annealed at 100 °C for 10 min. The
perovskite was spin coated at 4000 rpm for 30 s on top. After 20 s, 80 μL
of antisolvent (chlorobenzene) was dropped and then annealed for 25
min at 100 °C. The substrates were kept under a nitrogen atmosphere
and transferred to the evaporator where a C60 film of 7 nm fromNano-C
was deposited at a rate of 0.1 Å/s followed by a 3 nm film of BCP from
Sigma-Aldrich at a rate of 0.1 Å/s. Then, 100 nm of Ag was deposited at
a rate of 0.2 Å/s for the first 10 nm and 3 Å/s for the rest 90 nm. The
whole device was then encapsulated as mentioned before.

2.2.3. ICL Stack Fabrication. ITO substrate was cleaned as the
single-junction fabrication. By the thermal atomic layer deposition
technique, 20 nm SnO2 was deposited on top of ITOmaking use of 140
alternate cycles of tetrakis(dimethylamino)tin andH2O precursors with
a deposition temperature of 100 °C. Then, Ag with different thicknesses
were thermal evaporated onto the SnO2 layer under vacuum. After
coating PEDOT:PSS on top, 100 nm of gold was further thermal
evaporated to finish the device.

2.2.4. Hybrid Tandem Device Fabrication. The perovskite bottom
cell was prepared using a similar method in a single-junction device
until the C60 electron transport layer. Instead of BCP/Ag, 20 nm SnO2
was deposited by ALD and then thin layers of Ag with different
thicknesses were evaporated under reduced pressure. After that, the
PEDOT:PSS/active layer/PFN-Br/Ag was coated under the same
conditions as the organic single-junction fabrication. Finally, a 100 nm
MgF2 was evaporated on the other side of the cell and the whole device
was then encapsulated as mentioned before.

2.2.5. Instruments andMeasurement.The J−V curves of the above
devices were obtained from a Keithley 2400 source meter under
simulated AM 1.5G illumination via a WAVELABS SINUS-220 solar
simulator in air. The EQE spectra were carried out using an integrated
system from Enlitech, Taiwan. For tandem solar cells, a light source
with filters for short pass and long pass below 550 nm and beyond 700
nm are used to gain bias light to saturate the sub-cells.

2.2.6. Device Stability Testing. For simulated light soaking
experiments, both tandem and single-junction solar cells were held
under a bank of metal halide discharge lamps (Osram Powerstar HQI,
900W total) with a light intensity of ∼1 sun. A 400 nm UV cutoff filter
was placed between the cells and the light source. Cell temperature was
maintained at 30 °C using a water-cooled baseplate. The J−V curves of
each cell and tandem were measured at 10-min intervals at 50 mV/s in
the “reverse” scan direction (VOC to JSC) using a multi-channel source-
measure unit based on the open-source “μSMU” (https://certification.
oshwa.org/sa000002.html) calibrated against a Keithley 2400 SMU. In-
between J−V scans, tandem devices were held at their maximum power
point as determined by the last J−V scan, whereas single-junction
devices were held at open-circuit between measurements. For outdoor
measurements, cells were encapsulated within two tempered glasses for
standard photovoltaics module manufacturing. The packaging is
secured via vacuum lamination (Ecolam05, Ecoprogetti). To provide
a strong barrier against moisture permeation, butyl rubber (HelioSeal
PVS101) is embedded at the edges during the lamination process. Prior
to the lamination, the device contacts are tabbed by copper ribbons, and
secured with silver paste (Kyoto). Finally, a layer of silicone is spread
around the tandem as edge sealant to avoid moisture percolation
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through the tabbed contact. Encapsulated cells were mounted on a
rooftop at LAT 22.319, LONG 39.107 with a clear view of the sky
without shadowing. Cell angle and azimuth were 45 and 20°
respectively. Similar to light soaking experiments, cells had J−V curves
measured at 10-min intervals using a multi-channel source-measure
unit, with maximum power point being maintained between measure-
ments. Environmental data were gathered using a MLU-recordum
Airpointer weather station.
2.3. Instrumental Analysis. 2.3.1. Optical Simulation. The

optical response of the solar cells, including absorptions in the
individual layers and reflection, are computed with the transfer matrix
method. Calculated collection efficiency is calculated by dividing the
measured EQE by the calculated light absorption in the absorber layers.

Complex optical properties (n and k) of glass, perovskite with different
Br content, SnO2, C60, MgF2, and PTB7-Th are obtained with variable-
angle spectroscopic ellipsometry measurements (WVASE32 ellipsom-
etry from J. A. Woollam Co., Inc.) with a spectral range from 300 to
1700 nm. UV−Vis transmittance and reflectance spectra were taken
from a PerkinElmer Lambda 950. Refractive indices of PEDOT:PSS
and ITO are adapted from the previously reported study.60

2.3.2. UPS/LEIPES. UPS measurements were performed in an
ultrahigh vacuum chamber equipped with a Sphera II EAC 125 7-
channeltron electron analyzer calibrated with the Fermi edge of clean
polycrystalline silver. The spectra were recorded using the He I line
(excitation energy of 21.22 eV) at a pass energy of 10 eV, with −10 eV
of an external bias.

Figure 1. (a) Chemical structures of PTB7-Th and IEICO-4F. (b) Crystal structure of FA0.8Cs0.2Pb(Br0.4I0.6)3. (c) The absorption spectra of PTB7-
Th, IEICO-4F and perovskite films. (d) Theoretically available photocurrent under AM 1.5G illumination as a function of the absorber band gap.

Figure 2. (a, b) Device stacks of OSC and PSC single-junction devices, respectively. (c) J−V hysteresis curves for OSC and PSC. (d) Simulated
absorption in PTB7-Th:IEICO-4F (pink) and FA0.8Cs0.2Pb(Br0.4I0.6)3 (yellow) (solid line) and measured (dotted line) EQE spectra of their single-
junction devices. (e) Calculated collection efficiency spectra for OSC and PSC single-junction devices.
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2.3.3. Atomic Force Microscope Measurement. AFM topography
and phase images were recorded in semi-contact mode using a Next-
Solve AFM by MD-NDT using a TESP-SS cantilever from Bruker
(nominal tip radius is 2 nm).

3. RESULTS AND DISCUSSION
The chemical structures of the polymer donor, PTB7-Th, and
the small molecule acceptor, IEICO-4F, utilized in the back cell
are shown in Figure 1a as well as a schematic perovskite crystal
structure with the formation formula of FA0.8Cs0.2Pb(Br0.4I0.6)3
in Figure 1b. Normalized absorption spectra of the organic and
perovskite films are presented in Figure 1c, and the organic
blend in Figure S1. The organic blend has a wide absorption
band extending to 1000 nm from which we determined the band
gap to be 1.24 eV. The calculated band gap of perovskite via
Tauc plot is 1.78 eV, shown in Figure S2. Figure 1d shows the
amount of theoretically available photocurrent under AM 1.5G
illumination as a function of the absorption band gap.44 Ideally
half of the maximum available photocurrent that is defined by
the band gap of OSC should be the tandem photocurrent (19
mA cm−2) which is close to that of PSC (20 mA cm−2 for Eg =
1.78 eV), representing a good current match for PSC-OSC
tandem solar cells from the perspective of band gap.

OSCs based on PTB7-Th:IEICO-4F were fabricated with a
conventional (p-i-n) structure (Figure 2a). The PSC single-
junction stack structure using the FA0.8Cs0.2Pb(Br0.4I0.6)3
composition is shown in Figure 2b. We incorporated a
transparent self-assembled monolayer [2-(9H-carbazol-9-yl)-
ethyl]phosphonic acid (2PACz)59 as hole transport layer to
further improve optical properties. The current density−voltage
(J−V) curves of OSC and PSC champion devices are shown in
Figure 2c, giving 11.1 and 14.3% PCE, respectively. Device
parameters are summarized in Table 1, and the performance
distribution figures are shown in Figure S3. Figure 2d shows
both the measured (dotted lines) external quantum efficiency
(EQE) and the simulated (solid lines) absorption spectra of
OSC and PSC single-junction devices. The simulated
absorption spectrumwas obtained by calculating the absorbance
spectra of photoactive layers (perovskite and organic blend)
using the measured complex optical constants of each layer
constituting the tandem solar cell, and considering that the
internal quantum efficiency (IQE) is 100%. The shaded area
represents the collection losses existing in the real device. The
calculated current loss of PSC single-junction is 1.8 mA cm−2,
which is much lower than that of OSC, 5.7 mA cm−2. To
evaluate the collection losses at each wavelength, we calculated
the collection efficiency of both single junctions, derived from

Table 1. Photovoltaic Parameters of Single-Junction Devicesa

photoactive layer JSC [mA cm−2] VOC [V] fill factor [%] PCE [%]

PTB7-Th:IEICO-4F 24.9 (24.6) 0.71 (0.71) 62.8 (62.8) 11.1 (10.9)
FA0.8Cs0.2Pb(Br0.4I0.6)3 18.1 (17.9) 1.18 (1.16) 67.1 (63.6) 14.3 (13.0)

aParentheses shows the average value calculated from 15 devices per variation.

Figure 3. (a) AFMphase images from the two different Ag deposits (Ag0.5 and Ag1), showing a cluster-like morphology. (b) Transmittance of the three
different SnO2 interfaces (PEDOT:PSS, Ag0.5/PEDOT:PSS and Ag1/PEDOT:PSS) and SnO2 on bare glass. (c) Current−voltage response in the dark
of the devices using ITO/SnO2/(without Ag, Ag0.5 or Ag1)/PEDOT:PSS/Au architecture. (d) Secondary electron cutoff and (e) valence region of the
UP spectra showing the change in the work function and electronic states in the valence regions respectively, for different ICL stacks.
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the ratio of the measured EQE and calculated absorption, shown
in Figure 2e. In the visible range (300−700 nm), PSC shows
much higher collection efficiency (>90%) than OSC (65−90%).
This implies in a wide band gap perovskite/low band gap organic
tandem configuration, the photons in such range will mostly be
absorbed and converted by the front perovskite sub-cell, leading
to a reduced electro-optical loss compared to OSC single-
junction devices.
Current matching of sub-cells in monolithic tandems is

critical. Simulated current-matchedmaximum achievable photo-
generated current (MAPC) density as a function of OSC and
PSC active layer thicknesses is shown in Figure S4. The
thickness of the perovskite layer can be selected with multiple
options due to favorable interferences in its single-junction
configuration;60 however, current matching conditions in the
tandem structure forces thinner perovskite layers for trans-
parency. Thus, combining 250 nm PSC and 150 nmOSC shows
the highest current density. To achieve such thicknesses,
different concentrations of perovskite solutions for deposition
were tested and optimized as 1.1M to yield an optimized layer of
300 nm. Further reducing the concentration of perovskite to
achieve thinner photoactive layers resulted in pinholes and poor
crystal growth (Figure S5). Such a perovskite layer needs to be
matched with an organic back sub-cell thickness of around 130−
140 nm (Figure S6).
ICL is the heart of a monolithic tandem device. Photo-

induced electrons within the perovskite absorber are extracted
by the incorporated n-type transport layers of 7 nm-thick
fullerene (C60) and 20 nm-thick SnO2. On the other side, photo-
generated holes from the organic blend are collected through a
p-type transport layer of 10 nm-thick PEDOT:PSS. These
electrons and holes from the perovskite and organic sub-cell
must effectively recombine at the n-type/p-type interface for an
efficient tandem device operation. It has been widely reported
that an additional thin (1 nm) Ag layer can enhance the ohmic
contact in the ICL43,48,49 at the expense of a degree of optical

transmission. To examine our metal-free SnO2/PEDOT:PSS
ICL behavior, we investigated two different thicknesses for the
Ag layer in-between SnO2 and PEDOT:PSS as a comparison. A
metal deposition time of 170 s at 0.03 Å/s rate corresponded to a
quartz crystal monitor-indicated thickness of 0.5 nm, and a 330-s
deposition time to an indicated 1 nm Ag layer. By examining the
morphology of the evaporated Ag layers on SnO2, we found that
the atomic force microscopy (AFM) micrographs show clusters
of metals rather than a continuous film, shown in Figure 3a.
Given the non-uniformity of the thin evaporated Ag layers, we
will describe the two Ag “films” by Ag0.5 and Ag1 representing the
evaporation time of 170 and 330 s, respectively. As expected,
transmittance is significantly reduced in the range of 350−850
nm (Figure 3b) upon deposition of Ag, even as small as Ag0.5 and
Ag1. This parasitic absorption by the thin Ag layer would
adversely affect the current generated by the organic sub-cell.
Since we have already revealed that the collection efficiency of
the organic sub-cell falls behind the perovskite, such absorption
is undesirable.
The linear relation in the dark current−voltage response of

the ITO/ICL/Au stack confirms the ohmic behavior. Figure 3c
shows dark J−V curves of such devices with the different
thicknesses of Ag (ITO/SnO2/(without Ag, Ag0.5, or Ag1)/
PEDOT:PSS/Au). By comparing the slope of the J−V curves, it
can be seen that the ohmic contact is improved by increasing the
thickness of Ag on SnO2. To further understand the ohmic
behavior of ICL, we used Kelvin probe force microscopy
(KPFM) measurements to see the work function (WF) changes
by additional Ag layers on top of SnO2. As shown in Figure S7,
both Ag0.5 and Ag1 can enhance the WF similar to the surface of
SnO2. To corroborate the changes in WF further PEDOT:PSS
layer is deposited, we characterized the SnO2 thin film surface
with and without Ag deposition, using ultraviolet photoelectron
spectroscopy (UPS). The WF of ALD-deposited SnO2 was
found to be 4.35 eV and the valence band (rel. to Fermi level)
was found at 3.7 eV, resulting in an ionization energy (IE) of

Figure 4. (a) Perovskite/organic monolithic tandem stack. (b) Energy diagram of the tandem stack obtained from PESA, Tauc plot, and UPS studies.
(c) Box plots of tandem performance under 1 sun at AM 1.5G of three different ICL (without Ag Ag0.5 and Ag1) devices. (d) J−V curves of the
champion devices for each tandem stack. (e) EQE spectra and the cumulative current density of the champion tandem devices. (f) Simulated PSC and
OSC sub-cell absorption spectra in the tandem structure with different ICLs.
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8.05 eV (Figure 3d). Deposition of Ag1 on the SnO2 surface
resulted in a 0.2 eV increase in the work function to 4.55 eV, with
additional electronic states appearing at around 3 eV in the
valence region. On the other hand when a thin layer of
PEDOT:PSS was further deposited over the SnO2-Ag surface an
almost unchanged (within an experimental uncertainty of ±0.05
eV)WF of 4.58 eVwas found, compared to aWF of 4.64 eV for a
SnO2-PEDOT:PSS surface. Moreover, additional electronic
states of ∼ 3 eV were also observed when PEDOT:PSS was
deposited over the SnO2 surface, independent of the presence of
a thin Ag layer. Since the electronic states in the valence region
contribute to charge transport, SnO2 with a thin PEDOT:PSS
layer is expected to have comparable electrical properties as its
counterpart with a thin Ag layer. It can thus be concluded that
the presence of metal clusters between SnO2 and PEDOT:PSS
has no significant impact on the resultant WF of such interfaces,
and they could well be replaced only with a PEDOT:PSS layer.
Owing to the similar additional electronic states, SnO2/
PEDOT:PSS ICL is still suitable for carrier recombination in
monolithic tandems compared to Ag including ICLs.
We fabricated monolithic tandem devices using three

different ICL variations: without Ag, Ag0.5, and Ag1 deposition
between SnO2 and PEDOT:PSS, to investigate their impact on
solar cell performance and stability. A representative tandem
stack and energy diagrams are shown in Figure 4a,b, respectively.
As presented in the absorption distribution profiles of tandems
with different ICLs (Figure S8), most visible photons are
absorbed by the perovskite layer and the non-absorbed photons
from 500 to 700 nm transmit through the ICL and are utilized by
the organic photoactive layer. The n and k values of respective
layers extracted from ellipsometry measurements are disclosed
in Figures S9 and S10. Figure 4c summarizes box plots of
photovoltaic parameters of tandem devices exploiting different
ICL stacks, and the device performance statistics are shown in
Table 2. No statistically significant change in VOC or FF is

observed depending on the ICL (without or with different
thicknesses of Ag), which indicates that the absence of Ag in ICL
does not harm the formation of a good ohmic contact when
connecting two sub-cells. The JSC value is slightly increased with
the removal of Ag owing to higher transparency. Upon Ag0.5
deposition, we achieved a tandem performance of 1.84 V VOC,
13.8 mA cm−2 JSC, and 70.5% FF resulting in 18.0% PCE.
Further, Ag1 and the metal-free ICL-based champion tandems
reached 17.4 and 17.6% PCE, respectively, evidencing that the
existence of Ag does not have a dramatic impact on the tandem
efficiency. The J−V curves of these three champion devices are
shown in Figure 4d. A very low degree of J−V hysteresis was
observed in all three tandem devices (Figure S11). EQE spectra
of the tandem sub-cells are shown in Figure 4e. The integrated
current densities of the organic sub-cells are 13.1, 13.3, and 12.8
mA cm−2 for those without Ag, Ag0.5, and Ag1, respectively, and

of the perovskite sub-cell is 14.6 mA cm−2. The differences
between the calculated JSC and the measured JSC are within the
acceptable error range of 5%. When comparing Ag1 to no Ag on
the calculated JSC, we can see the decrease in organic sub-cell due
to transparency loss, following the trend of the J−V measure-
ment as well as the simulated absorption profile of the back cell
shown in Figure 4f (other layers in Figure S12).
We performed stability measurements of tandem devices

under both solar simulation and outdoor conditions. Figure 5a
shows the light-soaking stability performance of tandem devices
with different ICLs under an inert atmosphere and under
continuous full-spectrum illumination held at the maximum
power point (MPP). The device parameter changes are shown in
Figure S13. All tandems exhibit an initial burn-in within the first
100 h. However, after this initial period, a rather slower
progression in PCE degradation is observed in the device with a
metal-free ICL, followed by the Ag0.5 and Ag1 device,
respectively. After 800 h of illumination, the Ag-free tandem
retained 72% of its original PCE, compared to 36 and 27% for
Ag0.5 and Ag1 ICL devices, respectively. To further investigate
the reason for this stability enhancement in the metal-free ICL
device, the photostability of organic single junctions was tested
with a stack of ITO/SnO2/different thicknesses of Ag layer/
PEDOT:PSS/PTB7-Th:IEICO-4F/PFN-Br/Ag. As shown in
Figure 5b, a similar trend in stability was observed in these
single-junction devices, whereby the metal-free ICL cell
demonstrated the highest stability, and the Ag1-containing cell
showed a steeped PCE decay. The device parameter changes are
shown in Figure S14. From this study, we can conclude that the
interaction between Ag and PEDOT:PSS, as reported else-
where50 is a major source of instability within tandem devices
containing such an interlayer. Interestingly, the typical organic
single-junction configuration, where PEDOT:PSS is deposited
directly onto the glass/ITO, shows the worst photostability due
to the corrosion of the ITO by the acidic nature of
PEDOT:PSS.51 Therefore, a generalized route to greater OPV
stability may be to insert a thin SnO2 layer between ITO and
PEDOT:PSS. We performed our outdoor stability measure-
ments (Figure 5c) on encapsulated single junction and tandem
devices with Ag-free ICL in Thuwal, Saudi Arabia, with an
average air temperature of 32 °C (Figure S15) for 15
consecutive days. The cells’ max power point (MPP) was
continuously tracked, with the power output normalized to the
first day’s peak as shown in Figure 5d. After 15 days in operation
with no UV-filtering, the tandem devices retain 73% of its
original power output, compared to 37 and 18% in the
perovskite and organic single junctions, respectively. The large
improvement in operational outdoor stability under real-world
conditions highlights the unique benefit of perovskite/organic
tandems over their constituent sub-cells. In tandem config-
uration, the perovskite front sub-cell is protected by the stack of
ICL and the whole back cell from the diffusion of the top Ag
electrode, whereas their single-junction counterpart has an Ag
electrode separated from the perovskite only by thin layers of 7
nm C60/3 nm BCP. Furthermore, the unfiltered near-UV
irradiation adversely affects the longevity of the organic single
junction by adding a detrimental chemical effect of PEDOT:PSS
over the sputtered ITO electrode, as well as degrading on the
photoactive layer itself. In the tandem configuration, the
perovskite layer absorbs the near-UV irradiation and prevents
it from reaching the organic active layer, and enhances the device
lifetime.

Table 2. Tandem Photovoltaic Parameters of Three Different
ICL Variationsa

tandem
devices

JSC
[mA cm−2] VOC [V] FF [%] PCE [%]

without Ag 13.8 (13.9) 1.83 (1.75) 69.4 (67.2) 17.6 (16.2)
Ag0.5 13.8 (13.7) 1.85 (1.77) 70.5 (66.7) 18.0 (16.2)
Ag1 13.6 (13.5) 1.83 (1.76) 69.8 (68.6) 17.4 (16.4)

aAverage values in parentheses calculated from 15 devices per
variation.
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4. CONCLUSIONS
In summary, we successfully developed a perovskite/organic
monolithic tandem solar cell with a metal-free interconnecting
layer. Such ICLs have unique advantages compared to the
commonly employed Ag-containing ICLs. Owing to the
negligible parasitic absorption, metal-free ICL tandem devices
possess reduced optical losses and deliver higher JSC. The
removal of a time-consuming and energy-intensive vacuum
deposition step in the tandem fabrication process simplifies the
device fabrication with a minimal trade-off in photovoltaic
performance. Furthermore, such devices enhance photostability
by blocking the UV radiation for the organic back cell with the
perovskite front cell. Under continuous illumination for 800 h,
the metal-free ICL tandems demonstrate a dramatically
increased photostability, retaining 72% of its initial PCE. Finally,
we displayed the benefits of the tandem configuration under
real-world conditions, where we highlight the improvement in
operational stability over organic and perovskite single-junction
cells. This finding paves the way for future innovations in
perovskite/organic monolithic tandem photovoltaics to achieve
application as stable and efficient devices.
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