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Abstract
We investigate hybrid tandem solar cells that rely on the combination of solution-processed
depleted-heterojunction colloidal quantum dot (CQD) and bulk heterojunction polymer:full-
erene subcells. The hybrid tandem solar cell is monolithically integrated and electrically
connected in series with a suitable p–n recombination layer that includes metal oxides and a
conjugated polyelectrolyte. We discuss the monolithic integration of the subcells, taking into
account solvent interactions with underlayers and associated constraints on the tandem
architecture, and show that an adequate device configuration consists of a low bandgap CQD
bottom cell and a high bandgap polymer:fullerene top cell. Once we optimize the recombina-
tion layer and individual subcells, the hybrid tandem device reaches a VOC of 1.3 V, approaching
the sum of the individual subcell voltages. An impressive fill factor of 70% is achieved, further
confirming that the subcells are efficiently connected via an appropriate recombination layer.
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Introduction

Solution-processed emerging thin film solar cells, such as
devices based on organic and colloidal quantum dot (CQD)
light absorbers, offer low-temperature processing, mechan-
ical flexibility and conformability, lightweight modules, and
compatibility with continuous roll-to-roll manufacturing
[1–5]. Each of these is today limited to ca. 10% power
conversion efficiency (PCE) in single-junction devices [6–9].
Multi-junction solar cell architectures that can harvest a
broader portion of the solar spectrum are of interest to both
the CQD and the organic solar cell communities [10–14].
Quantum dot solids benefit from a size-tunable bandgap
that allows absorbing a relatively wide range of wavelengths
from the visible to the near infrared [4,5,13,14]. Mean-
while, organic absorbers tend to have a narrower spectral
absorption compared to quantum dot solids, making double
(tandem) and triple-junction organic solar cells especially
attractive, with published power conversion efficiency
values of up to ca. 12% [15,16]. While CQD tandem solar
cells have received limited attention thus far, a few CQD
tandem cells have been reported with an ideal open circuit
voltage (VOC) equal to the sum of the two subcells (i.e.
�1.0 V), yet those have not shown a convincing efficiency
enhancement mainly due to their modest fill factors (FF)
(o50%) [13,14]. On the other hand, a key advantage of
polymer tandem solar cells is their ability to achieve both
high VOC (i.e. 41.5 V) and FF (i.e. 465%) [15,16]. There-
fore, the opportunity exists to expand beyond the spectral
range of organic absorbers and to compensate for the low FF
of CQD cells by combining the two material types into a
hybrid tandem solar cell which may eventually overcome
the respective limitations of “all-CQD” and “all-polymer”
multi-junction solar cells [17].

Here we report a hybrid tandem solar cell that combines
solution-processed depleted-heterojunction CQD [18] and
bulk heterojunction polymer:fullerene subcells [19,20]. The
tandem is monolithically integrated and electrically con-
nected in series with the aid of a suitable p–n recombination
layer that includes metal oxides and a conjugated polyelec-
trolyte, and achieves high VOC values and excellent FFs in
the 60–70% range [21–24]. We discuss the monolithic inte-
gration of the subcells, taking into account solvent interac-
tions with underlayers and associated constraints on the
tandem architecture, and show that an adequate device
configuration consists of a low bandgap CQD bottom cell and
a high bandgap polymer:fullerene top cell. Once the
recombination layer and individual subcells are optimized,
the hybrid tandem device reaches a VOC of 1.3 V, approach-
ing the theoretical sum of the individual subcells. A FF of
ca. 70% is achieved, which is higher than either of the CQD
or polymer:fullerene single-junction cells, indicating that
the subcells are efficiently connected via an appropriate
recombination layer. Overall, the best hybrid tandem
devices yield 45% PCE, demonstrating an efficient mono-
lithic integration of CQD and polymer:fullerene subcells,
and paving the path to achieving high-efficiency hybrid
tandem solar cells via appropriate solution formulations,
selected interlayers, and adequate vertically-stacked
configurations.
Experimental section

Single-junction depleted-heterojunction colloidal
QD solar cell fabrication

Pre-patterned fluorine-tin-oxide (FTO, 15 Ω/sq, Xin Yan
LTD.) coated glass substrates were cleaned by sonication
in Extran 300 detergent solution, deionized (DI) water,
acetone and isopropanol in 20 min sequential steps. Next,
the substrates were blown dry by N2 and then coated with
TiO2 nanoparticles (Dyesol) by spin-coating the diluted TiO2

solution in ethanol (1:3 by weight) at 1500 rpm, followed by
heating at 80 1C for 5 min and 500 1C for 30 min on a
hotplate. The substrates were cooled down to room tem-
perature, and the TiCl4 treatment was performed by
immersing the substrates in a 120 mM solution in DI water
at 70 1C for 30 min, then the substrates were rinsed with DI
water and heated at 500 1C for 30 min. All the procedures
for the TiO2 coating step were carried out in ambient air
conditions and the substrates were stored in the N2 glove-
box after TiO2 coating.

The quantum dot film was formed through layer-by-layer
deposition of PbS CQDs (50 mg/ml in octane). For each
layer, two drops (50 μl) of CQDs were cast onto the
substrates through a 0.2 mm filter and spin-coated at
2500 rpm for 10 s. Next, ca. 300 ml mercaptopropionic acid
(MPA) in acetonitrile (ACN) solution (1% in volume) was used
to fully cover the CQD surface and kept on the surface for
3 s, the solution was then removed by spining the sample at
2500 rpm for 5 s. Finally, the CQD surface was rinsed by
casting and spinning ACN at 2500 rpm and this step was
repeated twice: 5 s for the first rinse and 10 s for the second
rinse. The QD deposition procedure was repeated 4 times.
The PbS QD active layer has an extonic peak at 1.29 eV
(960 nm) which corresponds to an average dot diameter of
3.1 nm, based on an empirical relationship between the first
absorption peak position and dot size [25]. The QD-coated
substrate was then transferred to a vacuum evaporator
inside the N2 glovebox. The evaporator chamber was
evacuated to 2� 10�6 Torr for the deposition of 16 nm MoOx

(Sigma Aldrich) at a rate of 0.3 Å/s, followed by 10 nm of
gold (0.2 Å/s), and 80 nm of Ag (0.2 Å/s for the first 10 nm
and 5 Å/s for the following 70 nm) as an electrode.

Single-junction inverted bulk heterojunction
polymer:fullerene solar cell fabrication

Pre-patterned indium tin oxide (ITO, 15 Ω/sq, Xin Yan LTD.)
coated glass substrates were cleaned by the same method
as that used with FTO-coated glass. For the electron
transporting layer (ETL) fabrication on cleaned ITO-coated
glass, ZnO powder (Sigma Aldrich) was vacuum-evaporated
using a tungsten boat at a deposition rate of 0.3 Å/s in a
base pressure of 6� 10�6 Torr, followed by a conjugated
polyelectrolyte, poly[(9,9-bis(30-(N,N-dimethylamino)pro-
pyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN) (1-
Materials) spin-coating at 5000 rpm for 60 s. The concentra-
tion of the PFN solution in ethanol was 1 mg/ml and a small
amount of acetic acid (2 μl/ml) was added. The organic
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photoactive layer was prepared by spin-coating at 900 rpm
on ITO glass/ZnO/PFN either a blend solution of 10 mg of
PBDTTT-C-T (1-Materials) and 18 mg of PC71BM (American
Dye Sources) or 10 mg of PTB7 (1-Materials) and 15 mg of
PC71BM in 1 ml of chlorobenzene (CB) with diiodooctane
(DIO) 3 vol%. The substrates were then transferred to a
thermal evaporator in a glovebox with N2 atmosphere, and
the evaporator chamber was evacuated to 2� 10�6 Torr for
electrode deposition. The device was completed with
deposition of a 5 nm MoOx layer (0.3 Å/s), followed by an
80 nm Ag layer (5 Å/s).

Solvent compatibility test with underlying
photoactive materials

Solvent treatments simulating top-cell photoactive layer
deposition were performed on the complementary photo-
active layers. To test the compatibility of organic photo-
active layer deposition with the underlying QD film, we spun
CB containing 3 vol% DIO directly on top of the QD active
layer at 900 rpm for 60 s. To test the compatibility of QD
layer deposition, including ligand exchange and rinsing,
with the underlying organic layer, we spun octane on the
organic active film at 2500 rpm for 10 s, followed by ACN
containing 1 vol% MPA casting for 3 s and spinning at
2500 rpm for 5 s, and rinsing with ACN by casting the latter
and spinning at 2500 rpm for 5 s and repeating the same
step for 10 s. This entire procedure was repeated up to
4 times, representing the full QD active layer formation. To
proceed with device testing, the appropriate top electrodes
were deposited after solvent treatment either on the
organic or the QD photoactive layer.

Hybrid tandem solar cell fabrication

The structure of the hybrid tandem solar cell adopted in this
study is a glass/FTO/TiO2/QD/MoOx/ZnO/PFN/polymer:full-
erene/MoOx/Ag. The fabrication procedure of the active
layers is identical to the respective single-junction cells.
The recombination layer consisted of MoOx (0.3 Å/s) and
ZnO (0.3 Å/s) deposited at a base pressure of 2� 10�6 Torr
in sequence by thermal evaporation, followed by spin-
coating of the PFN layer at 5000 rpm for 60 s. The device
PbS QD

PTB7 PFNPBDTTT-C-T

PC71 BM

Fig. 1 (a) Materials chart, including a PbS quantum dot after ligand
fullerene acceptor and the conjugated polyelectrolyte PFN. (b) Ab
layers.
fabrication was completed by thermal evaporation of MoOx

(5 nm) and Ag (80 nm) as the reflective top electrode. The
active area of single-junction and tandem cells was 0.1 cm2.

Electrical, optical, and microscopic
characterization of solar cells and thin films

The J–V characteristics of the solar cells were measured using
a Keithley 2400 source unit under AM 1.5 simulated illumina-
tion with an intensity of 100 mW/cm2. A Xenon arc lamp
(300 W) serves as the light source and the light intensity was
calibrated using a KG5 filtered Si diode to reduce the spectral
mismatch. Device parameters were averaged over 10
devices. The external quantum efficiency (EQE) measure-
ments were performed at zero bias by illuminating the device
with monochromatic light supplied from a Xenon arc lamp in
combination with a dual-grating monochromator. Absorption
spectra were taken using a Varian Cary 6000i ultraviolet–
visible spectrophotometer with the integrating sphere. For
Kelvin probe measurement (KP technology, SKP series), the
relevant thin films (PFN, ZnO, MoOx/ZnO and MoOx/ZnO/
PFN) were deposited on ITO-coated glass.

Optical modeling

Optical constants including real and imaginary refractive
indexes (n, k) of PBDTTT-C-T:PC71BM, PTB7:PC71BM, TiO2,
MoOx, ZnO, PFN, and Ag layers were measured by variable
angle spectroscopic ellipsometry (VASE). The n value of QD film
was measured by ellipsometery and the k values of the QD film
was determined from UV–vis-NIR spectroscopy measurements
using the formula, k=αλ/4π (α: absorption coefficient, λ:
wavelength). The refractive index of FTO in the range of
wavelengths from 380 nm to 1200 nm was provided by Xin Yan
Technology LTD. from which FTO glass was purchased.

Results and discussion

In Fig. 1(a) we show the material systems used throughout this
study: a PbS quantum dot with an organic 3-mercaptopropionic
acid (MPA) ligand [26–28] for the bottom cell, as well as the
chemical structures of the polymer donors [19,20] making up
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the top cell, and the polyelectrolyte used in the recombination
layer. Two different polymer donors are studied, namely poly
{[4,8-bis-(2-ethyl-hexyl-thiophene-5-yl)-benzo[1,2-b:4,5-b0]
dithiophene-2,6-diyl]-alt-[2-(20-ethyl-hexanoyl)-thieno[3,4-b]
thiophen-4,6-diyl]} (PBDTTT-C-T) and thieno[3,4-b]thiophene/
benzodithiophene (PTB7), in conjunction with the fullerene
acceptor [6,6]-phenyl-C70-butyric acid methyl ester (PC71BM),
forming the bulk heterojunction subcell. The conjugated
polyelectrolyte PFN is used as part of the p–n recombination
layer otherwise consisting of MoOx and ZnO [20–23].

The depleted-heterojunction CQD solar cells were fabri-
cated by constructing the QD active layer on TiO2 in a
sequential layer-by-layer (LbL) process that involved the
repeated deposition of an oleic acid (OA)-capped QD layer,
followed by a solid-state ligand-exchange and solvent wash
between each step. The solid-state ligand-exchange of the
OA molecules with MPA was performed from an acetonitrile
(ACN) solution [26,27]. The thickness of the QD active layer
after 4 LbL steps is ca. 140 nm (the thickness of each QD
layer is ca. 40 nm, but due to the infiltration of the first QD
layer into TiO2 layer, the actual total thickness of the QD
active layer is less than the sum of the layers), which
corresponds to approximately 40% of the optimal active layer
thickness in a single-junction CQD device. In Fig. 1(b) we
show the absorption spectra of the active layers: a 140 nm
QD film, a 120 nm PBDTTT-C-T:PC71BM and a 140 nm PTB7:
PC71BM active layer. The QD active layer has a wide absorp-
tion spectrum covering the visible spectrum and extends into
RMS: 4.70 nmRMS: 1.49 nm

RMS: 1.49 nm RMS: 1.17 nm

Fig. 2 (a) AFM images of surface topography for as-deposited Pb
subsequent treatment with CB and 3 vol% DIO to simulate organic
topography of as-deposited PBDTTT-C-T:PC71BM active layer and
photoactive layer deposition. The scan size is 1 μm� 1 μm. (e) Summ
and organic thin films. (f) Normalized PCE of single-junction cells b
order to identify which underlayers can potentially withstand the p
the near-infrared (NIR) 800–1050 nm [14], while the polymer:
fullerene blends absorb effectively in the range 300–750 nm
and transmit the NIR part of the spectrum.

One of the major challenges in the fabrication of
solution-based tandem solar cells includes the selection of
the proper recombination layer which must electrically
connect the two subcells, while physically separating them
[11–14]. It should be noted that, when the recombination
layer is deposited via solution-processing techniques, impro-
per solvents can damage the underlayers, and post-
processing thermal annealing of the recombination layer
can have undesirable effects on the underlayers as well
[11,28]. Therefore, in this study, we chose to prepare the
two metal oxide interlayers making up the recombination
layer by vacuum deposition, all the while maintaining the
substrate at room temperature. One of the most important
solution-processing criteria of the top cell is the orthogon-
ality of its solvent to the active layer of the bottom cell and
to the recombination layer. Thus, the bottom cell may be
damaged if the solvent(s) used to fabricate the top cell
partially dissolve the active layer of the bottom cell, even in
the presence of an effective recombination layer. Those
issues can be amplified in the presence of pinholes or cracks
in the recombination layer. In Fig. 2, we tested the
orthogonality of the solvents (see the Experimental
section) used in organic and QD subcell fabrications in order
to probe the possibility of fabricating the QD subcell as a top
cell using published formulations [28]. We first assess the
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orthogonality of the solvents by evaluating and comparing
the surface morphology of the QD and the polymer:fullerene
active layers before and after exposure to several solvents,
and then fabricate and test the single junction solar cells
after solvent exposure.

We test the effects of building the organic subcell on the
QD cell by spin-coating chlorobenzene (CB) with 3 vol% DIO
directly on the QD active layer at 900 rpm for 60 s. Vice versa,
the effect of building the QD subcell on the polymer:fullerene
cell is tested by spin-coating octane on the polymer active
layer at 2500 rpm for 10 s. In Fig. 2(a) we show the atomic
force microscopy (AFM) images of the surface morphology of
an as-prepared PbS QD active layer on glass/FTO/TiO2.
Treating the QD film with CB and 3 vol% DIO impacts the
morphology of the film negligibly, as shown in Fig. 2(b). In
contrast, the polymer:fullerene blends appear to undergo
significant morphological changes under the QD processing
solvent conditions. In Fig. 2(c) and (d) we show the surface
morphology of as-deposited and octane-treated PBDTTT-C-T:
PC71BM bulk heterojunction blends cast on top of a PFN/ZnO/
ITO/glass substrate, respectively. Here, the solvent treatment
results in significant morphological roughening, which may be
due to the rearrangement of the polymer and fullerene
domains within the photoactive layer. In Fig. 2(e) we compare
the root mean squared (RMS) surface roughnesses of the QD
and polymer:fullerene active layers before and after treat-
ment with the overlayer process solvents. The RMS roughness
of the polymer:fullerene blend increased from 1.5 nm to
4.7 nm, indicating significant solvent–film interactions.
Further investigations reveal that the octane selectively
dissolves PC71BM (Figs. 2(e) and S1). In Fig. 2(f), the normal-
ized PCE of the solvent-treated QD and PBDTTT-C-T:PC71BM
single-junction cells is plotted as a function of the number of
solvent treatment cycles to which the bottom subcell is
subjected. As expected, a one-time exposure of the QD active
layer to CB with 3 vol% DIO yields a negligible drop in PCE,
whereas the polymer:fullerene single-junction cells are sig-
nificantly affected by the exposure to common processing and
ligand exchange solvents and chemicals [28], losing 25% of
initial PCE after a single solvent treatment step and nearly
40% after four steps. From these experimental results, it can
be concluded that the monolithic integration of the solution-
processed subcells is more readily achievable by stacking the
polymer:fullerene subcell on top of the QD bottom subcell.
Additional considerations also favor this subcell configuration:
efficient depleted-heterojunction QD solar cells require the
use of inorganic electron transporting layers (TiO2 or ZnO)
which involve a high temperature annealing step (200–500 1C)
to work effectively [18,24], and thermal annealing can
severely damage the polymer:fullerene subcell if QD cell is
stacked as a top subcell.

In Fig. 3(a) we illustrate the optimized hybrid tandem
device configuration composed of a bottom QD subcell and a
top polymer:fullerene cell. The cross-sectional transmission
electron microscopy (TEM) image of a device using PBDTTT-C-
T:PC71BM as active layer is also shown. The schematic energy
diagram of the various layers involved in the hybrid tandem
solar cell is shown in Fig. 3(b) [1,3,18–21]. The PbS QD active
layer was deposited using the LbL process on a TiO2 layer
prepared on a FTO-coated glass substrate. The recombination
layer consists of a vacuum-deposited layer of MoOx used as
hole transporting layer and a vacuum-deposited layer of ZnO
passivated with a solution-coated PFN [21–23] acting concur-
rently as the electron transporting bilayer connected to the
inverted polymer:fullerene top-cell. The conjugated poly-
electrolyte is intended to passivate trap states present in the
vacuum-evaporated ZnO layer, leading to improved solar cell
characteristics [8,31–34]. The solution-processed polymer:
fullerene bulk heterojunction layer was subsequently spin-
cast and the tandem stack was completed by vacuum
evaporation of MoOx and Ag through a shadow mask. In Fig.
S2, we show the work function values obtained by Kelvin
probe measurements for ZnO and MoOx/ZnO without and with
the PFN layer, using ITO as a reference. The work functions of
ZnO and MoOx/ZnO were effectively decreased from
�4.48 eV and �4.49 eV, respectively, to �3.84 eV and
�3.95 eV, by applying the PFN treatment. This indicates that
the PFN layer forms an interfacial dipole layer pointing away
from the ZnO surface toward the polymer subcell, thus
decreasing the effective ZnO work function [31–35]. The
conduction band of ZnO (�4.4 eV) is slightly higher than
the LUMO (�4.3 eV) of PC71BM[1,10] as shown in Fig. 3(b).
But with the insertion of the PFN layer, the work function
value of ZnO is effectively decreased leading to an Ohmic
contact with PC71BM. This enhances the built-in potential and
reduces the contact resistance between the polymer:full-
erene bulk heterojunction layer and the recombination layer.
Yang et al. [23,29–35] have also reported that PFN can reduce
the charge trapping at the interface between polymer active
layer and metal oxide as well [34].

In Fig. 3(c) we show the representative current density–
voltage (J–V) characteristics obtained for the single-junction
subcells. The device configuration of the QD cell is glass/
FTO/TiO2/PbS QDs/MoOx/Au/Ag and yields a VOC of 0.57 V,
JSC of 14.4 mA/cm2, FF of 44.0%, resulting in a PCE of 3.6%.
The configuration of the inverted polymer:fullerene single-
junction cells is glass/ITO/ZnO/PFN/PBDTTT-C-T:PC71BM or
PTB7:PC71BM/MoOx/Ag. The PBDTTT-C-T:PC71BM (PTB7:
PC71BM) single-junction cell yields a VOC of 0.76 V (0.75 V),
JSC of 15.7 mA/cm2 (16.1 mA/cm2), and FF of 61.7% (64.2%),
resulting in a PCE of 7.4% (7.7%). The VOC of PBDTTT-C-T-
based single-junction cells is slightly higher than that of the
PTB7-based devices, but the JSC and FF remain somewhat
lower than those of the PTB7-based organic cells (Table 1).
The external quantum efficiency (EQE) curves of the single-
junction QD and organic cells are presented in Fig. 3(d). The
QD cell harvests light up to ca. 1100 nm and also overlaps
with the EQE spectra of the polymer cells at shorter
wavelengths. PTB7-based cells exhibit slightly higher EQE in
the range from 500 nm to 700 nm as compared to PBDTTT-C-
T-based cells, explaining the slightly higher JSC of single-
junction cells using PTB7. The EQE of the QD cell is 450% in
the range 300–600 nm and drops quickly after 600 nm, where
the EQE of the polymer:fullerene cell is particularly pro-
nounced (460%; 600–750 nm).

The thickness of the recombination layer for the hybrid
tandem solar cells was optimized by attempting several
thickness combinations for the evaporated MoOx/ZnO pair,
namely 7.5 nm/10 nm, 7.5 nm/5 nm, 10 nm/5 nm and
12.5 nm/5 nm, followed by deposition of a PFN layer of
constant thickness (ca. 3 nm). The initial optimization was
performed using PBDTTT-C-T:PC71BM as the polymer:full-
erene subcell. The optimized conditions were subsequently
transferred to PTB7:PC71BM, where the MoOx/ZnO thickness



Table 1 Average parameters of the QD and the polymer:fullerene single-junction cells.

Active layer VOC (V) JSC (mA/cm2) FF (%) PCE (%) Max. PCE (%)

PbS QD 0.573 14.44 44.01 3.64 3.87
PBDTTT-C-T:PC71BM 0.758 15.74 61.67 7.36 7.43
PTB7:PC71BM 0.745 16.07 64.22 7.69 7.82
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was nevertheless varied (10 nm/5 nm vs 12.5 nm/5 nm) for
comparison. In Fig. S3 we plot the J–V curves of polymer
single-junction cells of PBDTTT-CT:PC71BM and tandem cells
of PbS QD/PBDTTT-C-T:PC71BM with a recombination layer
thickness of 10 nm/5 nm both without and with a PFN layer
on top. All of the device figures of merit increased upon
inclusion of PFN (Table S1), indicating that PFN effectively
enhances the built-in potential and reduces the contact
resistance between the organic photoactive layer and the
interlayers [20–23,29,35].

In Fig. 4 we show the statistical distribution of the figures
of merit for hybrid tandem devices made with PBDTTT-C-T:
PC71BM and PTB7:PC71BM. The representative J–V plots are
shown in Fig. S4(a) and (b), respectively. One of the best
tandem device performance was obtained for PbS QD/
PBDTTT-C-T:PC71BM with a recombination layer made of
10 nm MoOx and 5 nm ZnO, yielding a high VOC of 1.3 V and a
FF of 68.1%. In comparison, the recombination layer made
of 12.5 nm/5 nm MoOx/ZnO performed more modestly,
resulting in lower FF values (see Table 2) and confirming
the importance of optimizing the configuration of the
recombination layer in hybrid tandem devices. The hybrid
tandem based on PbS QD/PTB7:PC71BM with the same
recombination layer as the best PbS QD/PBDTTT-C-T:PC71BM
tandem yielded a VOC of 1.25 V and a FF of 69.2%. The PCE
of hybrid tandems made with PTB7:PC71BM is slightly higher
than tandems based on PBDTTT-C-T:PC71BM, mainly due to
higher FF and JSC. Importantly, the characteristics of the
tandem devices for the respective polymer donors are well
aligned with the performance of the respective single-
junction cells, achieving slightly higher PCE values with
PTB7 compared to PBDTTT-C-T (Fig. 3(c)).

The VOC of the hybrid tandem device made with the
optimized recombination layer configuration reached 1.3 V
in the case of PBDTTT-C-T:PC71BM, representing 97% of the
sum of the VOC values of the individual cells. The FF of the
hybrid tandem devices based on PTB7 improved significantly
compared to those of the individual single-junction cells,
reaching �70% in the best condition of hybrid tandem
device. The high FF is attributed to efficient recombination
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Table 2 Average parameters of hybrid tandem solar cells depending on the thickness of MoOx and ZnO in the MoOx/ZnO/PFN
recombination layer and on the choice of the polymer donor.

Polymer active layer (donor: PC71BM) MoOx (nm) ZnO (nm) VOC (V) JSC (mA/cm2) FF (%) PCE (%) Max. PCE (%)

PBDTTT-C-T 7.5 10 1.038 6.54 64.15 4.35 4.47
PBDTTT-C-T 7.5 5 1.196 6.09 65.00 4.73 4.97
PBDTTT-C-T 10 5 1.302 5.76 68.09 5.11 5.25
PTB7 10 5 1.252 6.12 69.15 5.29 5.33
PBDTTT-C-T 12.5 5 1.291 6.07 60.85 4.77 4.81
PTB7 12.5 5 1.241 6.32 63.74 5.00 5.08
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of the electron and hole at the ZnO/MoOx interface, which
reduces the contact resistance and the space charge build
up within the active layers [36–38]. Overall, the high VOC
and FF values reached indicate that the two subcells are
effectively connected in series.

Additionally, to know whether the high FF of our hybrid
tandem cell is a result of light filtering effect by the subcells,
we investigated the relation between FF change and light
filtering effect for each subcell. First, we fabricated a
semitransparent QD single-junction cell consisting of the
following transparent top electrode: MoOx 20 nm/Au 1 nm/Ag
6.5 nm/MoOx 20 nm/LiF 60 nm [39], which had a sheet resis-
tance of 19.5 Ω/sq (Fig. S5). To test the FF change of the QD
subcell caused by the decrease of the reflected light due to the
light absorption of the polymer active layer as a top subcell,
we inserted a polymer light filter between the mirror and the
semitransparent (single pass) QD cell as shown in Fig. S6(a) and
(b). The polymer light filter consisted of a PTB7:PC71BM active
layer coated on glass. A second light pass was made possible
using a Ag-coated (150 nm) glass mirror. The change in FF of
the QD single-junction cell with and without the polymer filter
was found to be less than 1% (Table S2), meaning that the light
intensity reduction due to subcell filtering does not contribute
to the FF enhancement in the hybrid tandem device. The trend
in FF for the QD cell is similar to that described in earlier work
[40], where the FF of PbS QD solar cells was found to be nearly
constant irrespective of incident light intensity. The PTB7:
PC71BM single-junction solar cell showed a FF increase of only
�2% when using the QD subcell as a light filter (Fig. S6(c) and
(d)). The filtering of the incident light intensity improved the
FF of the polymer BHJ cell only slightly (which is a general
characteristic of polymer solar cells [41]). Our analysis there-
fore indicates that light filtering by adjacent subcells does not
contribute significantly to the substantial FF improvement
shown in the hybrid tandem cell, in which a maximum FF as
high as ca. 70% was achieved vs. 64% (44%) in the polymer
(CQD) single-junction cells, pointing instead to the quality of
electrical interconnection of the subcells via an appropriate
recombination layer.

The highest PCE obtained for the hybrid tandem cells made
with PTB7 is ca. 5.3%, which represents a significant improve-
ment over the QD single-junction cell alone. The tandem
efficiency remains however lower than the peak efficiency of
the best PTB7:PC71BM single-junction cells because of the JSC
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limitations in the tandem device. We simulated the optimum
thickness of each subcell’s active layer for the maximum
current matching in these hybrid tandem solar cells using the
Setfos, simulation software (Fluxim AG, Switzerland). The
optical parameters (n, k) of the various materials and their
thicknesses were used as input parameters [42] for the optical
modeling (summarized in Fig. S7). Fig. 4(b) and (c) shows the
surface plots of the calculated JSC as a function of the active
layer thickness of each subcell. The maximum JSC of the hybrid
tandem solar cell corresponds to the cross-matched value of
the two subcell surface plots, from which the optimum
thicknesses of PBDTTT-C-T:PC71BM and PbS QD active layers
can be expected to be ca. 110 nm and 113 nm with JSC of
10.2 mA/cm2, and those of PTB7:PC71BM and PbS QD to be ca.
110 nm and 118 nm with JSC of 10.5 mA/cm2, respectively. The
simulations agree with the experimental observation that
PTB7-based tandem (Fig. 4(b)) produce slightly higher max-
imum JSC than PBDTTT-C-T (Fig. 4(c)). In parallel, and on the
basis of our optical modeling simulations, it is worth noting that
the JSC of the hybrid tandem solar cells may be expected to
improve upon further reducing the thicknesses of the two
subcells (actual subcell thicknesses discussed throughout this
study: PBDTTT-C-T:PC71BM, 120 nm; PTB7:PC71BM, 140 nm; PbS
QD, 140 nm).

The lack of spectral complementarity between the QD
and the polymer:fullerene subcells (Fig. 1(a)) is an impor-
tant factor explaining the comparatively low JSC in the
hybrid tandem devices. Since visible light is first absorbed
by the low-bandgap QD bottom cell, less visible light
reaches the high-bandgap polymer:fullerene top cell,
resulting in reduced exciton and free carrier generation in
the top cell. In order to obtain higher JSC values with the
present hybrid tandem device configuration, alternative
polymer donors with lower bandgaps (o1.6 eV) could help
reinforce the NIR absorption of the hybrid tandem, while
taking full advantage of the QD bottom cell visible absorp-
tion [12,30]. Another important approach will be to swap
the QD and the polymer:fullerene subcells in the vertically-
stacked tandem, which should significantly improve the
visible absorption of the polymer:fullerene subcell as a
bottom cell and its photocurrent. The QD subcell as a top
cell may then be made thicker so as to harvest more light in
the NIR region, thus maintaining a high photocurrent. It is
worth noting, however, that swapping the subcells will
require addressing the solvent formulation issues and devel-
oping a modified solid-state ligand exchange procedure that
would prevent or considerably reduce the damage caused to
the underlying recombination and photoactive layers.
Conclusions

In conclusion, we showed that QD and polymer:fullerene
hybrid tandem solar cells can now achieve 45% PCE upon
optimization of the recombination layer (MoOx/ZnO) with an
effective conjugated polyelectrolyte layer. The hybrid tan-
dem devices show VOC values of up to 1.3 V that correspond to
the sum of the VOC of the individual subcells, and high FFs of
ca. 70% that surpass the FFs of the individual subcells. The
systematic optimization of the recombination layer led to an
effective connection of the QD and polymer:fullerene subcells
in series, resulting in a two-terminal device of particularly
high FF values. Combined with a careful optimization of
individual subcell, the champion hybrid tandems are more
efficient than the QD single-junction cells alone. Overall, the
QD and polymer:fullerene hybrid tandem approach paves the
path to (i) extending the spectral absorption of polymer:
fullerene single-cell and tandem devices via the integration of
the QD subcell, and (ii) notably improving the performance of
QD single-cell and tandem devices by absorbing visible light
more effectively and by widening the device VOC. The next
steps towards monolithic integration will require further
developments in the area of process formulations so as to
achieve the necessary underlayer compatibility, and the
optimum device configuration. Following this approach, two
or more solution-processed subcells composed of complemen-
tary organic and inorganic light absorbers illuminated in an
adequate sequence should be achievable.
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