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ABSTRACT: Top-illuminated, indium tin oxide (ITO)-free,
tandem polymer solar cells are fabricated on opaque substrates
in an inverted device configuration. In the tandem cell, a wide
band gap subcell, consisting of poly[N-9′-heptadecanyl-2,7-
carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)]
(PCDTBT) blended with [70]PCBM is combined with a
small band gap subcell consisting of a mixture of poly[{2,5-
bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]-
pyrrole-1,4-diyl}-alt-{[2,2′-(1,4-phenylene)bisthiophene]-5,5′-
diyl}] (PDPPTPT) and [60]PCBM. Compared to the more
common bottom-illuminated inverted tandem polymer solar
cells on transparent ITO substrates, the front and back cells must be reversed when using opaque substrates and a transparent
and conductive top contact must be employed to enable top illumination. A high conductive poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) layer in combination with Ag lines surrounding the active
area as current collection electrode is used for this purpose. The tandem polymer solar cell on an opaque glass/metal substrate
yields a power conversion efficiency of 6.1% when the thicknesses of the photoactive layers are balanced for optimum
performance. This is similar to the equivalent inverted tandem device fabricated on a transparent glass/ITO substrate.
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1. INTRODUCTION

In recent years, the power conversion efficiency (PCE) of single
junction polymer solar cells has reached about 9%.1−5 In most
of the high efficiency polymer solar cells, the active layer
consists of a small band gap polymer, suitably designed to
capture a significant part of the high-energy and low-energy
photons of the solar spectrum. While this strategy yields high
current densities, the devices suffer from a low open-circuit
voltage due to the thermalization of high-energy photons to the
small band gap. In a series-connected tandem solar cell, a wide
band gap polymer subcell is employed to compensate for the
voltage loss and a small band gap polymer subcell, having a
complementary red-shifted absorption profile, compensates for
the transmission loss. This strategy affords both a high open-
circuit voltage and broad spectral response. Recently, research
in tandem polymer solar cells has attracted considerable
interest and PCEs over 10%6−8 have been reported. Research
efforts in this field are concentrated on strategies to achieve
higher efficiency, which includes proper material design,9,10

designing efficient intermediate charge recombination
layers,11,12 and using inverted device geometry for enhanced
light absorption and increased stability.7,8,13

For tandem polymer solar cells, two device configurations are
commonly used.6−9 In the inverted geometry, the tandem cell is
built on top of an electron collection layer (ECL) as opposed to
the regular geometry where it is built on top of a hole collection

layer (HCL). In both cases, a transparent (glass/indium tin
oxide (ITO)) substrate enables the light to enter through the
substrate. This scheme of illumination is usually referred to as
the superstrate configuration (Figure 1) and contrasts with a
configuration in which the substrate is nontransparent. In this
layout, called substrate configuration, illumination is from the
top side and light does not pass the substrate (Figure 1). So far,
ITO-free monolithic organic tandem solar cells have been
demonstrated on transparent substrates only. Chen et al. have
reported a transparent tandem cell on a glass/ITO substrate
which can be illuminated from either side (Figure 1).14

Optically opaque substrates, like steel foils, are particularly
interesting because of their mechanical robustness, their
excellent barrier properties, and their thermal and chemical
stability. An energy-generating functional coating on steel can
be an effective way to integrate solar cells in packaging and
building-integrated applications. Solar cells fabricated on steel
can also find interesting applications in artificial leaves, where
the substrate itself can act as an electrode.15 To this end, we
recently demonstrated ITO-free single junction polymer solar
cells on steel substrates using a laminated high conductivity
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
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DOT:PSS) layer as a transparent conducting top electrode.16 In
combination with an Ag contact surrounding the active area,
the high conductivity PEDOT:PSS was found to form an
efficient transparent and conducting electrode without any
substantial optical, resistive, or voltage losses. For polymer solar
cells that use such opaque substrates, we found that a device
configuration in which the device stack is built on a primary
layer of ZnO as ECL gives higher efficiency and is easier to
fabricate than the reversed device layout in which a primary
layer of PEDOT:PSS was used as HCL. This is similar to the
approach followed by Inganas̈ et al. for inverted solar cells on
an opaque Al/TiOx bottom contact modified with an
amphiphilic conjugated polymer interlayer and a high
conductive PEDOT:PSS top contact.17

In this paper, we demonstrate an efficient ITO-free tandem
solar cell fabricated on an optically opaque substrate. The
tandem cells are fabricated on metal coated glass substrates in
an inverted geometry, i.e., with a ZnO ECL as the first layer in
the stack, and are compared with equivalent inverted devices
fabricated on glass/ITO substrates. For the active layers, we use
a small band gap diketopyrrolopyrrole polymer poly[{2,5-bis(2-
hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-
1,4-diyl}-alt-{[2,2′-(1,4-phenylene)bisthiophene]-5,5′-diyl}]
(PDPPTPT) (Figure 2) (Eg = 1.53 eV) blended with
[60]PCBM in combination with a wide band gap layer
consisting of poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-
(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT) (Fig-
ure 2) (Eg = 1.88 eV) mixed with [70]PCBM. PDPPTPT and
PCDTBT were chosen because of their complementary
absorption spectra and high open-circuit voltages up to 0.9
and 0.8 V with PCBM, respectively. By using commercially
available high conductivity PEDOT:PSS (Clevios PH1000) as
the top electrode, tandem solar cells with PCE = 6.1% have
been fabricated on opaque substrates. This efficiency is similar
to that of the corresponding inverted tandem cell on a
transparent substrate.

2. EXPERIMENTAL SECTION
2.1. Materials. Chromium (99.995%, Sigma-Aldrich), silver

(99.99%, Sigma-Aldrich), gold (99.999%, Cerac), and molybdenum-
(VI) oxide (99.99%, Sigma-Aldrich) for evaporation were used as
received. Two different formulations of PEDOT:PSS were used: highly
conductive Clevios PH1000 (solid content 1−1.3%) and low
conductive Clevios P VP Al4083 (solid content 1.3−1.7%), both

from Heraeus. Before use, 5 wt % dimethyl sulfoxide (DMSO) was
added to PH1000 and the mixture was sonicated for 1 h and exhibited
a conductivity of ∼900 S cm−1. PH1000 was filtered using 5.0 μm
(Whatman Puradisc FP30) filters, and for Clevios P VP Al4083
PEDOT, a 0.45 μm PVDF filter (Acrodisc LC) was used. To enable
spin coating onto a hydrophobic polymer surface, fluorosurfactant
Zonyl FS-300 (40% solid content in water) was added in both the
PEDOT:PSS versions. To the PH1000/DMSO mixture, 0.2 wt %
Zonyl was added. In Clevios P VP Al4083, 0.3 wt % Zonyl was added
and the mixture was sonicated for 1 h. Poly[N-9′-heptadecanyl-2,7-
carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)]
PCDTBT (1-material), [60]PCBM (>99%, Solenne BV), [70]PCBM
(90−95%, Solenne BV), zinc acetate dihydrate (98%, Acros), 2-
methoxyethanol (anhydrous 99.8%, Sigma-Aldrich), ethanolamine
(99%, Sigma-Aldrich), chloroform, ortho-dichlorobenzene, and
chlorobenzene (CHCl3, ODCB, and CB 99%, Sigma-Aldrich) were
used as received. ZnO nanoparticles (average diameter ∼5 nm, 10 mg
mL−1) were dispersed in 2-propanol.18

2.2. Device Fabrication. Glass and glass/ITO substrates were
cleaned by sonicating in acetone and soapy water followed by rinsing

Figure 1. Three different schemes of illumination for an inverted geometry tandem solar cell. (a) In the superstrate configuration, light enters the
device from substrate side. (b) In the substrate configuration, light enters the device from top side. (c) For a transparent solar cell, the device can be
illuminated from either side.

Figure 2. (a) Molecular structures of PCDTBT and PDPPTPT. (b)
Normalized absorption spectra of PCDTBT:[70]PCBM and
PDPPTPT: [60]PCBM blend films.
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with normal water and sonicating in 2-propanol for a few minutes. Cr
(5 nm)/Au (100 nm) metal contacts were evaporated on glass using a
shadow mask. Metal-coated substrates were further treated with N2
plasma (0.6 mbar, 70 W, 10−15 min.) in a Diener Femto PCCE
plasma cleaner. ITO substrates were treated with UV−ozone for 30
min.
Single junction devices were fabricated by first spin coating a layer

of ZnO onto the substrates. A ZnO sol−gel ink was prepared by
adding 2-methoxyethanol (1 mL) and ethanolamine (30 μL) to zinc
acetate dihydrate (109 mg), and the mixture was stirred at room
temperature for 1 h. This ink was directly spun on N2-plasma treated
glass/Cr/Au and UV−ozone treated glass/ITO substrates at 2000 rpm
spin speed and was subsequently annealed at 150 °C in air to yield a
64 nm thick film. The ZnO layer was not patterned, since the sheet
resistance even after UV photodoping was found to be quite high
(≈20 MΩ/square).
PCDTBT:[70]PCBM solutions were prepared by dissolving

PCDTBT and [70]PCBM in a 1:4 weight ratio in CB at a polymer
concentration of 7 mg mL−1 and stirring overnight at 70 °C. The
mixture was spin coated inside a nitrogen filled glovebox at 1000 rpm
spin speed to achieve a 120 nm thickness. The polymer solution was
kept at 60 °C inside a glovebox, and spin coating was done from hot
solution. For PCDTBT:[70]PCBM cells, low-conductivity PE-
DOT:PSS (Clevios P VP Al4083 + 0.3 wt % Zonyl) was spin coated
at 3000 rpm on top of the active layer, and then, 100 nm of Ag was
evaporated to complete the device. PCDTBT:[70]PCBM single
junction devices were annealed at 70 °C for 10 min before UV
exposure.
The PDPPTPT:[60]PCBM (1:2 w/w) solutions were prepared

with a polymer concentration of 5 mg mL−1 in a mixture of ODCB
and CHCl3 (70 mg of ODCB in 1 mL of CHCl3) and stirring at 70 °C
for 1 h. Spin coating of the polymer solution was done inside a
glovebox from a solution at room temperature and at a spin speed of
2000 rpm to create a 105 nm thick layer. After spin coating, the
PDPPTPT:[60]PCBM cells were transferred to a thermal evaporation
chamber where 10 nm of MoO3 and 100 nm of Ag were deposited.
For the tandem devices on a glass/ITO substrate, a PCDTBT:

[70]PCBM layer was spin coated on the ZnO ECL using identical
processing conditions as for the single junction cells. On top of the
PCDTBT:[70]PCBM layer, a layer (40 nm) of low conductivity
PEDOT:PSS (Clevios P VP Al4083 + 0.3 wt % Zonyl) was spin
coated at 3000 rpm outside the glovebox. The substrates were then
transferred to a glovebox, where ZnO nanoparticle dispersion (10 mg
mL−1) was spin coated at 2000 rpm into a 30 nm layer. Next, the
PDPPTPT:[60]PCBM layer was spin coated. Finally, 10 nm of MoO3
as HCL and 100 nm of Ag were evaporated to complete the device.
Substrates were not annealed at any stage. When attempting to replace
the MoO3 HCL with a spin coated PEDOT:PSS HCL, the cells
exhibited electrical shorts between the two PEDOT:PSS layers.13 The
lateral conductivity of PEDOT:PSS enhances the effects of occasional
shorts anywhere on the substrate. The low lateral conductivity of
MoO3 eliminates this problem. The tandem devices and PDPPTPT
single junction devices were not annealed at any stage.
For devices fabricated on opaque substrates, 5 nm of Cr and 100

nm thick Au were evaporated on the glass substrates and acted as
current collecting electrode. The square shaped Au electrode (areas of
0.09 cm2 and 0.16 cm2) defined the device area (Supporting
Information, Figure S1). Then, a ZnO layer was deposited from a
ZnO sol−gel ink as described for single junction cells. After spin
coating the PDPPTPT:[60]PCBM layer, the substrates were trans-
ferred to the metal evaporator to deposit 10 nm of MoO3 and 1 nm of
Ag. Substrates were subsequently transferred inside a glovebox
(without exposing to air) where a ZnO nanoparticle layer and a
PCDTBT:[70]PCBM layer (from hot solution kept at 60 °C) were
spin coated. For the top contact, PEDOT:PSS (Clevios PH1000) was
mixed with 5 wt % DMSO to increase the conductivity and with 0.2 wt
% Zonyl to enable spin coating on the hydrophobic photoactive layer.
This PEDOT:PSS mixture was spin coated outside the glovebox at a
spin speed of 1000 rpm for 3 min, followed by 5000 rpm for 30 s to
dry the film. No annealing was done at any stage. Devices were

completed by evaporating 100 nm thick Ag lines surrounding the
bottom gold electrode through a shadow mask.

2.3. Measurements. Before all the measurements, the devices
were illuminated with UV light for 2 min to photodope ZnO and
increase its conductivity.19 EQE measurements were performed in a
home-built setup, with the devices kept in a nitrogen filled box with a
quartz window and illuminated through an aperture of 2 mm diameter.
Mechanically modulated (Chopper, Stanford Research, SR 540)
monochromatic (Monochromator, Oriel, Cornerstone 130) light
from a 50 W tungsten halogen lamp (Osram 64610) was used as
probe light, in combination with continuous bias light from a solid
state laser (B&W Tek Inc., 532 nm, 30 mW and Newport 505B, 830
nm, 30 mW). The intensity of the bias laser was adjusted using a
variable-neutral density filter. A calibrated Si photodiode was used for
measuring the reference spectrum. The response was recorded as the
voltage over a 50 Ω resistance, using a lock-in amplifier (Stanford
Research Systems, SR830). For measuring the spectral response of
each subcell of the tandem cell, bias light is essential. A 530 nm laser
provided bias light for the PCDTBT:[70]PCBM subcell, while a 830
nm laser was used to bias the PDPPTPT:[60]PCBM subcell. In
combination with light bias, a compensating electrical bias
corresponding to the VOC of the concerned subcell was applied by
the lock-in amplifier to ensure short circuit conditions in the respective
subcells.

Current density vs voltage curves (J−V) were measured under
simulated solar light (100 mW cm−2, from a tungsten−halogen lamp
filtered by a Schott GG385 UV filter and a Hoya LB120 daylight filter)
using a Keithley 2400 source meter. No mismatch correction was
done. For the single junction cells, the accurate short-circuit current
density (JSC) was determined from the EQE by integrating with the
AM1.5G solar spectrum.20 For the tandem solar cell measurement, the
simulated solar light spectrum was tuned to provide appropriate
illumination to each subcell. This was done by adjusting the voltage
applied to the tungsten halogen lamp in such a way that both the wide
band gap and the small band gap single junction cells gave the same JSC
as determined from the EQE measurement. The J−V curves of the
tandem solar cell on ITO substrate were measured under illumination
through a mask (mask area 0.0676 cm2, actual device area 0.09 cm2) to
avoid the extra current contribution due to the lateral conductivity of
Clevios P VP Al4083 PEDOT:PSS. During characterizing the tandem
devices fabricated on glass/metal substrate, we observed current
fluctuations (Supporting Information, Figure S2) that implied resistive
switching, which is commonly seen in metal oxide based diodes.21,22

This feature was particularly pronounced in the fourth quadrant.
However, after sweeping the device in the dark with a large applied
voltage (typically −6 to +6 V), a smooth J−V response was recorded.
Thicknesses of all different layers was measured using a Veeco Dektak
150 Surface Profiler.

2.4. Optical Simulations. To determine the optimum thicknesses
for each subcell in the tandem, the following procedure was used. First,
a series of single junction solar cells was fabricated with different active
layer thicknesses using optimized processing conditions. The wide
band gap single junction cell had the following configuration, ITO/
ZnO/PCDTBT:[70]PCBM/PEDOT:PSS/Ag, and the small band gap
cell had the configuration: ITO/ZnO/PDPPTPT:[60]PCBM/MoO3/
Ag. For each thickness of the active layer, J−V curves were measured
under simulated AM1.5G white light illumination and internal
quantum efficiencies were determined (Supporting Information,
Figure S3). Using a commercial software package (SETFOS 3, Fluxim
AG), the number of photons absorbed in the two photoactive layers in
the whole stack of the tandem device was determined for AM1.5G
solar illumination. Using the experimentally determined IQE for each
thickness as input allows one to determine the current generated in
each subcell. Combining the current generation in each subcell with
the relevant shape of the J−V curve and adding the J−Vs of each
subcell for a combination of thicknesses for front and back subcells,
the J−V curve of the tandem device is obtained. For the tandem device
on the opaque substrate, we used parameters of the same single
junction cells, fabricated on glass/ITO. The tandem stack was changed
accordingly in the SETFOS simulation. The refractive index (n) and
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extinction coefficient (k) were either measured or taken from the
literature.16,19,23

3. RESULTS AND DISCUSSION

3.1. Single Junction Cells. To create a tandem cell, both
small and wide band gap cells have to work in concert and be
optimized for best performance. The small band gap polymer,
PDPPTPT, used in this study was initially shown to yield PCE
= 5.5% in single junction cells.24 Recent progress improved the
molecular weight of this polymer, which resulted in an
increased PCE = 7% in combination with [70]PCBM in a
regular device configuration.25 In the tandem cells, we use
PDPPTPT in combination with [60]PCBM instead of
[70]PCBM, to reduce adverse absorption of high-energy
photons in the small band gap active layer. Single junction
PDPPTPT:[60]PCBM solar cells in an inverted configuration
on glass substrates with ITO/ZnO bottom and MoO3/Ag top
electrodes were fabricated as described in the Experimental
Section. The current density−voltage (J−V) characteristics and
external quantum efficiency (EQE) of the optimized solar cells
are shown in Figure 3, and the performance parameters are
summarized in Table 1. For a 105 nm thick active layer, a 6.1%
PCE and 58% maximum EQE (at λ = 700 nm) were obtained.
For the wide band gap subcell, a blend of PCDTBT and

[70]PCBM is used. PCDTBT is one of the best performing
wide band gap polymers26,27 and was previously used to
demonstrate 7% efficient tandem cells.23 The PCDTBT:
[70]PCBM layer was deposited on glass/ITO/ZnO and

covered with PEDOT:PSS (Clevios P VP Al4083) as described
in the Experimental Section. Spin coating of the water based
PEDOT:PSS dispersion on top of the hydrophobic polymer−
fullerene surface requires either modification of polymer surface
energy, e.g., by plasma treatment,13 or the use of additives to
improve the wettability of the aqueous PEDOT:PSS dispersion
on the photoactive layer. We used a fluorosurfactant (0.3 wt %
Zonyl FS300). The J−V characteristics and the EQE values are
shown in Figure 3, and the performance parameters are
summarized in Table 1. Single junction devices with a 120 nm
thick PCDTBT:[70]PCBM active layer, yielded PCE = 3.7%
and maximum EQE = 58% (at λ = 480 nm). The difference
observed between JSC measured under white light and that
obtained from integrating EQE spectra (Table 1) is due to the
fact that the white-light source contains less blue light.
We note that a small amount of Zonyl (0.1 wt %) has been

shown to improve the sheet resistance of highly-conductive
PEDOT:PSS (PH1000).28 The combination has previously
been used as a replacement for ITO in P3HT:PCBM based
solar cells without affecting the VOC of the device.28 For
PCDTBT:[70]PCBM devices, however, we observed a loss in
VOC (∼100 mV) in combination with Clevios P VP Al4083
PEDOT:PSS but not with PH1000 PEDOT:PSS. Postanneal-
ing (after deposition of the Ag back electrode) on these devices
helps to restore the major part of this loss.

3.2. Tandem Junction Cells. Inverted tandem polymer
solar cells were first fabricated on ITO coated glass substrates in
the superstrate device configuration: ITO/ZnO/PCDTBT:
[70]PCBM/PEDOT:PSS/ZnO/PDPPTPT:[60]PCBM/
MoO3/Ag (Figure 4a) as described in the Experimental
Section. Optical simulations revealed that the most advanta-
geous tandem configuration is the one where the wide band gap
cell is the front cell and the small band gap cell the back cell.
For determining the optimum layer thicknesses for the front
and back cells, optical modeling was performed using the
SETFOS 3 simulation tool combined with the experimentally
determined internal quantum efficiencies (IQE) (Supporting
Information, Figure S3) and the normalized shape of the J−V
curves determined for a range of different layer thickness of
both active layers as described in detail in ref 29. Using the
optical constants and electrical characteristics of the subcells,
the performance of the tandem cell can be predicted by
combining the J−V curves of representative single junction cells
under the lighting conditions experienced in the tandem cell.29

The predicted photovoltaic parameters (JSC, VOC, FF, and PCE)
for the tandem cell as a function of front cell and back cell
thicknesses are shown in the Supporting Information (Figure
S4). The highest performance in the tandem is predicted for
front cells with a thickness in the range of 80 to 120 nm and
back cells with thickness in the range of 70 to 100 nm.

Figure 3. (a) J−V characteristics of the optimized single junction solar
cells under simulated AM1.5G illumination. Device configuration of
the wide band gap cell: ITO/ZnO/PCDTBT:[70]PCBM/PE-
DOT:PSS/Ag; configuration of the small band gap cell: ITO/ZnO/
PDPPTPT:[60]PCBM/MoO3/Ag. (b) EQE spectra of the same cells.

Table 1. Photovoltaic Parameters for Single Junction
Inverted Cells

active layer
JSC

a

[mA cm−2]
JSC

b

[mA cm−2]
VOC
[V] FF

PCE
[%]

PCDTBT:[70]
PCBM

7.0 8.4 0.89 0.49 3.7

PDPPTPT:[60]
PCBM

12.2 11.6 0.80 0.66 6.1

aDetermined from white light J−V. bDetermined from integrating
EQE spectra with the AM1.5G spectrum. EQE spectra are acquired
without bias light illumination.
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The EQE and the J−V characteristics of inverted tandem
devices on glass/ITO with a 120 nm PCDTBT:[70]PCBM
front cell and a 105 nm PDPPTPT:[60]PCBM back cell are
shown in Figure 4c,e. The EQE of the tandem cell was

measured under appropriate light and electrical bias conditions
to obtain the EQE response of each subcell under short circuit
condition.30 The EQE of each subcell was multiplied with the
AM1.5G (100 mW cm−2) solar spectrum and integrated over

Figure 4. Tandem device configuration on (a) transparent glass/ITO substrate and (b) on opaque glass/metal substrate. On the glass/metal
substrate, the sequence of the subcells is reversed as shown with the arrows because light enters now from the top side. EQE spectra measured under
appropriate light and an electrical bias condition for tandem device on (c) glass/ITO and (d) glass/metal substrates. J−V characteristics of the single
junction cells measured under appropriate reduced light intensity and the mathematically constructed J−V characteristics of the tandem (dotted
line). The solid line depicts the measured J−V response for tandem devices on (e) glass/ITO and on (f) glass/metal substrates.
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the whole spectral range to obtain the short circuit current (JSC)
generated in each subcell. Using this procedure, JSC = 5.54 mA
cm−2 was measured for the PCDTBT:[70]PCBM subcell and
JSC = 6.79 mA cm−2 for the PDPPTPT:[60]PCBM subcell. The
J−V curves of the corresponding single junction cells were
measured simultaneously under a properly adjusted white light
source. The intensity of the white light source was adjusted
such that the JSC of the single junction cells matches with the
JSC of the subcells in the tandem device. Assuming a loss free
intermediate contact, the J−V curve of the tandem can then be
constructed by adding the J−Vs of the two single-junction
cells.31 We refer to this as the mathematically constructed J−V
curve; it provides some information on the extra losses created
in the tandem, compared to the sum of the single junctions.
The measured and mathematically constructed tandem J−Vs
are shown in Figure 4e, and parameters are summarized in
Table 2, including the results from the predicting simulations

(Supporting Information, Figures S4 and S5). The measure-
ments on the tandem device yield PCE = 5.4%, with VOC = 1.61
V and FF = 0.49 (the average PCE over four nominally
identical cells was 5.2%). Comparison with the parameters of
the mathematically constructed J−V curves (VOC = 1.68 V and
FF = 0.53) reveals a loss of 70 mV in VOC and a loss in FF,
indicative of significant losses in the intermediate ZnO/
PEDOT:PSS recombination layer. The predicted JSC = 6.89
mA cm−2 value from the simulated J−V response (Table 2 and
see the Supporting Information, Figure S5) matches well with
the JSC = 6.88 mA cm−2 measured with the adjusted white light,
but the predicted FF = 0.56 and VOC = 1.67 are again higher
and show a closer match with the constructed J−V. With a
recombination contact that is free from resistive and voltage
losses, a 6.4% PCE would be expected (Table 2).
To fabricate tandem devices on an opaque substrate, the

location of the wide and small band gap subcells in the device
stack must be interchanged (Figure 4a,b), because light now
enters the device from the top and not through the substrate.
The rearrangement ensures maximum absorption of high-
energy photons in the wide band gap and of low-energy
photons in the small band gap subcells when the device is
illuminated from the top. Devices were fabricated on
chromium/gold (Cr/Au) coated glass substrates. The recombi-

nation layer in between the PDPPTPT:[60]PCBM and
PCDTBT:[70]PCBM photoactive layers comprises two metal
oxide layers, namely, 10 nm of thermally evaporated MoO3 and
30 nm of ZnO layer, spin coated from a nanoparticle
dispersion. Both MoO3

32 and ZnO are n-type materials and
therefore electron−hole recombination will occur at the
MoO3/PDPPTPT interface. In order to increase the ohmicity
of the MoO3/ZnO recombination contact, a 1 nm thin layer of
thermally deposited Ag is introduced between two oxide
layers.33−35 As the top electrode, high conductivity PE-
DOT:PSS and an Ag electrode surrounding the active area
were used (Experimental Section).
Like for the transparent substrates, we evaluated the effect of

varying thickness of the two photoactive layers for the opaque
substrate with top illumination using combined optical and
electrical modeling29 (Supporting Information, Figure S6). On
the basis of these simulations, PCEs in excess of 6% are
expected for front cells with thicknesses in the range of 80 to
120 nm and back cells with thicknesses in the range of 70 to
105 nm. Tandem cells on opaque glass/Au substrates were
made with a front cell of 120 nm and a back cell of 105 nm.
EQE measurements on the tandem device were performed as
described above to yield the JSC of the respective subcells.
Interestingly and in contrast to the glass/ITO based inverted
tandem cells, JSC = 6.70 mA cm−2 for the PCDTBT:[70]PCBM
front cell, slightly higher than the JSC = 5.89 mA cm−2 measured
for the PDPPTPT:[60]PCBM back cell (Figure 4d). This
difference possibly originates from a slight underestimation of
the EQE and the integrated JSC of the glass/ITO based tandem.
The EQE was measured with optical and electrical bias.
Because the VOC of the glass/ITO tandem is 70 mV less than
the sum of the subcell VOC’s, the bias voltage that must be used
cannot be accurately determined. By using the VOC of the other
subcell, the EQE is then measured in the fourth quadrant
instead of at short circuit and hence reduced. This effect is
particularly significant in the PCDBT:[70]PCBM subcell.
J−V characteristics measured under adjusted white light

illumination corresponding to AM1.5G reveal PCE = 6.1% for
the opaque tandem cell (the average PCE over six nominally
identical cells was 5.8%). The experimentally measured J−V
response matches well with the one predicted from simulations
(Table 2 and the Supporting Information, Figures S5 and S6).
The experimental VOC of 1.67 V implies a negligible voltage
loss at the metal oxide based recombination contact. The FF =
0.54 measured for the tandem cell is lower than the FF (= 0.60)
found by mathematically constructing the J−V curve of the
single junction reference cells but close to the value of FF =
0.55 predicted from the simulations (Table 2). Nevertheless,
the FF of the tandem cell on an opaque glass/Au substrate is
somewhat improved over its counterpart fabricated on glass/
ITO substrates. This improvement could originate from the
better current matching obtained between the subcells, which is
evident from the J−V curves (Figure 4f). Recently, Lassiter et
al. have pointed out that the FF of the tandem follows the FF of
the current limiting cell. In the present case, there is an
advantageous situation where the current limiting cell has the
highest FF.36 The JSC measured in these tandems is similar to
that measured in the tandems on glass/ITO substrate. This
indicates that, optically, both the tandem structures are
equivalent.
As can be seen in Table 2, the measured, simulated, and

constructed values for JSC of both tandem cells are not exactly
equal; the latter is somewhat smaller for both the transparent

Table 2. Summary of Performance Parameters for Tandem
Solar Cell

substrate device
JSC

[mA cm−2]
VOC
[V] FF

PCE
[%]

transparent tandem measured 6.88a 1.61 0.49 5.4
tandem simulated 6.89 1.67 0.56 6.4
tandem
mathematically
constructed

6.06b 1.68 0.53 5.4

wide band gap subcell 5.54b

small band gap subcell 6.79b

opaque tandem measured 6.85a 1.67 0.54 6.1
tandem simulated 6.72 1.67 0.55 6.2
tandem
mathematically
constructed

6.01b 1.68 0.60 6.0

wide band gap subcell 6.70b

small band gap subcell 5.89b

aMeasured with adjusted white light intensity (100 mW cm−2) tuned
to the specific spectral sensitivities of the sub cells. bBased on EQE.
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and opaque substrates. This is possibly a result of an
underestimation of the EQE of the subscells but also
demonstrates the challenges encountered in determining
these values accurately for tandem cells.

4. CONCLUSION
In conclusion, we have demonstrated that tandem devices can
be successfully fabricated on optically opaque substrates with
efficiencies when illuminated from the top that are similar to
that of the corresponding inverted tandem cell on a transparent
substrate. The tandem device fabricated in an inverted structure
has a low loss recombination contact based on two metal oxides
where charge recombination is mediated by a thin Ag layer and
uses a high conductivity PEDOT:PSS (PH1000) as a
transparent hole charge collection layer and a Ag line
surrounding the active area as the top electrode. Measured
photovoltaic parameters match closely with those predicted
from optical modeling. The efficiency of the tandem device
(PCE = 6.1%) is mainly limited by the wide band gap cell
which yields low internal quantum efficiency and a low FF,
particularly at larger active layer thicknesses. These results
demonstrate that tandem polymer solar cells with highly
reflective metal back contacts can be a viable route to efficient
photovoltaic devices on opaque substrates.
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