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Multi-junction solar cells based on solution-processed metal halide perovskites offer a route to increased
power conversion efficiency (PCE); however, the limited options for infrared (IR)-absorbing back cells have
constrained progress. Colloidal quantum dot (CQD)-based solar cells, which are solution-processed and
have bandgaps tunable to wavelengths beyond 1000 nm, are attractive candidates for this role. Here we
report a solution-processed four-terminal (4T) tandem solar cell comprised of a perovskite front cell and
a CQD back cell. The 4T tandem provides a PCE exceeding 20%, the highest PCE reported to date for
a perovskite-CQD tandem solar cell. The front semi-transparent perovskite solar cell employs
a dielectric-metal-dielectric (DMD) electrode constructed from a metal film (silver/gold) sandwiched
between dielectric (MoOs) layers. The highest-performing front semi-transparent perovskite solar cells
exhibit a PCE of ~18%. By tuning the wavelength-dependent transmittance of the DMD layer based on

the zero-reflection condition of optical admittance, we build semi-transparent perovskite solar cells with
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Accepted 30th October 2019 a 25% increase in IR transmittance compared to baseline devices. The back cell is fabricated based on an

IR CQD absorber layer complementary to the IR transmittance of the semi-transparent perovskite front
DOI: 10.1039/c9tal1462a cell. Solution-processed hybrid tandem photovoltaics (PV) combining these technologies offer to

rsc.li/materials-a contribute to higher-efficiency solar cells for next-generation flexible photovoltaic (PV) devices.

a figure that is rapidly approaching the PCE of silicon solar
cells.***> These perovskite materials are made using solution-
Multi-junction solar cells composed of complementary based methods. The bandgap tunability of perovskite mate-
absorber layers with appropriate bandgaps offer avenues to rials, from 1.2 to 2.3 eV, makes them of interest for tandem

Introduction

improve the AM1.5 power conversion efficiency (PCE) beyond
the Shockley-Queisser (SQ) limit of single-junction solar cells.*™*
Photovoltaic (PV) technologies based on low-temperature solu-
tion processing have attracted interest in the pursuit of low-
cost, flexible, and lightweight solar cells that could be part of
multi-junction solar cell designs.**”

Organic-inorganic metal halide perovskite-based solar cells
have emerged as promising PV materials in the past decade and
have made progress in PCE from 3.7% in 2009 to 25.2% today,

“Qatar Environment and Energy Research Institute, Hamad Bin Khalifa University,
Qatar Foundation, Doha, Qatar. E-mail: sashhab@hbku.edu.qa

*Department of Electrical and Computer Engineering, University of Toronto, 35 St.
George Street Toronto, Ontario, M5S 1A4 Canada. E-mail: ted.sargent@utoronto.ca
t Electronic  supplementary information (ESI) available. See DOI:
10.1039/c9ta11462a

1 Authors with equal contribution.

§ Present address: Photo-electronic Hybrids Research Center, Korea Institute of
Science and Technology (KIST), Seoul 02792, Korea.

26020 | J. Mater. Chem. A, 2019, 7, 2602026028

applications.

Significant efforts have been devoted to tandem devices in
which perovskite solar cells were stacked with conventional PV
technologies such as c¢-Si and CIGS (Culn,Ga;_,Se,) to form
hybrid tandem devices that provided PCEs of 25.2% and 23.4%
respectively.»***'* Demonstrations of perovskite-based tandem
solar cells having a low-temperature and solution-processed
back cell are limited. A major obstacle for all-solution-
processed tandem cells has been the lack of an efficient, low-
temperature-processed IR back-cell technology. Hybrid
tandem solar cells obtained by combining a back cell with IR
organic solar materials and front perovskite solar cells have
seen significant progress in recent years towards low-cost and
flexible PV technology."**""” Perovskite-organic tandem solar
cells recently achieved an efficiency of 17.3% in a 2T configu-
ration.™ State-of-art solution-processed perovskite-perovskite
tandem solar cells have demonstrated best PCEs of 25% and
23% for 4-terminal (4T) and 2-terminal (2T) device configura-

tions, respectively.'®'#2°

This journal is © The Royal Society of Chemistry 2019
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These back cell absorber materials require bandgap
tunability below 1.2 eV to harness photons with wavelengths
beyond ~1000 nm. IR perovskite absorber materials have been
developed by varying the B-site cations in the ABX; perovskite
structure, replacing lead with tin to yield a bandgap as low as
1.2 eV. Tin-based perovskites are prone to oxidation and
hysteresis, and further adjusting the bandgap below 1.2 eV has
proven challenging.'>*

Colloidal quantum dots (CQDs) can reach bandgaps as low
as 0.5 eV, offering therefore a path to harness photons in the
near-infrared (NIR) and short-wavelength infrared (SWIR)
regions of the solar spectrum, beyond the range of silicon and
perovskites.***** CQDs are low-temperature-solution-processed
materials with a size-tuned bandgap. Previous attempts to
fabricate perovskite:CQD two-terminal (2T) tandem cells have
recently reached a PCE of 11%.*** These PCEs are lower than
those of the single-junction perovskite cells used as front cells.
In this work, we achieved 4T tandem solar cells having stabi-
lized PCEs of 20.2%, where the device employed a perovskite
front cell and a CQD back cell. This is the highest PCE reported
for a perovskite:CQD tandem solar cell, and it surpasses the
performance of both the perovskite and the CQD single-
junction control solar cells employing reflective back contacts.

The 4T hybrid tandem solar cell design avoids complexities
such as combining mutually aggressive solution processing
methods and current-matching conditions.»*** Challenges in
designing high-performance solution-processed 4T tandem
cells include the development of an efficient semi-transparent
perovskite solar cell; the fabrication of an indium-free trans-
parent electrode exhibiting enhanced IR light transmission and
providing compatibility with the perovskite solar cell; and the
design of a spectrally-matched stable back cell in the IR range.
Here the semi-transparent front cell exploits a dielectric-metal-
dielectric transparent conducting electrode (DMD-TCE) that
contains ultrathin Au/Ag metal films sandwiched between
dielectric MoO; layers. The DMD structure is designed based on
the zero-reflection condition in the optical admittance diagram,
an approach that allows us to improve IR transmittance
compared to the case of conventional DMDs in which visible
light transmittance is enhanced at the cost of suppressing IR
transmittance.>®
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Detailed-balance calculations® (Fig. 1a) indicate that, in the
limit of high performance, a theoretical PCE of ~45% is avail-
able by stacking 1.75 eV and 0.9 eV bandgap absorbing mate-
rials under 1-sun illumination. Experimentally, we
mechanically stacked (Fig. 1b) 1.63 eV bandgap semi-
transparent front cells atop 1.15 eV bandgap CQD back cells.
The back cells exploit CQD absorber layers with IR light trap-
ping; their absorbtion spectra are complementary to the trans-
mission from the front perovskite cells to optimize tandem
performance. The photocurrent extraction potential of the PbS
CQDs (0.95 eV) in the IR region in the solar irradiance spectrum
is shown in Fig. 1c.

An efficient 4T tandem requires a high-performance semi-
transparent perovskite solar cell with the enhanced light
transmission in the IR region in the solar spectrum.'*'** Low-
temperature (<150 °C) processed planar perovskite solar cells
were adopted for the perovskite cell. The opaque control
perovskite cell of the desired bandgap is optimized at the
outset. These cells were in the following device architecture:
indium tin oxide (ITO)/electron transport layer (ETL)/perovskite
absorber layer/Spiro-OMeTAD based hole-transport layer (HTL)/
gold (Au). The electron transport layers used are low tempera-
ture processed SnO,, while the perovskite absorbers are based
on a stable 3-cation (FA, MA, and Cs) perovskite with Csg o5
MAy .10FA o.s5Pblj g5sBro.15 composition and a bandgap of
~1.63 eV.

Fig. 2a shows a schematic of the device architecture of the
semi-transparent (semi-t) solar cells that use a DMD-TCE to
replace the conventional gold back electrode. We explored
different metals such as gold, silver, and gold-catalyzed silver in
the DMD architecture to obtain conformally-coated ultra-thin
metal films with increased conductivity. We used 5 nm-MoO,/
1 nm-Au/5 nm-Ag/35 nm-MoOj; as the DMD layers; these were
deposited using thermal/e-beam evaporation. The first MoO;
layer used was 5 nm in thickness to improve current extraction;
thicker MoO; layers reduce the current by adding series resis-
tance. The best PV performance for the semi-transparent
devices was obtained with 1 nm gold-catalyzed 5 nm silver
films, which have a sheet resistance of ~30 Q sq~'. A 1 nm thin
gold layer was deposited to catalyze the formation of a uniform
and continuous ultra-thin silver film through reduced
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Fig. 1 Perovskite-CQD tandem design. (a) Calculated PCE detailed-balance limit for the hybrid 4T tandem solar cell as a function of front cell
and back cell bandgaps. (b) Schematic of a 4T device. (c) Solar irradiance spectrum matched to the spectral regions of the perovskite and CQD
absorber materials; the EQE shows the corresponding photocurrent extraction potential in tandem applications.
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Fig.2 Semi-transparent perovskite devices and performance. (a) Schematic of device architecture, cross-section scanning electron microscope
image, and a photograph of the semi-transparent perovskite solar cell. (b) JV characteristic of SnO,-based opaque and semi-transparent devices
showing 19.5% and 17.9% PCE under the illumination of 100 mW cm™2 light. (c) Stabilized PCE measured at the maximum power point. (d)
Histograms of PCE for semi-transparent and opaque perovskite solar cells.

percolation and enhanced adhesion at the MoOj; interface.”®
The conformal formation of the ultra-thin Ag film is dictated by
the layer-by-layer nucleation in the Au/Ag heterostructure
according to the Frank-van der Merwe growth mode.'>* the top
MoO; film is optimized for IR transmittance.

In the semi-transparent perovskite solar cells, we used SnO,
as the ETL. SnO, exhibits performance superior to that of the
conventional TiO, ETL due to its better band alignment, higher
electron mobility and lower trap state density that facilitate
better extraction without carrier accumulation at the SnO,/
perovskite interface.**** SnO,-based control non-transparent
perovskite solar cells were optimized to have stabilized PCE of
18.9% (ESI, Fig. S1t). The gold contact was replaced with the
DMD-TCE as back contact for the semi-transparent perovskite
solar cells. The best semi-transparent perovskite solar cells
yielded a stabilized PCE of 17.6%, as shown in Fig. 2b and c. The
hysteresis effect was negligible in both opaque and semi-
transparent devices. This is one of the highest PCEs reported

26022 | J. Mater. Chem. A, 2019, 7, 26020-26028

among semi-transparent perovskite solar cells."®® The EQE
spectra of both the opaque and the semi-transparent perovskite
solar cells agree well with the corresponding JV measurements.
Compared with the opaque devices, the semi-transparent
devices showed ~1-2 mA cm 2 photocurrent loss caused by
the single-pass optical losses through the DMD TCE (ESI,
Fig. S27).

Design and optimization of the TCE for high conductivity
and wavelength-selective light transmittance is required to
realize high-performance tandem photovoltaic devices. Highly
conductive IR transmitting TCEs maximizes the PV perfor-
mance of the back CQD solar cell.****?¢32 DMD-based TCEs have
advantages over conventional transparent conducting oxides
(TCOs) in their simplicity, low-temperature processing, their
avoidance of reliance on indium, and their compatibility with
perovskite-based solar cells.

In prior DMD optimizations, visible-light transmittance has
been optimized at the expense of IR transmittance, since

This journal is © The Royal Society of Chemistry 2019
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organic light-emitting diodes (OLEDs), power-generating
windows, and transparent heat-reflection film applications
benefit from meeting such high-visible-transmittance specifi-
cations.’®*?3* In a DMD-TCE, the optical transmittance is
enhanced by selecting dielectric materials with egiclectric > Emetal
in order to suppress surface plasmonic loss in the metal film.
These dielectric materials also protect metal films from oxida-
tion and degradation.*® These dielectric materials also protect
metal films from oxidation and degradation.

Here we optimized the DMD instead to maximize IR trans-
mittance for tandem PV applications. We first estimated the IR
optical transmittance of the DMD structure using the transfer-
matrix method (TMM), as shown in Fig. 3a.*® The results
suggest that the average optical transmittance can be increased
through control over the thickness of the top dielectric film.
Distinctive spectrally-dependent optical transmission charac-
teristics are observed in the visible and IR regions as a function
of the thickness of the top oxide (ESI, Fig. S31). Simulations
indicate that the maximum transmittance for the DMD
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structure in the visible range (400-750 nm) is achieved for
a MoOj; thickness of ~30 nm while that of the IR region (750-
1400 nm) is achieved at ~60 nm (ESI, Fig. S31). The experi-
mental results on the transmittance of the DMD structures on
glass followed the same trend. The average transmittance in the
IR range showed the best transmittance with a ~50 nm thick
top oxide (ESI, Fig. S47).

Fine-tuning of the DMD structure for better light manage-
ment in the IR region is achieved by following the zero-
reflection condition using optical admittance diagram.*® The
inset of Fig. 3b shows a M0oO;/Ag/MoO; DMD system on the
glass substrate, where light enters through the glass substrate
and exits at the MoO/Air interface. Its admittance consists of
three connected curves (representing each layer in the DMD
structure) tracing clockwise, starting from the complex refrac-
tive index of air (1, 0) and ending at that of the glass substrate
(1.52, 0) to obtain the zero-reflection condition. As the top layer
MoO; thickness increases, its admittance curve (yellow line)
intersects that of Ag (green line). Then the admittance follows
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Fig. 3 DMD design for optimized IR transparency. (a) IR transmittance as a function of the thickness and refractive index of the top oxide in the
DMD structure. (b) Admittance diagram of the MoO3z/Ag/MoQs thin film structure. The solid and dashed lines are for 600 nm and 1000 nm
wavelength incident light, respectively. (c) Transmittance spectrum of the semi-transparent perovskite solar cell based on SnO, ETL. (d)
Calculated and experimental average transmittance of semi-transparent perovskite solar cell in the 750-1400 nm region.
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the curve for silver until it intersects the admittance curve for
the bottom MoO; layer. Finally, the curve further extends to
intersect with the real axis at (1.52, 0), completing the zero-
reflection admittance curve.

Q

External Quantum Efficiency ©

0

Normalized PCE at MPP

Current Density (mA/cm?)

w
o
1
T

pO
o

-
o

o
@

!

o
o

©
~

o
N

0.0

400

1.00

0.75
0.50 4
0254+ o—4T Tapdem
100 %
0.75 4
0.50 4
0.25%

1.0 Jm— 7
osd © g
06 --
04+

N
()]
1

N
o
I

N
(6]
!
T

Y
o
1
T

()]
I
T

Py
-9~

@ 04
\ 2

I —o—CQD_Reverse
—e— CQD_forward
L Filltered CQD_Reverse
Filltered CQD_Forward

1 ! 1

0.4 0.6
Voltage (V)

—— Semi-transparent Perovskite
Filtered CQD (1.15 eV)
—CQD (1.15 eV)

800 1000

Wavelength (nm)

600

MPP PCE (%)

PCE (%)

View Article Online

Paper

Since the refractive index is wavelength-dependent, the
optical admittance of the DMD structure varies with incident
photon energy. In particular, the refractive index of MoO; does
not have a significant spectral dependence, whereas the
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Fig.4 Photovoltaic performance of CQD solar cells and 4T tandem devices. (a) JV characteristics of unfiltered and filtered IR CQD devices using
semi-transparent front perovskite solar cells under 100 mW cm~2 illumination. (b) Histogram of device PCEs for CQD and filtered CQD devices.
(c) EQE spectra collected from the front perovskite cell and back CQD cells. The black curve is the EQE spectrum recorded from unfiltered CQD
device (d) The stabilized PCE of the CQD and filtered CQD cells measured at the maximum power point and (e) MPP tracking of the semi-
transparent front perovskite cell, filtered back CQD cell, and the 4T tandem device under simulated AM 1.5G one-sun illumination.
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extinction coefficient of the silver film increases significantly at
longer wavelengths (ESI, Fig. S51). This requires a thicker top
MoO; film for higher IR transmittance, achieved by bringing the
admittance of the DMD structure back to the zero-reflection
condition, as shown in Fig. 3b. The dashed lines represent the
admittance to light at 1000 nm wavelength, in which the top
MoO; needs to increase its thickness to reach the curve of Ag,
compared to the admittance curve for the light at 600 nm
wavelength. The transmittance of semi-transparent devices also
follows the same trend. Fig. 3c shows the overall device trans-
mittance of SnO,-based semi-transparent solar cells, which
enhances the transmittance depending on the thickness of the
top oxide similarly to the DMD transmittance. For the 50 nm top
oxide, maximum transparency of 56% is achieved at 800-
900 nm wavelength and an average IR transmittance of ~46% is
reached in the IR wavelength range (750-1400 nm).

In the next step in designing efficient 4T tandem solar cells,
we fabricated (on ITO-coated glass substrates) PbS IR CQD solar
cells as the back cell. The CQD solar cells consist of zinc oxide
(znO) as the electron transport layer, a PbS CQD active layer, 1,2-
ethanedithiol (EDT)-treated PbS CQDs as the hole transport
layer, and E-beam evaporated gold as the back electrode. PbS
CQDs with bandgaps of ~1.15 eV and ~0.95 eV were chosen as
the main absorber layers in this study since they best match the
transmittance of the perovskite front cell. PbS CQDs were first
passivated using PbX (X = I, Br) via a solution-phase ligand
exchange and then spin-coated.***” Following IR CQD deposi-
tion, two layers of EDT-treated wide-bandgap (860 nm) PbS
CQDs were deposited onto the CQD film. To maximize the CQD-
perovskite tandem cell efficiency, it is important to maximize
the photocurrent harvesting of IR light beyond 750 nm in the
back CQD solar cells. This is achieved by increasing the thick-
ness of the CQD active layer to extract the maximum photo-
current in the IR region (ESI, Table ST11). EQE measurements
of 1.15 eV and 0.95 eV CQD absorbers showed high EQE values
at the exciton peaks; which indicates that the solar cells have an
excellent IR charge collection efficiency from light absorbed
beyond 750 nm (ESI, Fig. S71). EQE measurements also showed
that ~46% of the total extractable photons incident on the back
CQD cells are utilized in these tandem devices. These results
suggest that it is possible to extract a cumulative current density
of ~11.6 mA cm 2 (1.15 V) and 15.2 mA cm > (0.95 eV) if one
neglects parasitic absorption loss in the DMD layer. Though the
current extraction is increased when using the 0.95 eV CQDs,
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this is accompanied by a reduction in the open-circuit voltage,
resulting in no significant benefit in reducing the bandgap
within this 4T design.

The CQD-perovskite 4-terminal tandem is implemented by
stacking the PbS-CQD solar cell as the back cell behind the
semi-transparent perovskite front cell. The measurements were
carried out by following previously reported methods for 4T
solar cells.”'®* The efficiencies of the individual cells were
evaluated and the sum of these two yields the overall PCE of the
tandem cell."®* The JV curves of the CQD cell, measured with
and without the semi-transparent perovskite cell in front, are
shown in Fig. 4a. Histograms are provided in Fig. 4b. When the
semi-transparent front cell, with its stabilized PCE of 17.6%, is
in place, the back cell adds 2.6% absolute power points. In this
case, the best performing 4T tandem achieves a 20.2% stabi-
lized power conversion efficiency (Table 1). The hysteresis in the
PbS-CQD based bottom solar cell is negligible. The J;. measured
from the J-V curve of the filtered back cell (7.0 mA ecm™?) is
consistent with the J. calculated from the EQE spectrum.

We evaluated the stability of the semi-transparent perovskite
solar cells, the CQD back cells, and the corresponding 4T
tandem devices, by using maximum power point (MPP) tracking
under simulated AM 1.5G one-sun illumination. The MPP
tracking of these solar cells was carried out without encapsu-
lation. The semi-transparent perovskite solar cells showed
a constant rate of degradation (Fig. 4e), wherein about 15% of
the initial efficiency was lost following 14 hours MPP tracking.
The CQD devices showed a small initial increase (1-3.5 hours).
The 4T tandem devices showed an MPP degradation with time,
with the PCE decreasing to 90% of its maximum value after our
measurement time of 12.5 hours.

Further progress is available in perovskite-CQD tandems via
concurrent advances in light management in perovskite sub-
cells and enhanced IR charge collection in CQD sub-cells.
Better light management can be accomplished by making
semi-transparent perovskite solar cells with wider bandgaps
and employing an asymmetric oxide-based multilayer DMD
design or by using an IR-transparent conductive oxide. Inno-
vative strategies used in CQD device fabrication, such as
combining multiple bandgap CQD ensembles*® or using graded
architectures,®” can enhance the filtered current extraction from
the back CQD solar cell to approach more closely the full
potential of this solution-processed tandem PV technology.

Table 1 Summary of photovoltaic performances of the 4T perovskite CQD tandem solar cells

Stabilized
Voe (V) Jse (MA cm™?) FF (%) PCE (%) PCE (%)

Semi-transparent perovskite front cell Reverse 1.07 21.03 79.56 17.90 17.6
Forward 1.07 20.89 78.97 17.65

Unfiltered CQD back cell Reverse 0.64 29.41 62.0 11.67 11.6
Forward 0.64 28.98 61.64 11.61

Filtered CQD back cell Reverse 0.58 7.13 65.2 2.65 2.6
Forward 0.58 6.96 64.2 2.63

4T tandem (perovskite + CQD) Reverse 20.55 20.2
Forward 20.28

This journal is © The Royal Society of Chemistry 2019
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Conclusions

We demonstrate solution-processed hybrid tandem PV devices
combining two emerging types of photoabsorbing materials,
perovskites and CQDs. The 4T tandem solar cell achieved
a stabilized efficiency of 20.2% based on a perovskite front cell
and a CQD back cell. An ultrathin DMD layer as part of the
perovskite solar cells gave semi-transparent solar cells with
stabilized PCEs of ~18% for champion cells, among the highest
PCEs reported for semi-transparent solar cells and well-suited
to serve as the front cell in a 4T tandem devices. This DMD-
TCE, which contains an ultrathin Au/Ag metal film sand-
wiched between dielectric MoO; layers, has a wavelength-
dependent transmittance which we took into consideration
when we optimized it for maximum IR transmittance as needed
for the tandem design. The CQD solar cell achieved a PCE of
11.3% under unfiltered solar illumination and a PCE when it
functioned as the back cell 2.6% behind the perovskite front
cell. These results demonstrate CQD and perovskite solar cells
as a promising combination for solution-processed tandem
solar cells for next-generation photovoltaic technologies.

Experimental
Materials

All the materials were used as received without purification. Pre-
patterned ITO substrates (20 Q sq~ ') with 25 mm x 25 mm
dimension were purchased from TFD inc. Pbl, beads (99.999%),
PbBr, (99.999%), CsI (99.999%), and MoO; powders were
purchased from Alfa Aesar. Methylammonium iodide (MAI),
formamidinium iodide (FAI), methylammonium bromide
(MABr) were purchased from GreatCell Solar. The SnO, nano-
particle was bought from Alfa Aesar. All the solvent used in the
process were anhydrous solvents and purchased from Sigma-
Aldrich.

Electron-transport layer (ETL) fabrication. Patterned ITO/
glass substrates were cleaned with deionized water, acetone,
and isopropanol, respectively. The precursor for SnO, layer
fabrication was prepared by diluting (1:6 ratio) the SnO,
nanoparticles solution (Alfa Aesar) in deionized water. This
solution is spin-coated on the ITO substrates with 3000 rpm for
15 s and annealed at 150 °C for 30 minutes. This was transferred
to the N, glovebox immediately when cooled down to room
temperature.

Perovskite absorber layer fabrication. The perovskite
absorber layers were deposited inside the N,-filled glove box
with a controlled H,O and oxygen level to less than 1 PPM. The
temperature inside was monitored to be 25-30 °C. The glove box
was purged after the fabrication of every 8 samples to remove
the solvent ambience in the glove box. The precursors for
Csp.0sMAg 10FA( s5Pbl g5sBro 15 perovskites were prepared by
dissolving the Pbl,, PbBr,, Csl, FAI, and MABr in DMF : DMSO
(4 : 1 in volume) solvents. The perovskite films were deposited
on to the SnO, coated ITO substrates following a two-step spin-
coating procedure. The substrate was spun at 1000 rpm for 10 s
with an acceleration of 200 rpm at first, and at 6000 rpm for the
30 s with an acceleration of 2000 rpm in the second step. In the

26026 | J. Mater. Chem. A, 2019, 7, 26020-26028

View Article Online

Paper

second step, 200 pL chlorobenzene was dropped onto the
substrate after 25 seconds. The substrate was immediately
placed on a hotplate and annealed at 100 °C for 30 minutes.

Hole-transport layer (HTL) fabrication. The HTM (Spiro-
OMeTAD) was deposited immediately after fabrication of
perovskite films. Spiro-OMeTAD solution was prepared by dis-
solving 65 mg SpiroOMeTAD in 1 mL Chlorobenzene. Then 70
pL  lithium Dbis(trifluoromethane)sulfonimide salt solution
(170 mg mL " in acetonitrile) and 20 uL mL " tert-butylpyridine
were added. This solution was spun at 4000 rpm for 20 seconds
on perovskite films. Then the samples were kept in ambient
environment overnight at dark for oxidation.

Back electrode fabrication. 120 nm Au film was deposited
atop the Spiro-OMeTAD by electron-beam evaporation as a back
contact electrode for opaque perovskite solar cell. The device
area (0.053 cm?) is defined by a deposition mask. The multi-
layered DMD architectures (MoO3z/Au/Ag/MoQO3) were depos-
ited sequentially. The silver and MoO; was deposited using the
thermal evaporation. The MoO; and 1 nm-gold were deposited
at a rate of 0.2 A s™*. Then, 5 nm-silver was deposited on the
1 nm gold at a rate of 2 As. Finally, the top MoO; was ther-
mally evaporated at a rate of 0.5 A s~ .

PbS colloidal-quantum dot solar cell fabrication

Patterned ITO/glass substrates were cleaned with detergent,
deionized water, acetone, and isopropanol respectively. A
compact ZnO thin film was spin-coated on substrate as ETL. For
making CQD absorber layers, a halide ligand-exchanged
quantum dot was spun into the ZnO film. The halide-ligand
exchange process was carried out by mixing PbS quantum dot
with ligand (PBI, PbBr, ammonium acetate) solution in octane.
After the ligand exchange, CQDs were washed with octane and
separated by centrifugation with the addition of toluene. These
dried PbS CQDs were re-dispersed in butylamine for spin
coating. After the IR CQD deposition, two layers of EDT-treated
wide bandgap (860 nm) PbS CQDs were deposited on to the
absorber CQD film. Finally, an Au electrode of 120 nm was
deposited by e-beam at 2 A s,

Solar cell performance measurement and characterization.
The J-V characteristics of the solar cells were measured using
a Keithley 2400 source meter under a simulated AM1.5G solar
spectrum (Sciencetech, class AAA) from a Xe-lamp (Solar Light
Company Inc.). The irradiation power was calibrated with
a reference Si solar cell (Newport, Inc.) at 100 mW cm™ 2. The
active area (0.049 cm®) was determined by the aperture mask.
The samples were under constant N, flow at room temperature
using a custom-built measurement setup. The j-V measure-
ments were performed in forward and reverse directions at
arate of 50 mV s~ *. The stabilized power output was obtained by
setting the bias voltage to the initial Vypp that was determined
from the JV curve. We used previously reported 4T measurement
protocol to measure the performance of our tandem cells'®*
CQD back cells were measured under the semi-transparent
perovskite cell filters. During the 4T measurement, back cell
device area was covered by a larger (2 cm Xx 2 cm) semi-
transparent perovskite cell filters, fabricated in the same batch
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and procedure as that of the actual devices. The filtered PCE of
CQD using a small area (0.053 cm®) and large area (2 cm x 2
cm) filters are the same as shown in Fig. S8.1

EQE-spectra were measured under monochromatic illumi-
nation from a 400W Xe-lamp. A Newport 818-UV and Newport
838-1IR sensors were used for calibration. The current response
was collected at short-circuit conditions with a Lakeshore
preamplifier connected to a Stanford Research 830 lock-in
amplifier. The total absorption and transmittance were extrac-
ted from the reflection and via a UV-vis-IR spectrophotometer
(Lambda 950). Cross-sectional imaging of the devices was ob-
tained by field-emission scanning electron microscopy (3 kV).

4T performance simulation. The theoretical efficiency was
estimated by detailed-balance calculations.”” The short-circuit
current was calculated by integrating the AM1.5G spectrum
assuming 100% EQE above the bandgap. The reverse saturation
current was calculated from detailed balance,*” assuming 100%
radiative recombination. From these quantities, an I-V curve
was simulated assuming the ideal diode equation.

Optical modeling. Calculations were carried out by using
open-source transfer matrix code.* Optical constants of each
layer were measured using spectroscopic ellipsometry (ESI S5
and S67). Spectroscopic ellipsometry was performed using
a Horiba UVISEL Plus extended range ellipsometer with a 200
ms integration time, a 5 nm step size and a 1 mm diameter spot
size at an incident angle of 70 degrees. Soda-lime glass slides
were used as substrates for each material, with their back
covered with cloudy adhesive tape to ensure back-reflections are
diffusively reflected away from the detector. Fitting was per-
formed using Horiba's DeltaPsi2 dedicated software.
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