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Abstract

Although "highest tandem efficiencies have been reported for the perovskite/silicon and
perovskite/perovskite configurations, they suffer from poor stability of the low-bandgap tin-
based perevskite subcell. Thus, finding new low-bandgap materials with good stability is
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required for the fabrication of stable and all solution-processed monolithic (two-terminal
(2T)) tandem solar cells. Among all tandem configurations, a 2T tandem device composed of
an organometallic perovskite (high bandgap) and PbS colloidal quantum dots (QDs) (low
bandgap) ,abserbers, by considering the perovskite device as a front cell would be so
interestingyowing to the excellent air-stability of the PbS QDs. In fact, fabrication of PbS
QDs (lowandgap) on top of perovskite cells (high bandgap) is problematic due to the
fabrication 1ssues and there is not any successful report for this configuration. Therefore,
mostly researchers reported a simple mechanically attached perovskite and PbS QDs subcells
(i.e., four-terminal (4T)) tandem device. Here, we reported highly efficient and stable
monolithic (2T)_perovskite/PbS QDs tandem solar cells, where the perovskite solar cell
(PSC) acts assthe,front cell and the PbS QDs with a narrow band gap acts as the back cell.
Specifically, 'wejemployed ZnO nanowires (NWs) passivated by SnO, as an electron
transporting. layer (ETL) for PSC front cell, leading to a single cell PSC with maximum
power conversion efficiency (PCE) of 22.15%, which is the most efficient NWs-based PSCs
in the literature. By surface passivation of PbS QDs by CdCl,, we achieved QDs devices with
improved Woc and a PCE of 8.46% (bandgap of 0.92 eV). After Proper optimization, two-
and four-terminal, tandem devices with stabilized PCEs of 17.1% and 21.1% were achieved,
respectively, Where our 2T tandem device shows the highest efficiency reported in the literature for
this design.'Since in the front cell, we replaced spiro HTL with a stable hole transporting layer
(CuPC)y™our=2T tandem cell shows excellent operational stability over 500 h under
continuous illumination with only 6% PCE loss. More importantly, the tandem design
without any paekaging depicts impressive ambient stability (almost no change) after 70 days
in an envirenment with controlled 65% relative humidity (RH), thanks to the superior air

stability of the PbS QDs.
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Introduction

Low-cost mprocessing and promising optoelectronics properties of organic-inorganic
perovskited materials with ABXjs crystal structure (A: Methylammonium (MA),
Formamidinium (FA), Cesium (Cs); B: Pb, Sn; X: I, Br, Cl) make them ideal candidates for
the fabrication_of high efficiency and stable thin film solar cells."* Over the past years,
extensive (efforts) in terms of compositional engineering, interface engineering, additive
engineering; andysurface passivation have been devoted to improving the efficiency and
stability of the perovskite solar cells (PSCs).>° This results in a certified power conversion
efficiency (PCE)'of 25.5% for single junction device, which is very close to the Shockley-
Queisser LMt ™ order to improve the efficiency and stability of the PSCs, many research
groups modified the electron transporting layer/perovskite interfaces,*>** developed new

14-16

perovskite compositions with improved crystallinity and absorption, and passivated the

1718 and two-

surface"of,perovskite films using different modulators such as chlorine additives
dimensional™(2D) perovskites.'*?! Basically, single junction solar cells suffer from two
inevitable energy losses i.e., the transmittance of photons with low energy and thermalization
of photons*with=high energy. These losses greatly limit the efficiency of the device and can
be addressed using a tandem design.? In order to further push the efficiency of the PSCs
above thegShoekley-Queisser limit, it is highly desirable to develop tandem devices by
combination of PSCs with other semiconductor solar cells such as silicon cells, which have a

great potential to absorb in the infrared region. Lin et al.”®

modified the composition of low-
bandgap Rb=Sasperovskite using metallic tin powder to control the oxidation of Sn** to Sn**
and fabricated a 2-T perovskite/perovskite tandem solar cell with PCE of over 24.8%.

Recently, Xu et'al.?* fabricated 2T perovskite/silicon tandem device with impressive PCE up

to 27% by proper modification of the large bandgap perovskite back cell composition using
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triple-halide alloys. Even though perovskite/silicon and perovskite/perovskite tandem devices
shows impressive efficiency, they suffer from poor stability of the low bandgap perovskite
subcell due to.the poor stability of the tin-based perovskite film.2 Therefore, finding new and
air-stable activedayers with absorption in near- and mid- infrared range of the solar spectrum

for the back call is crucial.

Among the infrared absorbing materials, PbS quantum dots (QDs) appear as an attractive
alternative sforssilicon due to the ease of fabrication, low-cost processing, and bandgap
tunability and fér perovskite due to excellent air-stability.>>*° In fact, by controlling the size
of PbS QDs, the'bandgap can be easily tuned to efficiently absorb the light in the infrared
range.>-% Recently, Sun et al.* reported PbS QDs solar cell with a certified PCE of 13.8%
by reducing the interdot spacing using a monolayer of perovskite film. However, the
combination of low-bandgap PbS QDs and high-bandgap perovskite absorbers in a tandem
configuration has been rarely investigated. In fact, fabrication of monolithic (2T)
perovskite/PbS QDs tandem devices is challenging due to all technical issues during the
processing. For example, the solvents such as acetonitrile can dissolve the perovskite film

and thereforepZhang et al.?

considered the use of PbS QDs as a front cell and perovskite
layer as a back cell in their tandem configuration. They reported a 2T tandem cell with a PCE
of 11%, howewery the proposed cell architecture increases the energy loss due to considering

1.3* revealed that

the PbS"QDs as a front cell. The recent theoretical study by Karani et a
tandem device with an ideal PCE of 43% can be achieved using perovskite absorber with a
bandgap ofsd:55°eV (front cell) and PbS QDs with a bandgap of 1 eV (back cell). Thus,

extensiveseffarts over time are required to achieve such high PCE for perovskite/PbS QDs

device.
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Since fabrication of 2T tandem devices is a big challenge, most of the researchers prefer to
simply fabricate 4T tandem solar cells by mechanically attachment of both subcells. In this

regard, Manekkathodi et al.*

reported 4T perovskite/PbS QDs tandem device by fabrication
of semitranspar€nts, PSCs using MoOs/Au/Ag/MoO; top electrode and mechanically
attachment, of two subcells, which resulted in PCE of 20.2%. Later, Chen et al.*® improved

the design of perevskite/PbS QDs 4T tandem device and achieved a PCE of 24%.

In this study,ewe fabricated an efficient and stable monolithic (2T) perovskite/PbS QDs
tandem device by considering the perovskite (large bandgap) as front cells and the PbS QDs
(small bandgap) .as back cells. We first improved the efficiency and stability of each subcell
using light-management strategy (NWs-based device) and interface engineering (ZnO
NWs/SnQO,) for the PSC front cells and surface passivation of PbS QDs for the back cells.
Based on 'these_modifications, we achieved high PCEs of 22.15% for the NWs-based PSC
and 8.46%_ for the Cd-doped PbS QDs device with great stability. Finally, based on proper
optimization, two- and four-terminal perovskite/PbS QDs tandem devices with stabilized
PCEs of 17.1% and 21.1% were achieved, respectively, where the 2T device shows the
highest reported*PCE in the literature. Notably, the main advantage of our tandem device is
its stability. Our monolithic tandem device shows excellent operational stability under
continuousgillumination for more than 500 h with only 6% PCE loss. Regarding ambient
stability, the results are more promising since the PbS QDs has a great air stability. The 2T
tandem device maintained its initial PCE value after 70 days in an environment with 65%
RH, whergassthe single junction PSC lost almost 37% of its initial efficiency in the same
conditionsOUr novel tandem design (perovskite/PbS QDs) with descent efficiency addresses
the poor stability®of perovskite/perovskite and silicon/perovskite tandem devices thanks to the

air-stability of the PbS QDs. Overall, our achievements in this study open up a new class of
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solution-based tandem solar cells, which has a great potential for the commercialization

purpose without using any packaging.
Results and Diseussions
ZnO nanowire=based perovskite solar cells:

While ZnQ"NWs,are widely used as an ETL for the fabrication of efficient organic and PbS
QDs solar cells, there is a comparatively limited attention in their use in PSCs due to often
encountered./chemical instability of ZnO/perovskite interface.®”*® In this study, we deposit
double-A cationperovskite (methylammonium (MA)/ formamidinium (FA)) on ZnO NWs
ETL grown. by hydrothermal technique (Figure S1). Figures 1a and 1b show the scanning
electron micreseopy (SEM) images of the decomposed perovskite film annealed on top of
ZnO NWs with different magnifications. As seen, there are three different regions in the film
containingsenlysPbl, flakes, perovskite crystals, and mixed Pbl, and perovskite phases. UV-
visible spectram (Figure 1c) and x-ray diffraction pattern (XRD) (Figure 1d) indicate the
presence of Pbl, phase in the perovskite film, which is in good agreement with the SEM
images.39 Notably, we may have some 6 phase after annealing in the perovskite film. There
are two approaches to tackle with this stability issue i.e. annealing of perovskite film at low

temperature (70 °C) or applying an interface layer between ZnO NWs and perovskite.
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Figure 1. ite reaction with ZnO NWs during the annealing process. Top view

SEM images of perovskite film annealed on top of ZnO ETL at 100 °C for 5 min with low (a)
and high magnifications. (c) UV-visible spectrum and (d) XRD pattern of the
corresponovskite film on ZnO ETL, indicating the presence of Pbl, phase. The inset
image in Figure 1D is the photograph of perovskite film annealed on ZnO NWs array.

In this ﬁ passivate the surface of ZnO NWs with a thin layer of amorphous SnO, (4
nm), depo’ﬁ atomic layer deposition (ALD). Figure 2a-c shows the schematic of device

fabricatio ZnO NWSs/SnO, ETL. As seen, the ZnO NWs were grown on the ITO glass

coated {seed layer (Figure 2a). Then, a conformal layer of SnO, was deposited on
the ZnO NWs array using ALD method (Figure 2b). Transmission electron microscopy
(TEM) images shown in Figure S2 confirms the presence of uniform amorphous SnO; layer

This article is protected by copyright. All rights reserved.
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around the ZnO NW with an interplanar d-spacing of 0.26 nm (corresponded to the (002)
planes).*® We also measured the photoluminescence spectra of the NWs and NWs/SnO,
samples and_observed a near band emission peak located at ~380 nm and a broader green
emission peak.(defect peak) at the visible region for both samples (Figure S3). The enhanced
PL peak at;380 nm and the quenched green emission peak for the NWs/SnO, sample clearly
shows thatgthe 1SnO, layer passivates the surface defects of the NWs array,'? which is also
consistent “with~ the X-ray photoelectron spectroscopy (XPS) results (Figure S4,
Supplementary Note 2). The XPS results indicate that ALD deposition of SnO; on the surface
of ZnO NWs array can passivate the surface defects of NWs and reduce the presence of

oxygen vacancies and especially hydroxyl groups, resulting in high quality ZnO NWs array.*
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Figure 2. haracterizations of NWs and NWs/SnO, ETLs. Schematics of device

fabrication, steps., (a) Hydrothermal growth of ZnO NWs, (b) Atomic layer deposition of
SnOy, an ematic of device architecture. (d) Top-view SEM image and (e) x-ray

diffractio n of the perovskite film deposited on ZnO NWSs/SnO, ETL. (f)

Photol u@ ence spectra and time-resolved photoluminescence curves (g) of the perovskite

films deposited on ZnO NWs with and without SnO; layer.
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Figure 2d shows SEM image of the perovskite film deposited on the NWs/SnO, ETL
(annealed at 150 °C), indicating a pinhole-free morphology and great crystallinity of the
perovskite film. Moreover, the perovskite film has an average grain size of ~420 nm, as
confirmed;by,atomie force microscopy (AFM) analysis as well. As shown in Figure S5, the
perovskiteyfilm has a smooth surface with a roughness of 235 nm. XRD pattern of the
perovskite filmmshown in Figure 2e, indicates excellent crystallinity of the perovskite film
with a small"peak of Pbl, originated from excess Pbl; in the perovskite composition. In order
to study the/effect NWs array on optical properties, we have measured the transmittance
spectra of the ZnO NWs/ITO glass, and SnO,/ZnO NWs/ITO glass samples as compared to
the ITO glass_and planar ZnO/ITO glass, as shown in Figure S6a. NWs array generally
causes optiealsseattering, which results in a longer optical path length in the absorber layer
and incredses thesprobability of the optical absorption in the perovskite film.***? As seen in
Figure .S6a,..the. NWs based sample has 6-10% more transmittance over the entire
wavelengths_as<compared to the planar sample, indicating their effect on light trapping
properties. This can drastically enhance the perovskite absorption and thus increase the
current density in the device. Figure S6b depicts UV-visible spectra of the perovskite films
on NWs and NWs/SnO, ETLs indicating similar bandgap of ~1.55 eV and higher absorption
of perovskite" film on NWSs/SnO, sample due to its better crystallinity. Steady-state
photoluminescence (PL) spectroscopy reveals that perovskite film on NWs/SnO, sample has
stronger‘gquenching effect as compared to the NWs sample (Figure 2f). Thus, a better charge
transfer at the Jinterface of perovskite/NWs/SnO, is expected as compared with the
perovskite/Zn@#When we have a stronger quenching effect, it means that the electrons can
quickly transfer from the perovskite layer to the ETL before they recombine with holes. For
the case of ZnO/SnO,/perovskite sample, the electrons transfer from perovskite to the ETL

faster than the ZnO/perovskite one. Therefore, in ZnO/SnO,/perovskite case, the chance of
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non-radiative recombination is lower than the ZnO/perovskite sample and we have a better
charge transfer.!%'? We also performed time-resolved PL (TRPL) spectroscopy for the
corresponding.samples, as shown in Figure 2g. Biexponential model was used to fit these
data as sumimarized, in Table S1. The perovskite film on NWs/SnO, ETL shows shorter
lifetime than the perovskite on pure NWs, which is in good agreement with the PL results. In
addition togthemabove results, we also compared the optical properties of perovskite films
deposited on"planar ZnO/SnO, and ZnO NWs/SnO, ETLs, as illustrated in Figure S7. We
find that ‘the NWs-based sample shows higher absorption due to better light trapping
properties of NWs and stronger quenching effect due to larger surface area as compared to

the planar sample.’

To study the influence of the SnO, interface layer on the device performance, PSCs based on
NWs and NWSs/SnO, ETLs were fabricated. Figure 3a shows the cross-sectional SEM image
of NWs/SnO,-based PSC with the following architecture: ITO/ZnO NWs/SnO, coated-ZnO

NWs/peravskite/spiro-OMeTAD/gold.
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Figure 3#Photovoltaic characterizations of PSCs fabricated on ZnO NWs and ZnO
NWSs/SnO; ETLs. (a) Cross-sectional SEM image of PSC based on NWs/SnO; ETL, taken
by focused ionsbeam milling (FIB) SEM. (b) J-V curves, (c) maximum power point tracking,

and (d) EQE spectra of PSCs fabricated on ZnO NWs and ZnO NWs/SnO, ETLs.

The current density-voltage (J-V) curves of the best performing PSCs fabricated on the NWs
and NWs/SnO, ETLs are shown in Figure 3b, which are measured under standard AM1.5G
condition and reverse scan. The photovoltaic (PV) parameters of the corresponding PSCs are
listed in Table S2; The champion PSC with ZnO NWs ETL shows a V¢ of 1.05 V, a Jsc of
21.3 mAdem?; a fill factor (FF) of 67%, and a decent PCE of 15%. The main reason of poor
efficiency is due the use of low temperature (70 °C) for annealing of the perovskite film,

which could control the deteriorate reaction between perovskite and ZnO NWs but also leads
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to the formation of poor-quality perovskite films with point defects/low crystallinity. In
contrast, the NWs/SnO; based device indicates improved V. of 1.16 V, high Js. of 24.4
mA/cm?® and.EF of 78%, resulting in a maximum PCE of 22.15%. As seen, using surface
passivatiopef,NWs.array by SnO,, the Voc and FF are improved relatively by 10% and 16%,
respectively. We confirmed our PCE results by measuring the maximum power point (MPP)
of the corresponding devices, as shown in Figure 3c. From these results, the PSCs on NWs
and NWs/SnO3ETLs indicate stabilized PCE of 14.7% and 21.9%, respectively. Notably, the
optimum average length of NWs array is around 200 nm and by increasing the NWs length,
the PCE is dropped possibly due to the shunting effect or higher series resistance in the
device (Figure S8). We also compared the J-V results of the PSCs fabricated on ZnO and
ZnO/SnOy planakETLSs, as shown in Figure S9. Similarly, the ZnO/SnO; planar device shows
a high PCE 'of 19.38%, which is much better than the ZnO planar PSC (11.85%). The
NWs/SnO,.based PSC shows the highest efficiency due to better light absorption (Js) as than
that of ZnO/SnOy planar device. In fact, using the NWs array, the Jsc and PCE of the PSCs
are enhanced relatively by 12% and 14.3%, respectively, due to the light trapping effect. To
validate the values of Js; of the representative PSCs, external quantum efficiency (EQE) was
measured as'shown in Figure 3d. After integration of EQE results with the solar spectrum, Js
of 20.2 mA/EM? for NWs device and 23.1 mA/cm? for the NWs/SnO; device were obtained,
which are ‘in_good agreement with the corresponding J-V results. In order to evaluate the V.
enhancémentin“the NWs/SnO; device, electrochemical impedance spectroscopy (EIS) was
performed as shown in Figure S10. We found that the NWs/SnO, device shows lower series
resistance (Rg)g@nd larger recombination resistance (Rrec) as compared to the NWs PSCs,
which can“explain the observed higher FF and Voc in the NWs/SnO; device, respectively.
Additionally, we performed ultraviolet photoelectron spectroscopy (UPS) measurements for

the NWs and NWs/SnO, ETLs and found that the band offset between the conduction band
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of perovskite film and the NWs/SnO, ETL is less than that of NWs ETL, resulting in a better
electron transfer at the interface of perovskite/ETL (Figure S11). Figure S12 depicts the
statistics of P\/ parameters for the PSCs fabricated on NWs and NWs/SnO; ETLs. As seen,
the averagepvalues,of PV parameters for the NWs/SnO, PSCs are higher than those of the
ZnO NWs, ones, which indicate the same trend as the best performing devices. We also
measured the average values of hysteresis indices (HIs) for NWs and NWs/SnO, based PSCs
as illustrated"in Figure S13. We find that the average value of HI for the NWs/SnO; based
PSCs (1.09%) isdower than that of (1.46%) the NWs devices, which can be correlated to the
stronger quenching effect in the device with NWs/SnO, ETL. Besides, the operational
stability of the PSCs on NWs and NWs/SnO, ETLs was monitored over 200 h under
continuous illumination and nitrogen environment (Figure S14). Interestingly, the NWs/SnO;
device retains 92% of its initial PCE after 200 h, whereas the NWs cell degrades quickly,

possibly.due.to.the light activated chemical reaction at the ETL/perovskite interface.
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Figure 4. haracterization of QDs and Tandem solar cells. (a) Schematic of device
architectu bS QDs solar cells. (b) J-V curves (The inset image indicates a single

quantu —<dﬂ assivated by Cd atoms and TBAI ligands) and (c) EQE spectra of PbS QDs

solar cells without and with Cd doping. (d) Cross-sectional SEM image of 2T-tandem

perovskite/PbS QDs solar cell. (e) J-V curves of 2T-tandem perovskite/PbS QDs solar cell
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with forward and backward scan directions. The inset image shows the schematic of device
structure. (f) EQE curves of back and front subcells in 2T-tandem design. (g) J-V curves of
semi-transparent PSC and PbS QDs device filtered by semitransparent PSC. (h) Maximum
power poiftytracking of the 2T-tandem perovskite/PbS QDs, semi-transparent PSC, filtered
PbS QDs,gand 4T-tandem perovskite/PbS QDs devices. (i) EQE spectra of semi-transparent
PSC, filtered PhS QDs, and tandem perovskite/PbS QDs devices in 4T tandem design. (j)
Stabilized "phetovoltage over 200 s and (k) operational stability test of 2T-tandem

perovskite/PbS QDs device under illumination and nitrogen flow for 580 h.
PbS QDs solar cells:

PbS QDs semiconductors are excellent active layers for absorbing photons in near- and mid-
infrared ranges®f a solar spectrum.?” To evaluate the potential of PbS QDs semiconductors,
we synthesized a set of QDs with bandgap of 0.92 eV, 1.12 eV, and 1.3 eV by controlling
their QDs Sizesy(Figure S15) and studied their effect on the PV performance of PbS QDs
devices astexplained in the Supporting Information. To further increase the V. of the low-
bandgap RbS QDs, we reduced the surface defects of PbS QDs by atomic passivation
technique. Eokthis purpose, CdCl, with low electron affinity was employed to passivate the
surface of PbS.QDs.*® Figure S17 shows the XPS spectra of the QDs without and with CdCl,
doping, supporting the presence of both Cd (406.4 eV) and Cl (199.6 eV) atoms on the
surface ofithe PbS QDs. TRPL spectra of the PbS QDs (bandgap of 0.92 eV) before and after
Cd doping shown in Figure S16, indicate longer lifetime for the Cd-doped PbS QDs. Figure
4a shows the schematic of PbS QDs device demonstrating an architecture of ITO/ZnO/TBAI-
cappedPbS QDs/EDT-capped PbS QDs/Au. J-V curves of the PbS QDs devices without and
with Cd passivation are shown in Figure 4b. Table S4 shows the PV parameters of the

corresponding devices. As seen, all photovoltaic parameters are improved drastically, due to
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reduction of the surface defects of PbS QDs through Cd passivation. The PCE and especially
Vo of the PbS QDs (Bandgap of 0.92 eV) device are increased from 7.32% and 0.38 V for
reference t0.8.46% and 0.41 V for Cd-doped device, respectively. The V.. enhancement
(7.8%) caused byCd passivation is further confirmed by EIS measurement as shown in
Figure S18; indicating lower Rs and higher Rgec in the Cd-doped QDs device compared with
the referenee cell. Additionally, upon Cd passivation the current density of PbS QDs device is
increased as‘proved by EQE measurement. The EQE results show that the PbS QDs devices
yield in athigh EQE (over 50%) in the ranges of 800-1000 nm and 1200-1400 nm. After
integration of EQE spectra by the solar spectrum, Jsc values of 30.8 and 32.2 mA/cm? were
achieved for the reference and Cd-doped PbS QDs devices, respectively, which are in good
agreement.withyd-V results. We further investigated this enhancement by UPS measurement
and found that the Cd-doped PbS QDs has smaller band offset with respect to the ZnO ETL
as compared.to.that of the reference QDs (Figure S). Figure S20 shows the J-V curves of Cd-
doped PbS QDs solar cells fabricated using different size of the QDs. Table S5 depicts the
average PV parameters of the corresponding devices. As seen, by decrease in the bandgap of
the PbS QDs, the Jsc of the device significantly increases due to improved absorption in the
infrared range, however, the Voc drops because of lower bandgap of the QDs. Therefore,
there is a trade-off between Jsc and Voc. Although the PCE of the PbS QDs devices is
dropped by.decrease of the bandgap, the current match between top and bottom solar cells in
a tandemrconfiguration is a key parameter and need to be improved for further increase in the
PCE of tandem devices. For this purpose, PbS QDs layer with higher absorption in the
infrared rangesafé required.>* One of the main advantages of QDs devices is their excellent
stability in‘ambient conditions, where the PCE of the devices remains invariant after 150 days
(Figure S21). This could be beneficial for improving the stability of the PSC devices in a

monolithic tandem device architecture using the QDs device as a back cell.
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Perovskite/PbS QDs tandem devices:

In order te fabricate perovskite/PbS QDs tandem devices, we fabricated semi-transparent
PSCs using 1TO"glass as top electrode and copper (1) phthalocyanine (CuPC) as HTL. After
proper optimization, we fabricated semi-transparent PSCs as front cells in a 2T-tandem
design by ehanging the HTL and top electrode of front cells. In particular, we employed
CuPC and Au (1 nm)/MoOs/sputtered ITO as HTL and recombination layer, respectively, and
optimized thegdevice performance and the thickness of perovskite active layer, in order to
match the current density in both subcells. In fact, spiro HTL due to having some dopants and
high optimum thickness reduces the stability of the tandem device and increases the parasitic
absorptiond Since CuPC is a stable HTL, does not require any dopant and can be deposited
uniformly with Tow thickness by thermal evaporation, it would be a great replacement for the
spiro HTIL*{As reported in the literature,” Au (1 nm) gold nanocluster is an excellent
recombination layer, which improves the FF and Voc of the tandem device. Moreover, the
purpose.@fithe MoO; thin layer is band alignment and protection of the underneath layers
from the damages caused by ITO sputtering.* We used different thicknesses of perovskite
layer in 2T "and*4T tandem devices by changing the concentration of solution in order to
improve the efficiency. Figure 4d shows the cross-sectional SEM image of a 2T-tandem
perovskite/PbS QDs device, which IS consisted of ITO/ZnO/ZnO
NWs/SnOs/Perovskite/ CuPC/Au/MoOs/sputtered 1TO/ZnO NCs/PbS QDs/Au. The J-V
curves of the best performing 2T-tandem device measured under forward and reverse scan
directionsaresshown in Figure 4e. Interestingly, our 2T-tandem device shows a high V. of
1.55 eV ga'felatively high Ji. of 16.3 mA/cm? a FF of 69%, resulting in a high PCE of
17.43% under reverse bias (Table S6). In fact, the device depicts almost the same trend under

forward scan with slightly lower PCE of 16.96%. Figure S22 demonstrates the J-V curves of
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2T-tandem devices fabricated by QDs with different sizes. The average PV parameters of
each device are listed in Table S7. Here, we have optimized the thickness of the perovskite
films with respect to the QDs size and the optimum values were summarized into the Table
S7. The thickness-of;the perovskite film was optimized for each QDs size in order to increase
the current,match in both subcells. The optimum thickness of perovskite films was 240 nm,
360 nm, and 450nm for QDs (950 nm), QDs (1100 nm), and QDs (1350 nm), respectively.
As seen, by“decrease the bandgap of the QDs, the current match in the tandem device is
increased significantly due to the higher absorption in the infrared range, which is the main
reason of obtaining high PCE of 17.1% for the monolithic tandem device using QDs with
bandgap of 0.92 eV. In order to study the current match in our optimized 2T-tandem device,
EQE test .wasgperformed for both back and front cells, as shown in Figure 4f. After
calculation of Jsc using EQE spectra, values of 16.1 mA/cm? for front cell and 15.95 mA/cm?
for back.cell were obtained, which are very close to each other. This great current density
match is originated from the presence of nanostructured ETL in the front cell and employing
low bandgap PbS QDs in the back cell. In addition to 2T-tandem devices, we also fabricated
4T-tandem_ perovskite/PbS QDs devices by fabrication of two separated devices, semi-
transparent®PSCs and PbS QDs devices. The semi-transparent PSC is consisted of
ITO/ZnO/ZNO " NWs/SnO,/Perovskite/CuPC/ITO. In fact, in a 2T tandem device, we just
need to get .the highest current match for both subcell. However, for the case of 4T tandem
devices;"we"need to achieve the highest PCE for each subcell. Therefore, the optimization
process of 2T and 4T tandem cells are different. In order to achieve higher PCE in PSC
subcell, we_inerease the thickness of the perovskite film. After tuning the thickness of
perovskite film. in the semi-transparent PSC front cell, PCEs of 18.5% and 2.82% for semi-
transparent PSC and filtered PbS QDs device were achieved under 1 sun and reverse bias,

respectively, as shown in Figure 4g, which results in a 4T-tandem device with PCE of
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21.32%. As shown in Table S6, our subcell and tandem devices show a negligible hysteresis
effect. We also measured the stabilized PCE of our devices under continuous illumination for
60 s, as shown.in Figure 4h. As seen, the 2T-tandem, 4T-tandem, semi-transparent PSC, and
filtered PBS,,QDsydevices show stabilized PCEs of 17.1%, 21.1%, 18.3, and 2.8%,
respectively. To verify the Js. of both subcells in 4T-tandem devices, EQE spectra of these
devices were meausred as shown in Figure 4i. Our calculations indicate Js. of 20.3 mA/cm?
for semi-trafisparent PSC (because of using thicker perovskite layer) and 11.2 mA/cm? for

PbS QDs device.

Stability is one of the main challenges in the PSCs field, which is compulsory step for
commercialization of PSCs.”® Consequently, we measured the stability of our 2T-tandem
device at maximum power point, under continuous illumination and nitrogen flow. We first
tracked the Ve Of this device over 200 s, as shown in Figure 4j. As seen, the V. is stable over
time with,a value of over 1.55 V. Figure 4k depicts the operational stability results of this
device owver'500 h under continuous illumination. From the results, the 2T-tandem device
retains 94% of its initial PCE value, which is a great stability for such design. In fact, PbS
QDs devicemhas= excellent stability in ambient condition (Figure S21), even in humid
environmeént.*® As can be observed in the inset image of Figure 4k, the contact angle of water
droplet on thessurface of PbS QDs layer is ~97°, which can effectively protect the PSCs front
cell from humidity. Consequently, combining PSCs and PbS QDs solar cells in a tandem
device is a_great advantage not only to improve the PCE and V. of the device, but also to
enhance thesambient stability of the PSCs. Figure S23 shows the ambient stability results of a
single junction PSC and a perovskite/PbS QDs 2T tandem device in a humid environment
with 65% RH. As can be observed from the results, the tandem device shows no PCE loss

after 72 days in these conditions, whereas the single junction PSC degraded very fast in the
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same condition with 37% PCE loss. This result highlights the role of PbS QDs as a great

protection layer on ambient stability for the perovskite/PbS QDs tandem design.

Conclusiofis

In surAimaryy=we fabricated perovskite/PbS QDs tandem devices with 2T and 4T
configurations and improved the PCE and stability of these solar cells by employing interface
engineering,andslight management techniques. By incorporation of ZnO NWs ETL in the
PSCs (front cell in tandem design) and using interface engineering strategy for NWs array
using ALD=Sn@z we achieved a stable and high-performance PSC with a PCE of 22.15%.
Moreover"we“improved the PV parameters of the PbS QDs device (as back cell in tandem
design) by surface passivation of QDs using CdCl,. Using this modification, a PbS QDs
device (bandgap”~0.92 eV) with enhanced PCE of 8.46% was obtained. After proper
optimization of‘the thickness and current match, 2T and 4T tandem perovskite/PbS QDs solar
cells with stabilized PCEs of 17.1% and 21.1% were achieved, indicating the potential of
both perowskiterand PbS QDs active layers for the fabrication of high-performance thin film
devices. Beside efficiency, the stability of the 2T tandem device is drastically enhanced
compared with.a single junction PSC. From the operational stability result, the 2T-tandem
device showed.only 6% PCE loss after 500 h under illumination. More importantly, under
humid condition (65% RH), the 2T tandem device showed impressive air stability by
retaining_its_initial PCE value after 70 days, while the single junction PSC indicated 37%
PCE loss 't the'same condition. This result highlights the role of PbS QDs back cell as a

great protection layer for PSCs.
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Here, we developimonolithic perovskite/PbS QDs tandem solar cells using interface
engineering,anddight management techniques and achieve a device with stabilized efficiency
of 17.1% andsexeellent stability.
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