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Germany.

Cite this: Energy Environ. Sci., 2015, 8,
956

Received 21st October 2014
Accepted 22nd December 2014

DOI: 10.1039/c4ee03322a

www.rsc.org/ees

956 | Energy Environ. Sci., 2015, 8, 956
t perovskite solar cells for tandems
with silicon and CIGS†
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A promising approach for upgrading the performance of an established low-bandgap solar technology

without adding much cost is to deposit a high bandgap polycrystalline semiconductor on top to make a

tandem solar cell. We use a transparent silver nanowire electrode on perovskite solar cells to achieve a

semi-transparent device. We place the semi-transparent cell in a mechanically-stacked tandem

configuration onto copper indium gallium diselenide (CIGS) and low-quality multicrystalline silicon (Si) to

achieve solid-state polycrystalline tandem solar cells with a net improvement in efficiency over the

bottom cell alone. This work paves the way for integrating perovskites into a low-cost and high-

efficiency (>25%) tandem cell.
Broader context

Hybrid perovskites are a special material for solar cells as they are one of very few efficient high-bandgap absorbers. Furthermore, they can be deposited as
defective, polycrystalline layers and are compatible with low temperature and high-volume processing. However, the path to commercialization for this special
material is unclear in the current worldwide market. The sharp drop in commercial solar module prices and low prot margins, coupled with high capital
intensity for building new solar factories have limited the available investment for new solar technologies. Therefore, an approach that involves upgrading the
market-leading technologies is highly attractive, especially if existing factories for these technologies can be leveraged. Mechanically-stacked tandems using
hybrid perovskites as the top cell absorber can make use of the entire process ow of current technologies with only the addition of a few steps added in parallel.
This approach provides a pathway to commercialization that both provides a benet for incumbent technologies and does so with low capital intensity.
Introduction

In the last several years the photovoltaic industry has grown
rapidly and large factories have achieved superb economies of
scale that have enabled the manufacture of modules with power
conversion efficiency in the range of 14–21% based on silicon
(Si), cadmium telluride (CdTe) and copper indium gallium
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diselenide (CIGS) at a cost less than $1/W.1,2 Despite this
progress, photovoltaics produce less than one percent of the
world's electricity and there is a strong desire to both continue
reducing costs to less than $0.5/W while also raising the power
conversion efficiency above 25%.3 Increasing efficiency is
particularly important because the cost to install modules now
exceeds the cost to make them and the cost of installation
effectively drops when the number of panels that needs to be
installed to reach a desired power output is reduced. In the last
few years, dozens of photovoltaic companies with promising
technologies have been forced out of the market.4 Because new
factories require large amounts of capital to build, startups
could not achieve the necessary economies of scale to compete
in the marketplace with the amount of capital that the invest-
ment community was willing to provide. With this in mind,
approaches that involve upgrading the market-leading tech-
nologies instead of completely displacing them are highly
attractive. The power conversion efficiency of silicon photovol-
taics has been stuck at 25% for more than een years.5 We
believe that a way to improve on this value is to make tandem
solar cells in which a top cell with a higher bandgap than silicon
absorbs the higher energy photons and generates a voltage that
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Tandem schematics. (Left) Schematic of a mechaniically-
stacked tandem fabricated in this work with a perovskite solar cell as
the top cell and Si or CIGS as the bottom cell. (Right) Schematic of a
monolithic polycrystalline tandem.

Fig. 2 Current-matching at the module level. An example perovskite/
silicon module with a simplified geometry and current density to
demonstrate how current-matching at the module level can occur
with a mechanically-stacked tandem. In this example module, the
filtered silicon produces half the photocurrent density of the perov-
skite, so the silicon cells are twice as large to match the current of the
perovskite cells. In this example, all cells are strung together in series;
the total voltage of the module is the sum of the individual cell
voltages.
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is approximately twice what silicon can generate. It is desirable
to make the high bandgap cell at very low cost using a material
than can function well even when it is polycrystalline and
defective. Recently, a superb candidate, hybrid perovskites,6,7

has emerged. Since their rst use in photovoltaics in 2009,8 the
power conversion efficiency of polycrystalline thin lm perov-
skite solar cells has soared to over 20%.5

The rst design principle to consider when making tandem
solar cells is choosing the right bandgaps in order to optimize
harvesting of the solar spectrum. It is well known that the
bottom cell should have a bandgap around 1.1 eV and the top
cell should have a bandgap around 1.7–1.8 eV.9 Si and CIGS
both have an ideal bandgap for the bottom cell. In the relatively
few cases where tandems weremade with Si or CIGS, the top cell
sometimes had a bandgap of only 1.4 eV 10 simply because there
are relatively few high performing PV materials and one of
them, CdTe, has that bandgap. Tandems have also been made
with dye-sensitized solar cells, but the efficiency was only 16%.11

The perovskite semiconductor most commonly used in solar
cells is methylammonium-lead(II)-iodide with the chemical
formula CH3NH3PbI3 (MAPbI3), which is an inorganic–organic
hybrid perovskite that forms a tetragonal crystal structure and is
compatible with both solution processing12 and evaporation
techniques.13,14 MAPbI3 is a strongly absorbing15 direct bandgap
semiconductor16 with a bandgap around 1.6 eV. In addition, it is
an intrinsic material with high carrier mobilities,17 shallow
defect levels,18 and 1 mm carrier diffusion lengths,19 which are
important metrics for highly performing solar cells. MAPbI3
devices have obtained large open circuit voltages of 1.07 V,13

only 0.53 V less than the bandgap, Eg/q. The bandgap of the
MAPbI3 perovskite (1.6 eV) can be continuously tuned up to
2.25 eV by substituting Br for I to make MAPb(I1�xBrx)3,20 which
makes perovskite solar cells especially attractive for tandem
applications. A simple stoichiometry of 1 : 2 bromine to iodine
has the ideal bandgap of 1.76 eV.

A second design principle to consider is how to construct the
tandem (Fig. 1). We identify two options that could be used to
make practical modules. The classical method is a mono-
lithically integrated tandem (Fig. 1, right). A more unconven-
tional method is a mechanically-stacked tandem (Fig. 1, le).
The mechanically-stacked tandem has the advantage of
manufacturing simplicity and ease of integration. All commer-
cial photovoltaic modules already contain a glass cover sheet
upon which the top cells could be deposited. A mechanically-
stacked architecture relaxes performance constraints such as
current–density-matching and the need for tunnel junctions
while enabling optimization of the top and bottom cells sepa-
rately. Current matching between the top and bottom strings of
cells can be achieved at the module level by adjusting the
relative top and bottom cell sizes (Fig. 2). This conguration
allows the module to have only two leads exiting the module
and requires only a single inverter, similar to conventional
single-junction modules. On the other hand, the practical effi-
ciency limit of a monolithic tandem is higher than that of a
mechanically-stacked tandem because there are fewer ‘trans-
parent’ electrodes in the stack that parasitically absorb
approximately 5–10% of the light per electrode. However, a
This journal is © The Royal Society of Chemistry 2015
monolithic tandem requires the engineering of a tunnel junc-
tion or recombination layer, the likely need to planarize the
surface of the bottom cell to build the perovskite cell, and
photon management within the complicated dielectric stack. In
this paper, we demonstrate mechanically-stacked tandems by
using a semi-transparent perovskite solar cell as the top cell on
Energy Environ. Sci., 2015, 8, 956–963 | 957
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top of Si and CIGS and provide an outlook for the potential of
polycrystalline tandems. For this prototype we use previously-
developed perovskite, CIGS, and Si solar cells and introduce a
new method of depositing a silver-nanowire transparent elec-
trode to enable semi-transparency through the perovskite solar
cell.

Results and discussion
Semi-transparent perovskite solar cell

Mechanically-stacked tandems require a semi-transparent top
cell, as illustrated in Fig. 1. The perovskite solar cell architecture
used in this study is similar to that developed by Burschka
et al.12 We use a mesoporous titanium dioxide (TiO2) layer
inltrated with the perovskite and contacted on either side by
electron-selective (compact TiO2) and hole-selective (2,20,7,70-
tetrakis(N,N0-di-p-methoxyphenylamine)-9,90-spirobiuorene,
spiro-OMeTAD) contacts (see Experimental section and ESI†
for more details). For compatibility with these existing elec-
tron- and hole-selective contacts, we use the MAPbI3 perov-
skite rather than the optically ideal MAPbBrI2. MAPbBrI2 was
also not chosen due to a photo-instability observed in this
material.21 The transparent front electrode is uorine-doped
tin oxide (FTO) coated glass. Typically, a perovskite solar cell is
opaque with an approximately 100 nm thickmetal back electrode
of either Au or Ag. This metal back electrode provides a low-
resistance electrical contact and a reective surface, giving the
perovskite a second chance to absorb any light that was not
absorbed on the rst pass. To enable the transparency required
to make a mechanically-stacked tandem, we needed a trans-
parent top electrode.

The technical constraints that the top transparent electrode
must meet are stringent. The electrode must be highly trans-
parent in the critical 600–1000 nm window where the perovskite
is not absorbing all of the light and the bottom cell has signif-
icant external quantum efficiency (EQE). The sheet resistance of
the transparent electrode should be at most 10 U ,�1.22

because the transparent electrode must have high lateral
conductivity to minimize resistive loss when carrying the large
current density generated in the perovskite cell. Perhaps most
importantly, this electrode must be applied aer deposition of
the spiro-OMeTAD layer onto a temperature- and solvent-
sensitive perovskite solar cell without damaging it. For these
reasons, high-performance transparent conductive oxides
widely used in industry cannot be directly sputtered onto a
perovskite solar cell without a buffer layer. An electrodemeeting
these criteria has not been demonstrated before now. We use a
silver nanowire (AgNW)mesh electrode which has been shown in
other cases to have a low sheet resistance and high optical
transmission23–26 and develop a new method of depositing this
electrode onto our perovskite cell in a room-temperature solvent-
free process. This AgNW electrode serves as the linchpin for our
mechanically-stacked tandem architecture.

We rst form our AgNW transparent electrode on a exible
polyethylene terephthalate (PET) lm by spray deposition (see
experimental section and ESI†). The resulting AgNW lm has a
sheet resistance of 12.4 U ,�1 and exhibits 90% transmission
958 | Energy Environ. Sci., 2015, 8, 956–963
between 530 and 730 nm falling off to 87% at 1000 nm. The
AgNW lm is then completely and uniformly donated from the
PET to the top spiro-OMeTAD layer of the perovskite solar cell by
mechanical transfer ideally without damaging the sensitive
AgNW or perovskite lms (see Experimental section and ESI†).
Because this is a research-stage procedure, the applied force of
themechanical transfer wasmanually rather than automatically
controlled. Variability in the applied force can cause shorting
(high pressure) as well as incomplete transfer (low pressure),
resulting in a spread of device efficiencies (see ESI†). Automated
precise control of the applied force is expected to remove these
inconsistencies. As a result of the transfer, the conductivity of
the AgNW lm typically improves by 2 U ,�1. The primary
reason for this increase in conductivity is the planarization of
the AgNW lm due to the downward force of the transfer
lamination process, which reduces the resistance of junctions
between wires.27 A secondary effect is that the AgNWs have been
embedded into the moderately conductive spiro-OMeTAD layer
(�10�3 S cm�1)28 on top of the perovskite device. This transfer
step decouples the fabrication of the perovskite solar cell from
that of the electrode, allowing each to be optimized indepen-
dently. Independent fabrication eliminates any thermal or
solvent damage that the spiro-OMeTAD or perovskite may
otherwise incur during the AgNW deposition process. We
complete the semi-transparent solar cell by depositing two
lithium uoride (LiF) anti-reective (AR) coatings, 133 nm onto
the glass surface and 176 nm on top of the AgNW electrode to
improve transmission through the device.

The current–voltage curves and metrics of the semi-trans-
parent perovskite cells and opaque control devices are shown in
Fig. 3 and Table 1. The loss in absorption in the perovskite due
to the removal of the opaque metal back electrode was offset by
reduced reection from the glass surface by the AR coating,
yielding comparable Jsc between the semi-transparent and
opaque cells. We note that if the opaque cell had an AR coating,
it would have approximately 0.5 mA cm�2 higher photocurrent.
We control our measurements for hysteresis in accordance with
a paper by Unger et al.29 We found a 5 s delay time between
stepping the voltage and measuring current necessary to ach-
ieve steady state and remove any semblance of hysteresis. This
procedure for removing hysteresis was corroborated and
conrmed by NREL when a device was sent for certication.
Shadow masks were used to dene the illuminated area of a
device. Opaque devices were illuminated through a 0.12 cm2

mask and semi-transparent devices were illuminated through a
0.39 cm2 mask.

Fig. 3c shows that the transmission through the semi-
transparent device peaks at 77% around 800 nm, the center of
the 600–1000 nm transmission window that is critical for
tandems. Much of the transmission loss is due to parasitic
absorption in the FTO electrode, AgNW electrode, and spiro-
OMeTAD layer. Uniquely, our semi-transparent device has both
a high below-bandgap transmission and a high efficiency.
Previous semi-transparent devices have had to sacrice one of
these metrics to achieve the other.10,23 There remains signicant
room for improvement in the transmission. Low-temperature
processes would allow for fabrication of the perovskite cell on
This journal is © The Royal Society of Chemistry 2015



Fig. 3 Perovskite device results. (a) Current–voltage curves
comparing best opaque vs. semi-transparent perovskite devices. (b)
EQE of semi-transparent device and opaque device. Note that the
opaque device does not have AR coatings. (c) Transmission through
semi-transparent perovskite with AR coatings. Peak transmission is
77% around 800 nm.

Table 1 Performance metrics of semi-transparent and opaque
perovskite devices

Jsc (mA cm�2) Voc (mV) FF (—) Efficiency (%)

Semi-transparent
perovskite

17.5 1025 0.710 12.7

Opaque electrode
perovskite

17.5 982 0.740 12.7

Paper Energy & Environmental Science
ITO, which is more transparent than FTO. A more transparent
hole-transporter than spiro-OMeTAD, which in its oxidized
form absorbs light throughout the visible and infrared,28 would
also improve transmission.
This journal is © The Royal Society of Chemistry 2015
Tandems

We have made tandems with both Si and CIGS as bottom cells.
Both have a bandgap around 1.1 eV, which is sub-optimal for a
single-junction solar cell but optimal for a double-junction
tandem,9 and are commercially successful solar technologies.
We use a 17.0% laboratory-scale CIGS device made using
previously reported procedures.30–34 Although CIGS cells with
21% efficiency can be made, we chose a cell with a more modest
efficiency for this demonstration to illustrate how cells that can
be made at scale could be enhanced with a perovskite top cell.
The current–voltage curves and external quantum efficiency of
the semi-transparent perovskite solar cell, the CIGS solar cell
and the CIGS solar cell underneath the perovskite solar cell are
shown in Fig. 4. To arrive at the efficiency of the 4-terminal
tandem, the efficiency of the semi-transparent perovskite cell is
added to the efficiency of the CIGS solar cell when underneath
the perovskite cell. With our 12.7% semi-transparent perovskite
cell, we improve the 17.0% CIGS cell to 18.6% in a tandem
(Fig. 4a and b/Table 2) as measured in-house. This cell was not
sent for certication due to scratching of the electrode from
excessive handling. A different cell was sent to NREL and was
certied as 17.3% with an 11.7% semi-transparent perovskite
cell which was slightly higher than our in-house measurement
of 17.1% (see ESI† for details). The good agreement between the
in-house and certied measurements lends credence to the
other values reported herein.

In the perovskite/CIGS tandem, the photocurrent density in
the perovskite is 1.6� higher than the photocurrent density in
the ltered CIGS. If a module like the one shown in Fig. 2 were
made with these two cells, a ratio of 8 perovskite subcells to
5 CIGS subcells (of an area 1.6� the size of the perovskite
subcell) should be strung together in series to achieve current
matching. We expect that the performance of such a current-
matched tandem would be very similar to the 4-terminal values
reported here.

Perovskite solar cells are already efficient enough to upgrade
the performance of silicon solar cells made with low-quality
silicon using the polycrystalline tandem approach. Here, we
explore lower-quality sources of Si including cast multicrystal-
line silicon (mc-Si) wafers made from feedstock with high
impurity content recycled from the top 10% of other cast mul-
ticrystalline ingots (TI-Si) (Fig. 4c and d/Table 2) and cast mc-Si
wafers grown using 4.5 N (99.995% pure) upgraded metallur-
gical-grade Si (UMG-Si) (see ESI†) instead of the more expensive
Siemens-grade polysilicon (9 N, or 99.9999999% pure). Low-
quality Si sources generally are not commercially viable today in
Energy Environ. Sci., 2015, 8, 956–963 | 959



Fig. 4 Perovskite and CIGS/Si tandem results. (a) Current–voltage and (b) EQE of semi-transparent perovskite cell, unfiltered CIGS cell, and CIGS
cell filtered by the perovskite cell. (c) IV curves and (d) EQE of semi-transparent perovskite cell, unfiltered TI-Si cell, and TI-Si cell with an infrared-
optimized anti-reflection coating filtered by the perovskite cell.

Table 2 Performance metrics of semi-transparent perovskite cell,
CIGS cell, TI-Si cell, and the resulting tandem efficiencies

Jsc
(mA cm�2) Voc (mV) FF (�)

Efficiency
(%)

Semi-transparent perovskite 17.5 1025 0.710 12.7

TI-Si – unltered 29.3 582 0.667 11.4
TI-Si w/IR-ARC – ltered 11.1 547 0.704 4.3
Tandem w/perovskite + TI-Si 17.0

CIGS – unltered 31.2 711 0.768 17.0
CIGS – ltered 10.9 682 0.788 5.9
Tandem w/perovskite + CIGS 18.6

Energy & Environmental Science Paper
single-junction devices because the material cost advantage of
low-quality Si is offset by the reduction in performance due to
impurities and crystal defects. We improve an 11.4% low-quality
Si cell to 17.0% as a tandem, a remarkable relative efficiency
increase of nearly 50%. Such a drastic improvement in
960 | Energy Environ. Sci., 2015, 8, 956–963
efficiency has the potential to redene the commercial viability
of low-quality Si. Another tandem cell was sent to NREL for
certication using a 17% silicon bottom cell. The tandem was
certied as 17.9% efficient (see ESI† for more details).

When making tandems as opposed to single-junction
devices, some design parameters change for the bottom cell.
The tandem relaxes the design constraints for both the Si and
CIGS top layers. For example, the 20–50 nm CdS window layer
used in commercial CIGS devices results in a photocurrent loss
of �0.5 mA cm�2 due to reduced EQE from 400–550 nm caused
by parasitic light absorption in the CdS layer. However, this
does not affect the EQE of a tandem because the 400–550 nm
light is already absorbed in the top cell, decoupling the opti-
mization of the electronic and optical properties of the CdS
layer. In single-junction Si cells, there is a strict tradeoff of the
series resistance vs. EQE from 400–550 nm due to minority
carrier recombination in the emitter layer. As the bottom cell in
a tandem, the emitter thickness or doping can be increased
without an EQE penalty. In this work, the Si has a �35 U ,�1

phosphorus-diffused emitter as opposed to �100 U ,�1 in
industry.1 Lower sheet resistance in the emitter layer means bus
This journal is © The Royal Society of Chemistry 2015
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bar spacing can be increased, reducing shading losses. The
design parameters also change for the optimal anti-reection
coatings used in a tandem. All commercial solar cells use AR
coatings to improve the transmission into the solar cell. For a
single-junction cell, the AR coating on top of the cell is opti-
mized for a broad spectral range from 400–1100 nm and
necessarily suffers in performance at the edges of this range.
However, for the bottom cell in a tandem, the AR coating is
optimized for a much narrower spectral range between 800 and
1100 nm, and can maintain a much higher performance
through this narrower spectral range. Full consideration of the
different design parameters between single-junctions and
tandems such as these examples could yield further improve-
ments in the future.
Outlook of polycrystalline tandems with perovskites

Perovskite solar cells, in both their opaque and semi-trans-
parent versions,35 are still in their infancy. As perovskite cells
continue to improve, tandems employing them will directly
benet from these improvements. We note that the benet of
the tandem instead of a single junction cell is maximized when
the top and bottom cells have approximately equivalent single-
junction device performance. While we have not yet demon-
strated a tandem that can compete directly in efficiency with
record single-junction CIGS, Si, or perovskite cells, we estimate
that converting the current record perovskite efficiency of 20.1%
from an opaque to a semi-transparent cell and coupling it with a
21–22% single-crystal Si solar cell would result in a 25–27%
efficient tandem. Before commercialization, issues pertaining
to stability, yield, and the use of lead should be addressed. If the
lead-based perovskite is found unsuitable for commercializa-
tion due to these issues, it may inspire the community to
develop a new material that can be used as the high-bandgap
semiconductor in a polycrystalline tandem.

To estimate how efficient polycrystalline tandems can prac-
tically become, we model the performance of a monolithic
tandem by making optimistic, but realistic, assumptions
including no parasitic absorption from the window layers (see
Experimental section for details). With these assumptions, a
perovskite with a bandgap of 1.76 eV achieves current matching.
For this bandgap, which corresponds to the MAPbBrI2 perov-
skite, a photo-stable material must be developed. It is possible
the MAPbBrI2 can stabilized or an alternative perovskite mate-
rial with this bandgap is needed. The tandem with this perov-
skite bandgap can reach 30.4% efficiency, which agrees with the
projected efficiency of other models.36 Since most, if not all, of
the layers in a perovskite cell can be deposited from solution, it
might be possible to upgrade conventional solar cells into high-
performing tandems with little increase in cost.
Experimental
Perovskite device procedure

Aer cleaning and patterning FTO glass, a �50 nm thick lm of
TiO2 was deposited by spray pyrolysis followed by immersion in
a TiCl4 solution. �350 nm mesoporous TiO2 lms were spun
This journal is © The Royal Society of Chemistry 2015
onto the TiO2/FTO surface and sintered at 450 �C. The
remainder of device fabrication was performed in a nitrogen
glovebox with <5 ppm O2 and H2O. The TiO2 substrates were
dried and brought into the glovebox. Three solutions were
prepared: 1.3 M PbI2 in anhydrous N,N-dimethylformamide
(DMF), 10 mg MAI per 1 mL anhydrous 2-propanol (IPA), and
pure IPA as a rinse solution. Methylammonium iodide (MAI)
was synthesized according to a previously reported procedure.6

These concentrations were chosen to avoid the formation of a
perovskite capping layer on top of the mesoporous titania,
which results in light scattering and decreased transparency to
the bottom cell.

The PbI2/DMF solution was spun on then dried. Films were
dipped in the MAI/IPA solution for approximately 20 min to
form the perovskite. Aer rinsing and drying, a spiro-OMeTAD
solution was spun on. Films were removed from the glovebox
and stored overnight in a desiccator at 20% relative humidity.

For opaque electrode devices, 100 nm Au was thermally
evaporated through a patterned shadow mask to form the back
electrode.

For semi-transparent devices, an AgNW lm was transferred
on top (see following section). 100 nm Ag was thermally evap-
orated through a patterned shadow mask around 3 edges of the
devices. 133 nm LiF was deposited onto the glass surface and
176 nm LiF onto the AgNW mesh.
AgNW electrode procedure

AgNWs were dissolved in methanol and spray deposited from
solution with a pneumatic airbrush-type spray nozzle onto
exible Polyethylene terephthalate (PET) lm at 60 �C. The
volatile alcohol solvent evaporates during the deposition and
only AgNWs remain on the PET substrate. This airbrush-type
deposition ensures uniformity and repeatability over an arbi-
trarily large deposition area.

The patterned AgNW lm on PET was placed with the AgNWs
in contact with the spiro-OMeTAD layer on top of the perovskite
device. A 0.17 mm thick glass coverslip was placed on top of the
PET substrate. The AgNWs were transfer laminated from the
PET to the perovskite solar cell by applying approximately 500 g
of downward force onto the coverslip through a single 1/4 inch
diameter ball bearing and selectively rolling over the active area
of the perovskite.
I–V Measurements

Current–voltage characteristics of the perovskite cells were
measured using a Keithley model 2400 digital source meter. The
irradiation source was a 300W xenon lamp (Oriel). The lamp
was calibrated against the integrated photocurrent obtained by
EQE. The voltage was swept in the direction of open circuit to
short circuit. A 5 s delay time at each voltage step before taking
data removed any transient hysteretic behavior of the perovskite
devices.29 For consistency, Si and CIGS cells were measured with
the same sweep parameters.

The semi-transparent perovskite was illuminated through a
0.39 cm2 aperture area. The total area of the CIGS and Si is also
Energy Environ. Sci., 2015, 8, 956–963 | 961
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0.39 cm2, to minimize leakage current. The opaque perovskite
cell was illuminated through an 0.12 cm2 aperture area.

Tandem measurement method

The EQE of the top cell, bottom cell, and bottom cell ltered by
the top cell are individually determined. The solar simulator is
calibrated against the expected photocurrent of the cell from
the EQE measurement. A J–V curve returns the essential metrics
of the cell's performance. The procedure is repeated for all three
cases. In a 4-terminal conguration, the performance of the
individual cells is added together.

Tandem optical model

To model the best-case scenario for a monolithic tandem of
perovskite on CIGS, the following assumptions were made:

The AgNW electrode has a 90% transmission with no para-
sitic absorption from the heterojunction window layers (e.g.
TiO2 and spiro-OMeTAD).

For the top cell, 90% EQE with a sharp bandgap was
assumed (i.e. 90% EQE right up to the edge of the bandgap) with
an Eg–Voc gap of 0.4 V and a FF of 0.80.

For the bottom cell, the best-case Si device was modeled in
PC1D with the following parameters: 1 cm2 device area, 300 mm
thick p-type wafer with 1.5 � 1016 cm�3 background doping, 3
mm rear surface texturing, n++ emitter contact with 1 � 1019

cm�3 peak doping, p+ back surface eld with 1 � 1018 cm�3

peak doping, 1 ms bulk recombination lifetime, front-surface
recombination velocity of 10 cm s�1, rear-surface recombina-
tion velocity of 1000 cm s�1, electrode series resistance of 0.015
U, and no internal shunt pathways.

To estimate the tandem efficiency, the Voc was added from
the top and bottom cells and the Jsc and FF were chosen as the
lower from the two cells.
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Supplementary Information for Semi-transparent Perovskite Solar Cells for Tandems with Silicon and 
CIGS

Colin D. Bailie1†, M. Greyson Christoforo2†, Jonathan P. Mailoa3, Andrea R. Bowring1, Eva L. Unger1, 
William H. Nguyen4, Julian Burschka5, Norman Pellet5, Jungwoo Z. Lee3, Michael Grätzel5, Rommel 
Noufi6, Tonio Buonassisi3, Alberto Salleo2, Michael D. McGehee1*

Perovskite Device Procedure:

Pilkington TEC15 FTO glass (1.6 and 2.2mm) was patterned by selective etching with Zn powder (J.T. 
Baker, 4282-01), 4M HCl (Fisher, A144-212), and mechanical abrasion with a cotton swab. The glass was 
cleaned by sonication in a diluted Extran solution (EMD, EX0996-1), acetone (EMD, AX0115-1), and 
isopropanol (IPA) (EMD, PX1835P-4). After 20min of UV-ozone, the glass was heated to 500°C on a 
hotplate. A 1:10 dilution of titanium diisopropoxide bis(acetylacetonate) (Aldrich - 325252) in ethanol 
(Sigma-Aldrich, 187380) was repeatedly sprayed from an airbrush nozzle to achieve a ~50 nm thick films 
of TiO2 on top of the FTO. After cooling down, the glass was immersed in a 70°C batch of 40 mM TiCl4 
(Sigma-Aldrich, 208566) in ultrapure water (J.T. Baker, 6906-02) for 30 min. The glass was then rinsed in 
DI water and dried on a 70°C hotplate for 15 min. After cooling down, mesoporous TiO2 films were spun 
onto the TiO2/FTO surface at 4000 rpm for 30 s and sintered at 450°C. The spin-coating solution was a 
1:3 dilution of 18-NRT TiO2 paste (Dyesol) in ethanol.

All previous steps were performed in ambient atmosphere. The remainder of device fabrication was 
performed in a nitrogen glovebox with <5 ppm O2 and H2O. The TiO2 substrates were dried by heating to 
500°C with a hot air gun for 30 min and immediately brought into the glovebox. A 1.3 M PbI2 solution 
was prepared by dissolving PbI2 (Aldrich, 211168) into anhydrous DMF (Acros, 32687) and stirring on a 
hotplate at 100°C. The DMF was filtered through a 200 nm PTFE filter (Pall, 4552) prior to adding to the 
solution in order to remove particulates. Methylammonium Iodide (MAI) was synthesized according to a 
previously reported procedure.1 A solution of 10 mg MAI per 1 mL anhydrous IPA (Acros, 61043) was 
prepared and allowed to dissolve at room temperature. A pure IPA rinse solution was prepared as well. 
The IPA was filtered through a 20 nm PTFE filter prior to adding to the solutions in order to remove 
particulates.

After the TiO2 substrates were cooled to room temperature, 100 μL of the 100°C PbI2/DMF solution was 
pipetted onto the substrate and spun at 6500 rpm for 90 s. The resulting film was translucent yellow and 
dried for 30 min on a 70°C hotplate. After cooling, the films were dipped in the MAI/IPA solution. The 
films were monitored optically for the formation of the perovskite (SI Figure X). The signal at 700 nm 
was used to determine the growth rate of the perovskite, while the signal at 850nm was used to detect 
the presence of other optical phenomena (changes in scattering, reflection, incident light intensity). 
When the derivative of both signals matched, the formation was considered complete and the 
perovskite film was removed, rinsed in IPA, dried by spinning at 4000 rpm for 30 s, and placed back on 
the 70°C hotplate for 30 min. At this point, the films were a translucent brown. After cooling, 75 μL of a 
spiro-OMeTAD (Lumtec, LT-S922) solution was spun on top at 4000 rpm for 30 s. The spiro-OMeTAD 
solution was 59 mM (for opaque devices) and 163 mM spiro-OMeTAD (for semi-transparent devices) in 
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anhydrous chlorobenzene (Sigma-Aldrich, 284513). The spiro-OMeTAD was dissolved by placing on a 
hotplate at 70°C for >30 min. 193 mM of tert-butyl pyridine (Aldrich, 142379) and 31 mM of Li-TFSI 
(Aldrich, 15224) dissolved as 520 mg/mL in anhydrous acetonitrile (Acros, 61096) were added to the 59 
mM spiro-OMeTAD solution. For the 163 mM spiro-OMeTAD solution, the amount of tert-butyl pyridine 
and Li-TFSI was kept consistent with respect to the concentration of the spiro-OMeTAD. In this study, 8 
mol% of the spiro-OMeTAD was spiro-OMeTAD(TFSI)2, resulting in 16% of spiro-OMeTAD molecules 
being chemically oxidized to ensure conductivity in the spiro-OMeTAD layer. The spiro-OMeTAD(TFSI)2 
was synthesized as reported elsewhere in literature.2 After the spiro-OMeTAD solution was prepared, it 
was filtered through a 20 nm Al2O3 filter (Whatman, 6809-3102) to remove any aggregates and 
particulates. Films were then removed from the glovebox and stored overnight in a desiccator at 20% 
RH.

For the opaque electrode devices, 100 nm Au was thermally evaporated through a patterned shadow 
mask to form the back electrode. For the semi-transparent devices, an AgNW film on PET (details in 
following section). After transfer of the AgNW electrode, 100 nm Ag was thermally evaporated through 
a patterned shadow mask around 3 edges of the devices. These bars of silver helped reduce the 
unnecessary series resistance in the AgNW electrode by not limiting the current collection to one 
geometrical direction. The nearly completed device was stored in a desiccator for 12 hours before 
applying the anti-reflective coatings.

LiF anti-reflective coatings were then added to the semi-transparent devices. 133 nm LiF was deposited 
onto the glass surface. This was optimized to provide anti-reflection for the broad solar spectrum from 
400–1100nm. 176 nm LiF was deposited onto the AgNW mesh. This thickness was optimized to provide 
anti-reflection for the infrared spectrum from 800–1100 nm. 

Supplementary Figure 1. Optical density over time of perovskite film in dipping solution. The signal at 
700 nm was used to determine the growth rate of the perovskite, while the signal at 850 nm was used 
to detect the presence of other optical phenomena (changes in scattering, reflection, incident light 
intensity).
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Si Device Procedure:

We fabricate our silicon cells from multicrystalline silicon wafers with high impurity content. Instead of 
using expensive polysilicon made using the Siemens process, the feedstock for our cast multicrystalline 
Si wafers are 4.5N (99.995% pure) upgraded metallurgical silicon (UMG-Si) or recycled silicon from the 
top 10% of a cast multicrystalline industrial ingot (TI-Si). These ~200 μm-thick wafers are subjected to 
saw-damage removal wet etch in CP4 solution (15:5:2 HNO3:CH3COOH:HF) for 2 cycles of 2 minute etch, 
resulting in ~180 μm thick wafers. The wafers are then cleaned using RCA1 (5:1:1 H2O:NH4OH:H2O2) and 
RCA2 (5:1:1 H2O:HCl:H2O2) solutions at 70°C, 10 min. each, to remove organic and metallic surface 
contaminants. The wafers are then loaded into a Tystar POCl3 diffusion furnace at 700°C for phosphorus 
emitter formation. After ramping up the furnace temperature to 865°C, POCl3 gas is flowed into the 
furnace for 12 minutes, followed by 6 minutes of N2 purge. After waiting for an extra time of 10 minutes, 
we purge the furnace chamber with O2 for 7 minutes followed by temperature ramp down of ~ 
3°C/minute. The samples are then unloaded at 500°C.

At the end of the diffusion process, phosphorus emitter with diffusion depth of 200–300 nm and emitter 
sheet resistance of ~35 Ω/□ are formed on both sides of the wafer. We remove the phosphosilicate glass 
(PSG) layer formed on the wafers surface by dipping them in buffered oxide etch (BOE 5:1) solution for 
approximately 30 s, then deposit SiNx anti-reflection coating (ARC) using plasma-enhanced chemical 
vapor deposition (PECVD). In this intermediate step, the standard Si cells have an ARC thickness of 82 
nm, while the cells optimized for infrared light (800–1100 nm) have an ARC thickness of ~125 nm. We 
remove the backside emitter by SF6 reactive ion etch (RIE) with a rate of ~1 μm/min to etch ~1 μm deep. 
After, we deposit 1 μm thick Al on the backside of the wafer using e-beam evaporation, followed by 
rapid thermal annealing (RTA) at 900°C for 30 s in N2 atmosphere to form aluminum back surface field 
(Al BSF) at the back of the wafer. After this annealing step, the thickness of the ARC layers shrink down 
to 78 nm (optimized for standard AM1.5 illumination) and 115 nm (optimized for IR response). We 
defined our finger area of the cells using photolithography, and etched SiNx on the corresponding area 
using RIE. We then deposit 20/20/300 nm Ti/Pd/Ag metal stack as the finger, for which Ti acts as the 
adhesion layer, Pd acts as the diffusion barrier, and Ag acts as the conductive layer. Lift-off process in 
acetone is used to form the metal fingers, followed by RTA at 400°C for 5 minutes in Ar atmosphere for 
metal adhesion. The cells are finally cut out of the wafers by laser scribing followed by mechanical 
cleaving.
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AgNW Spray Deposition

The spray deposition method used here follows that described by Beiley et al.3 with several 
modifications. The spray nozzle was positioned 76 mm above the substrate. The AgNW dispersion 
sprayed here contained 4.5 mg of AgNWs. This value was chosen such that the 
transmission/conductivity tradeoff of the AgNW electrode maximizes the power conversion efficiency of 
the tandem. The deposition was carried out on 5mil thick Polyethylene terephthalate (PET). The choice 
of PET as a substrate for the AgNW film is important for the transfer lamination technique for reasons 
described below. The spray deposition was carried out at the elevated temperature of 60°C to increase 
the conductivity of the AgNW electrode. PET has a glass transition temperature of about 70°C and so 
higher deposition temperatures and further annealing, although desirable, could not be used here. The 
nanowires used here averaged 35 nm in diameter and 15 µm in length.

This spray deposition process yielded a 50 × 300 mm of AgNW transparent electrode on PET. This was 
then cut with scissors into pieces approximately matching the perovskite substrate size. The electrodes 
were patterned by selectively applying and then removing kapton tape to eliminate AgNWs in desired 
regions. The AgNW film on PET was stored at ambient laboratory conditions for two weeks before 
transfer lamination.

Supplementary Figure 2. Transmission of the 12.4 Ω/□ AgNW film with the PET substrate subtracted.
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AgNW Transfer Lamination

Please see Supplementary Movie 1 for a demonstration of this process.

The patterned AgNW film on PET was placed facedown onto the nearly completed perovskite device so 
that the AgNWs were in contact with the top spiro-OMeTAD layer. A 0.17 mm thick glass coverslip was 
placed on top of the PET substrate. The AgNWs were transfer laminated from the PET to the perovskite 
solar cell by applying approximately 500g of downward force onto the coverslip through a single ¼-inch 
diameter ball bearing. The bearing was selectively rolled over the active area of the perovskite device so 
that the AgNW film is completely and uniformly donated from the PET to the top spiro-OMeTAD layer of 
the perovskite solar cell. The rolling action of the bearing reduces lateral shear force on the PET 
preventing any movement of the donor PET substrate relative to the acceptor perovskite solar cell. 
Lateral movement here causes discontinuities in the laminated AgNW film severely degrading its 
conductivity. The flexibility and softness of the PET substrate allows the AgNW film to conform to the 
surface of the perovskite device during transfer despite any dust or other imperfections that may be 
present on either the surface of the AgNW film or the surface of the spiro-OMeTAD layer. This, coupled 
with the relatively small contact point of the ball bearing ensures complete transfer lamination of the 
AgNW film to the perovskite device without damaging the mechanically sensitive nanostructured AgNW 
film in the presence of dust or other imperfections.

The 500 g transfer force was chosen to be sufficient to ensure the AgNWs were completely donated 
from the PET but not too much that they were forced through the spiro-OMeTAD layer causing 
bridges/shunts across it. AgNW bridges across the spiro-OMeTAD layer lead to increased recombination 
since the spiro-OMeTAD layer can no longer effectively block electrons and in extreme cases shunting of 
the device if the AgNWs bridge through the TiO2 as well. The coverslip serves two purposes. First, it 
isolates the lateral movement of the ball bearing from the PET, which prevents cracks, or discontinuities 
in the transferred AgNW film as described above. Second, it serves to increase the area over which the 
force from the ball bearing is applied to the PET, thus reducing the pressure felt by the AgNWs during 
the transfer process. This reduced pressure is a further safeguard against AgNWs bridging through the 
spiro-OMeTAD layer.

Tips For Reproduction:

For those with interest towards reproducing this work, we would like to stress a few points in our 
procedure above that we have found to be the most critical in fabricating the semi-transparent 
perovskite devices.

 Avoid a perovskite overlayer and make the spiro-OMeTAD layer thick. Planarization of the top 
surface is important for ensuring the complete transfer of the silver nanowire electrode. To a 
lesser degree, it also improves the transmission through the device by decreasing scattering.

 Transfer the silver nanowires with as little pressure as possible. A very low and consistent 
pressure is required to avoid pressing the wires through the spiro-OMeTAD film and making 
direct contact with the perovskite. This is also the function served by the glass coverslip.
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 Develop a surface coating on the wires to make them more stable. Our laboratory environment 
has normal oxygen levels as well as a small partial pressure of sulfur gas added to the 
environment. While we have no direct proof of a coating on the silver nanowires, we believe 
either an oxide or a sulfide layer was formed on the surface of the wires. Silver oxide and sulfide 
are much more stable than metallic silver in the presence of iodine (which readily forms silver 
iodide) and improve the resistance of the electrode to corrosion. We see that electrodes stored 
in the laboratory environment prior to transfer onto a device are much more stable than 
electrodes stored in an inert nitrogen atmosphere. We set aside one of these devices for long-
term testing and it showed no change in performance over a month of storing in the dark in 
desiccated air. There is certainly room to improve on this procedure by intentionally introducing 
an oxide or sulfide layer onto the nanowires or by coating the surface with other materials (e.g.,. 
ligands, a gold coating, etc.)

 Wait for the spiro-OMeTAD layer to dry before transfer. Possibly the spiro-OMeTAD film is too 
soft while still wet. Our results were much more inconsistent and lower when we tried transfer 
onto a wet spiro-OMeTAD layer. We achieved our best results by allowing the device to dry 
overnight in a flow desiccator.

 Test devices before evaporating anti-reflection coatings. The LiF anti-reflection coating seems to 
act as an effective seal against ingress of gas. For us, however, perovskite devices need to be 
exposed to light and oxygen to achieve their best performance (we believe the necessity is in 
the perovskite layer itself, not the spiro-OMeTAD layer), otherwise there is a slight s-kink near 
max power. Testing in the middle of fabrication gets rid of this s-kink permanently, then the 
anti-reflection coating can be added.
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Device Variability

Supplementary Figure 3. Distribution of semi-transparent cell performance gathered from 3 batches 
where device procedures were largely kept constant between batches. Low-efficiency devices exhibited 
shorting likely caused by too much pressure applied manually during the AgNW electrode transfer. 
Medium-efficiency devices generally exhibited low photocurrents likely caused by incomplete transfer of 
the AgNW electrode due to too little pressure applied manually during the electrode transfer.
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Testing Procedures:

EQE Measurements:

For the perovskites, the external quantum efficiency (EQE) was recorded as a function of the wavelength 
using a Model SR830 DSP Lock-In Amplifier (Stanford Research Systems) without light bias. A 100 W 
tungsten lamp (Newport) was used to provide an excitation beam, which was focused through a 
Princeton Instruments SpectraPro 150 monochromator and chopped at approximately 2 Hz. At each 
wavelength, a delay time of 3 s was used to allow the signal to settle, and afterwards data was collected 
for 4 s. The time constant on the lock-in amplifier was 1 s.

For the Si and CIGS cells, the EQE measurement was sped up because these cells have much faster 
settling times than the perovskites. The excitation beam was chopped at 300Hz, the delay time was 
reduced to 0.1 s, data was collected for 1 s, and the time constant of the lock-in amplifier was 30 ms.

To measure the EQE of the bottom cell in the tandem, the above procedure for the Si and CIGS cells was 
repeated with the perovskite top cell placed in front of the Si or CIGS cell to filter the incoming light. The 
EQE and IV measurements were made immediately following the evaporation of the LiF anti-reflective 
coatings.

4-Point Probe and Transmission: Measurements:

Sheet resistance and transmission measurements were performed as previously described in the 
supplemental section of Beiley et al. (2013).3
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NREL Certification:

Supplementary Figure 4: A non-champion cell was sent to NREL for certification. The tandem efficiency 
as measured in-house at Stanford was 17.1%. The certified tandem efficiency was even slightly higher at 
5.6% + 11.7% = 17.3%. The difference in efficiency measurements can be explained by sensitivity of the 
NREL EQE to 300-800nm, whereas in-house EQE was only measured to 350-800nm
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NREL Certification cont'd:

Supplementary Figure 5: A tandem certified at NREL with a semi-transparent perovskite top cell and a 
17%-alone mono-Si bottom cell. The tandem efficiency is 6.1% + 11.8% = 17.9%
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Full TI-Si Results:

We chose to use two different Si devices to illustrate how re-optimization of the bottom cell specifically 
for use in a tandem can improve the tandem efficiency. One Si device uses the broad-spectrum AR 
coating while the other has an AR coating optimized for the infrared (IR-ARC). In main text, the TI-Si with 
a broadband AR coating was used as the single-junction baseline and the TI-Si with an IR-ARC was 
filtered by the perovskite and added to the perovskite efficiency to arrive at the tandem performance.

Supplementary Table 1: Cell characteristics of TI-Si solar cells and their corresponding tandem 
performance.

Cell
JSC 
(mA/cm2)

VOC 
(mV)

FF
(-)

Efficiency 
(%)

Tandem Efficiency 
(%)

Perovskite 17.5 1025 0.710 12.7
TI-Si 29.3 582 0.667 11.4
TI-Si Filtered 10.7 539 0.648 3.7 16.4
TI-Si + IR-ARC 28.0 593 0.712 11.8
TI-Si + IR-ARC Filtered 11.1 547 0.704 4.3 17.0

Supplementary Figure 6. Example of difference in spectral response depending on AR coating applied to 
Si cell. The regular TI-Si cell has a broadband AR coating.

UMG-Si Results:

Supplementary Table 2: Cell characteristics of UMG-Si solar cell not shown in main text and its 
corresponding tandem performance.

Cell
JSC

(mA/cm2)
VOC

(mV)

FF

(-)
Efficiency 
(%)

Tandem Efficiency 
(%)

Perovskite 17.5 1025 0.710 12.7
UMG-Si 27.9 590 0.705 11.6
UMG-Si Filtered 9.4 553 0.698 3.6 16.3
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