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Solution-Processed Tin Oxide-PEDOT:PSS
Interconnecting Layers for Efficient Inverted
and Conventional Tandem Polymer Solar Cells

Dario Di Carlo Rasi, Pieter M. J. G. van Thiel, Haijun Bin, Koen H. Hendriks,
Gaél H. L. Heintges, Martijn M. Wienk, Tim Becker, Yongfang Li, Thomas Ried|,

and René A. J. Janssen*

Tin oxide nanoparticles are employed as an electron transporting layer in
solution-processed polymer solar cells. Tin oxide based devices yield excellent
performance and can interchangeably be used in conventional and inverted
device configurations. In combination with poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate (PEDOT:PSS) as a hole transporting layer, tin oxide
forms an effective interconnecting layer (ICL) for tandem solar cells.
Conventional and inverted tandem cells with this ICL provide efficiencies up
to 10.4% in good agreement with optical-electrical modeling simulations. The
critical advantage of tin oxide in an ICL in a conventional tandem structure
over the commonly used zinc oxide is that the latter requires the use of a
pH-neutral formulation of PEDOT:PSS to fabricate the ICL, limiting the open-
circuit voltage (Voc) because of its low work function. The SnO,/PEDOT:PSS

1. Introduction

As the global technological development
requires an ever increasing amount of
energy, it is of fundamental importance to
provide ways to exploit renewable sources
at a convenient price. Tapping from the
most abundant available source of energy,
it is of interest to develop low-cost solar
energy-converting devices. Although the
traditional  silicon-based  photovoltaic
technology is mature and ubiquitous, it
does not offer characteristics such as
flexibility and semi-transparency, which
could likely appeal new shares of the

ICL, on the other hand, provides a nearly loss-free Voc.

market. To bridge this gap, organic solar
cells have been extensively studied in the
past two decades. Their technology is based
on thin films, which can be conveniently
deposited on substrates which are flexible,
stretchable, and bendable.[*3 Moreover, the color of photo-active
molecules involved can be chemically tuned almost at will, and
the absorber layer made in a semi-transparent fashion.*® By
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Figure 1. Generic stack layouts of conventional (a) and inverted (b) tandem polymer solar cells.

using mixed donor—acceptor bulk-heterojunction layers increas-
ingly higher power conversion efficiencies (PCEs) have been
achieved, nowadays above 14%.7'% Most of the highest
efficiency organic solar cells reported up to date are solution-
processed devices, in which a blend of an electron-donating
polymer and a small molecular electron-accepting species forms
the active layer. Such solutions can be conveniently adopted in
high-throughput production systems like roll-to-roll or slot-die
coating.!"”! Aiming at further improving the efficiency, solution-
processed multi-junction solar cells have been reported,**
featuring high efficiencies.">'® An outstanding 17.3% effi-
ciency has been recently reported for a tandem polymer solar
cell entirely processed from solution (apart from the top
electrode), thanks to the development of high performing
combinations of photoactive materials.'”! Depending on the
specific arrangement of the electron and hole transport layers
(ETL and HTL), we distinguish the conventional and inverted
tandem architectures (Figure 1). Both configurations use an
indium-doped tin oxide (ITO) layer as transparent bottom
electrode and a metal layer as reflecting top contact.

The combination of an electron and a hole transporting layer
in between the front and back subcells ensures that the two
subcells are electrically and optically connected and is referred to
as the interconnecting layer (ICL). The sequential deposition
from solution of all functional layers represents a challenge to
the processing conditions, mainly due to the need for
orthogonality of the solvents and sufficient wetting at the same
time. A traditional choice for the HTL is poly(3,4-ethylenediox-
ythiophene):polystyrene sulfonate (PEDOT:PSS), given the good
protection it offers against the halogenated solvents from which
the photo-active layers are commonly processed."® As ETL, zinc
oxide nanoparticles solubilized in acetone or an alcohol is a
widely adopted choice. We recently reported a versatile
processing of the ICL for inverted multi-junction polymer solar
cells.l"” For this, we adopted a combination of PEDOT:PSS in a
nearly azeotropic water:1-propanol mixture as HTL and zinc
oxide nanoparticles dispersed in isoamyl alcohol as ETL. We

Sol. RRL 2019, 3, 1800366 1800366 (2 of 10)

demonstrated several double and triple-junction devices.
Unfortunately, the same materials are not suitable to fabricate
tandem devices in the conventional configuration. Due to its
strong acidity (1 < pH <2) the PEDOT:PSS dispersion would
unavoidably dissolve a previously deposited zinc oxide layer. A
workaround consists in replacing the standard acidic formula-
tion of PEDOT:PSS with a pH-neutral one,?% but this is
accompanied by a loss in the work function of PEDOT:PSS from
5.05 to 4.65eV.2Y This in turn, results in a non-optimal
alignment between the Fermi level of PEDOT:PSS and the
HOMO level of the electron-donating polymer in the adjacent
active layer, if this is particularly deep. As a consequence, a loss
in the open-circuit voltage (Voc) occurs for cells where the
polymer has a deeper HOMO and hence the Vo is large.”?! In
practice it is difficult to achieve a Voc > ~0.7 V with pH-neutral
PEDOT:PSS,**! but for solar cells with Voc < ~0.7V ZnO/pH-
neutral ICL is virtually without losses.** The problem for high
Voc cells can be partly solved. Moet et al.*?! proposed the use of
Nafion deposited on top of the pH-neutral PEDOT:PSS layer to
recover the work function. More recently Lu et al.”®! introduced
the use of phosphomolybdic acid as surface modifier. Although
this approach was successful, it involves an additional functional
layer in the ICL, further complicating the fabrication process.
Similarly, evaporating an additional layer of MoOj3 on top of the
pH-neutral PEDOT:PSS, before applying the photoactive layer is
an option to restore the V¢, but also at the cost of an additional,
intermediate vacuum processing step.?®! Also other commonly
used ETLs such as ethoxylated polyethylenimine (PEIE) which
can lower the work function of PEDOT:PSS and turn a PEDOT:
PSS/PEIE layer into an efficient ICL,”” cannot be used in a
conventional ICL configuration in combination with acidic
PEDOT:PSS on top, because the PEIE layer is washed away when
the aqueous PEDOT:PSS is deposited on top. In fact, relatively
few conventional tandem cells have been reported, without using
pH-neutral PEDOT:PSS. In early reports on polymer tandem
cells, TiO,/PEDOT:PSS was used as ICL.**7% TiO,, either as
sol-gel or as nanoparticles in the ICL, is more resilient against

© 2019 The Authors. Solar RRL Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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acid, but the use of TiO, has not received much attention in
recent years. Other options are the use of polymer electrolytes.
Zhang et alP'™¥ used a n-type polymer -electrolyte in
combination with PEDOT:PSS on the p-side and an ultra-thin
silver layer in between to create an ICL. Alternatively, a p-type
polymer electrolyte can be placed on top of ZnO nanoparticles to
form an ICL.E“?# Che et al.’? used thermally evaporated
bathophenanthroline:Cgq (1:1) with an ultrathin Ag nanoparticle
layer that allowed processing of acidic PEDOT:PSS on top. Other
ICLs involving thermal evaporation are ZnO/Al/MoO;"*” or a
hybrid electron transport layer in combination with Al/MoQ3.1*"
Ideally, a fully solution-processable ETL with enough chemical
stability to withstand the processing of acidic PEDOT:PSS would
exist.

Solution-processed tin oxide nanoparticles have emerged as
an ETL in the field of perovskite solar cells.*?! Also sol-gel tin
oxide has been used for organic photovoltaic devices.[*>**
Recently, Becker et al.**! presented a tandem polymer solar cell
with a molybdenum oxide/tin oxide ICL, where these layers were
deposited by thermal evaporation and atomic layer deposition,
respectively. Here we demonstrate the use of commercially
available tin oxide colloidal dispersions as ETL for the solution-
processing of efficient single junction and tandem polymer solar
cells with both the inverted and the conventional configuration.
For the tandems, tin oxide was used in combination with
PEDOT:PSS in the ICL. Two tin oxide formulations were
considered in our study, one in water and one in a 1:1 (v/v)
mixture of 1- and 2-butanol. In single junction cells the
performance of tin oxide as ETL compares well with a perylene

PEDOT:PSS PEDOT:PSS
ITO ITO
Glass Glass

www.solar-rrl.com

diimide with amino N-oxide terminal substituents (PDINO) ETL
as reference.*®! For the ICL in the inverted tandem configuration
a SnO, nanoparticles formulation in butanol was used because
butanol does not affect a PEDOT:PSS layer. In conventional
tandems the tin oxide layer did not dissolve during the
deposition of the acidic PEDOT:PSS dispersion. The tandem
solar cells with tin oxide afforded efficiencies up to 10.4%, in
good agreement with optical-electrical modeling. To further
highlight the advantage of solution-processed SnO, layers over
the ubiquitously used ZnO layers in ICLs of conventional
tandem solar cells, we demonstrate that the tandem open-circuit
voltage loss for polymers with deep HOMO energy levels can be
reduced from 200 to 20 mV when using SnO,.

2. Results and Discussion

2.1. Single Junction Cells With SnO, Charge Transport
Layers

We fabricated single junction cells in conventional and inverted
cell configurations using poly](4,8-bis(5-(tripropylsilyl)thiophen-
2-yl)benzo[1,2-b:4,5-b'|dithiophene)-alt-(5,6-difluoro-2-(2-hexyl-

decyl)-4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole)] (J71)
blended with 2,2-[[6,6,12,12-tetrakis(4-hexylphenyl)-6,12-dihy
drodithieno[2,3-d:2',3'-d']-s-indaceno[1,2-b:5,6-b'dithiophene-

2,8-diyl)bis[methylidyne(3-oxo-1H-indene-2,1(3H)-diylidene)]b is
[propanedinitrile] (ITIC) (Figure 2).[*”! For inverted devices we
deposited SnO, nanoparticles from water (5 wt%) on ITO as ETL

Ag

MOO3
PEDOT:PSS ’

Sn02
ITO

Glass

Figure 2. Chemical structures of )71 and ITIC. a) Reference device. b) Conventional device. c) Inverted device.
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Table 1. Photovoltaic parameters of J71:ITIC single junction cells
determined with simulated AM1.5G (100 mW cm ™) illumination.

Configuration® Vo™ V] Jsc" ¥ [mAcm 2] FF PCEY %]
Reference 0.92 (0.92) 15.2 (15.0) 0.60 (0.60)  8.39 (8.28)
Conventional 0.93 (0.93) 14.8 (14.6) 0.58 (0.58)  7.98 (7.87)
Inverted® 0.92 (0.91) 15.6 (15.3) 0.63 (0.61)  9.04 (8.50)

3 Thickness of active layers is 75 nm.

Y Values are reported for best cells with average performance over 4 cells in
parentheses.

9 By integrating the EQE with the AM1.5G spectrum.

9 Calculated using JscE?F.

9 Prior to the measurement, the devices were exposed to UV-light.

(with work function (WF) of 4.0 eV) and PEDOT:PSS as HTL from
a water:1-propanol 1:2 (v/v) mixture on the bulk heterojunction
layers. For the conventional configuration we used PEDOT:PSS
from water on ITO and SnO, nanoparticles from a mixture of 1-
and 2-butanol 1:1 (v/v) on the active layer. This SnO, layer served as
wetting layer for the subsequent deposition of SnO, nanoparticles
in water. Further details are provided in the Experimental Section
and Supporting Information. Layers of SnO, nanoparticles have
negligible optical absorption in the visible range and show an
optical band gap at3.8-3.9 eV. As areference, we used a device with
PDINO as ETL as published by Bin et all*’! (Figure 2a).
The photovoltaic performance of the three devices under
simulated air mass 1.5 (AM1.5G, 100mWcm ) solar illumina-
tionis reported in Table 1 and Figure 3. For 75 nm thick active layer
films, the short-circuit current density is fairly close for the three
devices (14.8 < Jsc" < 15.6 mA cm ™~ ?%). Compared to the PCE of
11.4% reported by Bin et al*’”! the reference device had
unfortunately a lower performance because of a lower FF and
Jsc. We were unable to identify the origin for the difference in
performance, but provide the results to enable a direct comparison
with the SnO,-based devices presented in this work. The FF of the
conventional cell with SnO, is slightly lower than the reference
device (0.58 vs. 0.60, respectively), while it increases for the
inverted cell to 0.63. The results in Table 1 demonstrate that
solution-processed SnO, layers can be used as effective ETL in
single junction polymer cells.

—
(Y
-

o1 - J

—=n— Reference
—o— Conventional
—e— Inverted 4

Current density [mA cm?]

0.2

0.6 0.8

0;4
Voltage [V]

-0.2 0.0 1.0
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2.2. Tandem Solar Cells With SnO, and PEDOT:PSS
Interconnecting Layer

Prior to making tandem cells in the conventional configuration
we tested the integrity of the SnO, layer against the subsequent
deposition of an acidic aqueous PEDOT:PSS dispersion. A SEM
cross-section image shows a closed SnO, nanoparticle layer after
depositing a PEDOT:PSS layer on top from an acidic aqueous
dispersion (Figure 4). This demonstrates that the acidic PEDOT:
PSS dispersion does not deteriorate the SnO, layer. Kelvin probe
experiments showed a WF of 5.0V for the ITO/SnO,/PEDOT:
PSS stack, close to the WF of 5.1eV for ITO/PEDOT:PSS.

For the inverted configuration, SnO, from butanol was spin-
coated on top of PEDOT:PSS. The WF of an ITO/PEDOT:PSS/
SnO, stack determined from Kelvin probe is 4.0 eV, compared to
4.1eV for a ITO/SnO, layer.

Next, both conventional and inverted tandem devices were
fabricated, adopting complementary active layer absorbers for
the subcells. J71 blended with ITIC was used as wide band gap
front cell absorber, while poly[[2,5-bis(2-hexyldecyl-2,3,5,6-tetra-
hydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-[3’,3”-dimethyl-
2,2':5',2" terthiophene]-5,5”-diyl] (PMDPP3T)** in combination
with [6,6]-phenyl-Cg;-butyric acid methyl ester (PCsBM) was
used as active layer for the small band gap back cell. Figure 5
shows a schematic of the device stack adopted for both
configurations and the chemical structures of PMDPP3T and
PCgoBM. In the conventional configuration, the SnO, layer was
deposited in two subsequent steps, first using SnO, nano-
particles in butanol as wetting layer, followed by a layer of SnO,
nanoparticles in water. The procedure is detailed in the
Supporting Information.

In order to maximize and balance the light absorption in the
subcells of the tandem devices, we performed optical
simulations using the transfer matrix method on the entire
device stacks using the experimentally determined refractive
index and extinction coefficients of all layers in the stack. The
wavelength-dependent refractive index (n(d)) and extinction
coefficient (k(1)) of the active layers are shown in Figure S1,
Supporting Information. These optical simulations were then
combined with electrical performance data, acquired from a
set of representative single-junction devices of both the
subcells, at different thickness of the active layer to obtain

(b) . . ; ; .
0.8 E
— 0.6 - E
g
w 04 J
02FfF —=— Reference -
—0o— Conventional
—e— Inverted
0.0

500 600 700
Wavelength [nm]

400 800

Figure 3. J-V characteristics (a) of optimized reference, conventional, and inverted configuration J71:ITIC single junction cells measured under
simulated AM1.5G light (100 mW cm~2) and corresponding external quantum efficiency spectra (b).
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(56 nm)
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Figure 4. Colored SEM cross-section of a PEDOT:PSS layer spin coated
on a SnO, nanoparticle layer on a Si substrate.

the expected current density—voltage (J-V) characteristics of
the tandem cells from which the relevant expected device
metrics can be determined. The details of this method are
described in the literature and in the remainder we refer to it as
optical-electrical modeling.*®! The precise device structure and
photovoltaic parameters of the single-junction cells are
reported in Tables S1-S3, Supporting Information. Figure 6
shows the contour plots of the predicted PCE for the
conventional and inverted tandem cells obtained from the
optical-electrical modeling.

The highest efficiency predicted for the conventional tandem
is 11.1% and corresponds to a thickness combination of 75 nm
for the front cell and 125 nm for the back cell. For the inverted
tandem the highest PCE expected is 11.7%, and corresponds
again to 75nm for the front cell and 95nm for the back cell.
Because initial experiments on inverted tandem cells gave
lower performance than the optical-electrical modeling sug-
gested, we verified experimentally the exact location of the
optimum point in the inverted structure. For this we fabricated
inverted tandem cells in which the thickness of the front cell
was 75nm, and the thickness of the back cell was increased
from 95 to 110nm and 125nm and we compared the
experimental EQE with the optical-electrical modeling
(Figure S2, Supporting Information). While the experimental

%

MoO

PEDOT:PSS
Sn

PEDOT:PSS Sno,
) ITO. 1TO
Glass Glass

PEDOT:PSS

SnO, '
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EQE of the front cell closely follows the predicted spectral shift
with thickness, the experimental EQE of the back cell
maximizes at 125nm, while the optical-electrical modeling
suggested 95nm. For this reason, we chose 125nm for the
thickness of the back cell as the experimental optimum.
According to the optical-electrical modeling, this should
correspond to a PCE of 10.8%. For the conventional
configuration layer stack the PCE of the tandem cell did not
improve when changing the thickness compared to the
optimum found in the optical-electrical modeling. It is
presently not clear what causes the small differences between
the modeling and experiments for the inverted tandem cells,
but not for the conventional cells. The J-V characteristics of the
optimized tandem cells measured under simulated AM1.5G
(100mWcm %) solar light are shown in Figure 7 and the
relevant parameters are summarized in Table 2.

With respect to the optical-electrical modeling, the V¢ is only
2% lower for the conventional structure (1.51 vs. 1.54 V) and 3%
lower for the inverted one (1.48 vs. 1.53 V). The fill factor (FF) is
in general slightly higher than the modeling: 0.67 vs 0.65 for the
conventional cell and 0.63 versus 0.62 for the inverted tandem
cell. The experiment and modeling show a higher FF in the
conventional tandem cell, than in the inverted tandem cell. This
is likely due to the characteristics of the back cell which has a
higher FF in the conventional than in the inverted
configuration at the 125nm thickness used (Table S1 and S3,
Supporting Information). The experimental and modeled
Jsc of the conventional cell deviate by 1TmAcm™2 (10.10 vs.
11.05 mA cm™?). For the inverted tandem the experimental Jsc
matches rather well with the optical-electrical modeling (11.10
vs. 11.38 mA cm ). To understand the origin of these deviations
and to get in general a better insight, we measured the external
quantum efficiency (EQE) spectra of the tandem cells. The EQEs
were measured under representative light and voltage bias
conditions. The light bias is meant to isolate the response of the
individual front and the back cells, while the voltage bias corrects
for the electric field induced in the device by the light bias."*”’
Light emitting diodes (LEDs) centered at 530 and 940 nm were

HaC o) {
CgHy-
6' 113 8H17

PMDPP3T

PCq,BM

Figure 5. Tandem solar cells in the conventional (a) and the inverted (b) configurations and chemical structures of PMDPP3T and PCgoBM.
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Figure 6. Contour plots of the PCE predicted by optical-electrical modeling as a function of the thicknesses of both the front and the back subcells of the

conventional (a) and inverted (b) tandem cells.
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Figure 7. J-V characteristics of optimized conventional (a) and inverted (b) tandem devices measured under simulated AM1.5G light (100 mW cm~2)
(open symbols) and corresponding predicted optical-electrical modeling (solid symbols).

used for optical biasing the front and the back subcells,
respectively. The required voltage bias (Vyias) Was approximated
as the Vo of the representative single-junction cells, that is,
Viias = 0.92V for the front cell and Vi, =0.61V for the back
cell (Table S1 and S2, Supporting Information). Figure S3,
Supporting Information, shows the EQE under the different
bias conditions. The EQE without light bias follows the lower
envelope of the EQE of the subcells, pointing that the
contribution of leakage paths is relatively low.”® The effect of

Table 2. Photovoltaic parameters of tandem solar cells shown in
Figure 5 determined with simulated AM1.5G (100 mW cm ™)
illumination.

Configuration? Voc M Jsc [mAcm™? FF PCE [%]
Conventional
Experiment 151 (1.51)  10.10 (9.91) 0.67 (0.66)  10.22 (9.88)
Modeling 1.54 11.05 0.65 11.07
Inverted
Experiment 148 (1.48) 1110 (10.95)  0.63 (0.63)  10.35 (10.18)
Modeling 1.53 11.38 0.62 10.80

3 Values are reported for best cells with average performance over eight cells in
parentheses. All tandems were exposed to UV light prior to the measurement.

Sol. RRL 2019, 3, 1800366 1800366 (6 of 10)

the voltage bias is relatively small, and more significant for
the back cell of the inverted tandem. The experimental and
optically modeled EQE spectra for both tandem cell config-
urations are shown in Figure 8. The agreement between optical-
electrical modeling and experiment is generally good for both the
front and back cells. Minor differences account for the
1mAcm™? drop in the Jsc for the conventional tandem, with
respect to the modeling (Table 2).

2.3. Advantage of SnO, Over ZnO

The possibility of fabricating a conventional tandem with tin
oxide has an important consequence wherever a polymer with a
deep-lying HOMO level is used in the back cell to increase the
Voc. One such example is 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) which has a
HOMO energy level of 5.48 eV.P!! We previously reported that
in a conventional tandem cell with zinc oxide and pH-neutral
PEDOT:PSS a substantial Voc loss occurs because of the
mismatch between the HOMO of PDPPTPT and the work
function of the pH-neutral PEDOT:PSS.”* In Figure S4 and
Table S5, Supporting Information, we show the device
characteristics of conventional PDPPTPT:PC¢,BM cells with
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Figure 8. Experimental (open symbols) and modeled (solid symbols) EQE spectra of (a) conventional and (b) inverted tandem cells. The EQEs of the
front cells are represented with squares while the back cells are reported using circles.

either acidic or pH neutral PEDOT:PSS and find a loss of
100 mV, for the pH neutral PEDOT:PSS HTL. To confirm that
this loss does not occur for the new SnO,/PEDOT:PSS ICL, we
fabricated a PDPPTPT:PC;(BM homo-tandem cell, that is, using
the same active layer for both subcells. Here PC;,BM is the [6,6]-
phenyl-C5;-butyric acid methyl ester. The device structure was
identical to that in Figure 5a, using PDPPTPT:PC,,BM as active
layers. For simplicity, the same layer thickness (100 nhm) was
used in both subcells. An ITO/PEDOT:PSS/PDPPTPT:PC;,BM/
LiF/Al single junction cell with 100 nm thickness was used as
reference. Table 3 shows the photovoltaic metrics of these
devices under simulated AM1.5G solar radiation and Figure 9
shows the J-V characteristics.

Having the same active layer in both subcells, the V¢ of the
tandem is expected to be twice that of the single junction cell
(1.60 V). Experimentally, the tandem cells had a Vo¢ of 1.54V,
which is 4% lower than expected. Part of this loss is due to the
reduced light intensity experienced by the subcells. This loss can
be estimated from AVoc= (kT/q)ln[Jsc(tandem)/Jsc(single)],
where Jsc(tandem) and Jsc(single) are the Jsc values of the
tandem and the single junction cells (Table 3), and k Boltzmann
constant, T the temperature, and g the elementary charge. Since
the same absorber is used in both subcells, Jsc(tandem) roughly
corresponds to half the Jsc(single) value, as confirmed by the
results in Table 3 (7.59 vs. 14.4mAcm % respectively).
Therefore, we can expect an 18 mV loss at each junction,
accounting in total to 36 mV. To confirm this, the reference

Table 3. Photovoltaic parameters of single and homo-tandem cells
based on PDPPTPT:PC;oBM in a conventional structure determined
with simulated AM1.5G (100 mW cm™?) illumination.

Configuration? Voc V] Jsc [mAcm™? FF PCE [%]

Single junction 0.80 (0.79) 14.4 (14.4) 0.63 (0.62)  7.23 (7.03)
Single junction®  0.78 (0.78) 7.34 (7.37) 0.66 (0.65)  3.77 (3.72)
Tandem 1.54 (1.54) 7.59 (7.48) 0.58 (0.58)  6.82 (6.69)

3 See the main text for a description. Values are reported for best cells with average
performance in parentheses. The statistics is over four identical cells for the single
junction devices and 8 cells for tandems.

") These measurements were performed under reduced light intensity to mimic the
behavior of the subcells in the tandem.
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single-junction cell was also measured at reduced light intensity,
such that it was giving a similar Jsc as the tandem cell. The V¢
measured in this way was 20mV lower, very close to the
predicted loss of 18 mV. The Vo loss of the tandem which is not
directly attributable to the reduced light intensity is then only
20 mV. We note that the additional 20 mV loss is not due to the
fact that one subcell in the homo-tandem has SnO, as ETL and
the reference cell has a LiF/Al contact, because PDPPTPT:
PC40BM single junction cells with SnO,/Al and LiF/Al as contact
have the same V,. (Figure S5 and Table S6, Supporting
Information).

To further substantiate the benefit of the SnO,/acidic-PEDOT:
PSS ICL for conventional tandems, we studied poly[N-9”-
heptadecanyl-2,7-carbazole-alt-5,5-(4',7’-di-2-thienyl-2",1’,3'-ben-
zothiadiazole)] (PCDTBT) in combination with PC;BM in
single junction and homo-tandem cells. PCDTBT:PC;,BM
single junction cells give a Vo of 0.90V and in homo-tandem
cell with a SnO,/PEDOT:PSS ICL 1.73V (Figure S6 and

e

o
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E 4t —
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O _gheeel 4

°
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o

8 2r —=— Single 1
—0o— Single (reduced light)
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-16 1 1 1
0.0 0.4 0.8 1.2 1.6
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Figure 9. J-V characteristics of single and homo-tandem cells based on
PDPPTPT:PC;oBM in a conventional structure determined with simulated
AM1.5G (100 mW cm~?) illumination. The single junction cell has also
been measured with reduced light intensity to mimic the behavior of the
subcells in the tandem.
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Table S7, Supporting Information). This implies a 70mV loss,
similar to the 60 mV loss found for the PDPPTPT:PC,,BM cells.

These results are significantly better than what was reported
earlier for similar tandems using zinc oxide and pH-neutral
PEDOT:PSS, where the Voc loss was much larger.”??% This
confirms that a SnO,/acidic-PEDOT:PSS ICL gives superior
performance compared to a ZnO/pH-neutral-PEDOT:PSS ICL
for polymers with deep HOMO levels.

3. Conclusions

Commercially available tin oxide nanoparticles dispersions in
water or butanol are adopted in the fabrication of polymer solar
cells. Both conventional (p-i-n) and inverted (n-i-p) solar cells can
be build using tin oxide as ETL and PEDOT:PSS as HTL in the
interconnection layer. The two materials are not only chemically
compatible with each other, but they also provide an effective
interconnection of the subcells, as demonstrated by two high
efficiency tandems with PCEs of 10.2% (conventional) and
10.4% (inverted), in good agreement with the performance
predicted by optical-electrical modeling. The use of SnO, and its
resilience against acidic aqueous PEDOT:PSS dispersions has an
important advantage compared to the commonly used ZnO/pH-
neutral PEDOT:PSS ICL, when donor materials with deep-lying
HOMO energy level are involved, because the voltage losses
associated with the use of pH-neutral PEDOT:PSS**2% are
eliminated. In conclusion, SnO, and PEDOT:PSS can be used as
ICL for efficient conventional and inverted tandem cells, without
the need of additional layers to reach optimal performance.
Together, these results pave the way to new possibilities in the
framework of manufacturing efficient multi-junction organic
solar cells.

4. Experimental Section

Materials: Pre-patterned ITO (190nm) on glass substrates were
purchased from Naranjo Substrates. Molybdenum trioxide powder
(99.97%) was purchased from Sigma—Aldrich. The tin oxide layers were
made by spin-coating a suspension of pre-formed nanoparticles. These
were either tin oxide in water (15 wt%, Alfa Aesar) or in a mixture of 1- and
2-butanol 1:T (v/v) (N31, 2.5wt%, Avantama). The concentration of the
aqueous dispersion was adapted by diluting the stock dispersion with
water. The SnO, dispersion in butanols was used as received. The
suspension of PEDOT:PSS (Clevios P VP Al 4083, Heraeus) was filtered
with a 0.45 um PVDF filter and directly used or diluted with 1-propanol
while vigorously stirring (referred to as D-PEDOT:PSS).I" A dilution ratio
of 1:2 (v/v) was used by adding n-propanol (1mL) to PEDOT:PSS (Clevios
P VP Al 4083, 0.5mL) in 15min under constant vigorous stirring. The
suspension was prepared right before depositing D-PEDOT:PSS, and no
further additives were used. pH-neutral PEDOT:PSS (PEDOT-NTS, batch
number 3435695/2, Agfa) was used as received. ZnO layers were made via
a sol-gel route, starting from a solution 0.5 M Zn(CH;COO), - 2H,0 (98%,
Acros Organics) and 0.5 M ethanolamine in 2-methoxyethanol.’? PDINO
was synthesized according to the procedure reported in literature and
dissolved in methanol with a concentration of 1 mg mL~ .1 pC¢oBM and
PC;0BM were purchased from Solenne while ITIC was purchased from
Solarmer. Poly[(4,8-bis(5- (tripropylsilyl)thiophen-2-yl)benzo[1,2-b:4,5-b’]
dithiophene)-alt-(5,6-difluoro-2- (2-hexyldecyl)-4,7-di(thiophen-2-yl)-2H-

benzo[d][1,2,3]triazole)] (J71) was synthesized according to the procedure
reported in literature and blended with ITIC with a 1:1 weight ratio.*” The
two components were dissolved in chloroform at a concentration of
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6mgmL™" of polymer. Poly[[2,5-bis(2-hexyldecyl-2,3,5,6-tetrahydro-3,6-
dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-[3’,3”-dimethyl-2,2":5',2"-terthio-
phene]-5,5”-diyl] (PMDPP3T) was synthesized following the reported
procedure.’! PMDPP3T was blended with PC4BM (1:3 weight ratio)
and dissolved in a solution of chloroform, containing 7 vol.%
o-dichlorobenzene. The concentration of polymer was 3mgmL™".
Poly[{2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c|pyr-
role-1,4-diyl}-alt-{[2,2'-(1,4-phenylene)bisthiophene]-5,5'-diyl}]
(PDPPTPT) was synthesized according to the procedure reported in
literature.®" This polymer was blended with PC;0BM 1:2 (w/w) in
chloroform with 6 vol.% o-dichlorobenzene at a polymer concentration of
5mgmL~". PCDTBT polymer (1-Material) was blended in a 1:4 ratio with
PC;0BM and dissolved in chlorobenzene at a PCDTBT concentration of
7mgmL~".

Device Fabrication: The patterned ITO substrates were cleaned by
sonication in acetone, followed by a solution of sodium dodecyl sulfate
in water. They were then rinsed in water and sonicated in isopropanol,
before being treated under a UV/Ozone lamp to complete the cleaning.
Molybdenum oxide (10nm), silver (100 nm), lithium fluoride (1nm),
and aluminum (100nm) were thermally evaporated in a vacuum
chamber at =6 x 107" mbar, through a shadow mask. On each
substrate, the intersection of the ITO pattern with the evaporated top
contact formed two squares of 9mm? area and two squares of 16 mm?
area. The thickness of each layer was measured using a Veeco Dektak
profilometer. The fabrication of the various device stacks including the
photoactive and interlayers is further detailed in the Supporting
Information.

Characterization: Both the measurement of the J-V curve and the EQE
were performed under nitrogen atmosphere. Devices with MoO; were
treated under a UV-lamp before the measurements. For these devices we
found that this UV treatment gives more reproducible and occasionally
better device performance. For the conventional tandem device we found
a UV-treatment to be beneficial for the FF (+3%). Probably a similar
photo-doping mechanism can occur for tin oxide as well, although we did
not investigate the mechanism. The J—V characteristics were measured
with a Keithley 2400 source meter from —2 to +2V (inverted cells) or +2 to
—2V (conventional cells). Four hundred and one points per scan were
acquired, each with 20 ms integration time. The lamp used for this
measurement was a tungsten-halogen lamp which was filtered with a UV
filter and a daylight filter (Hoya LB120). The color and intensity of the light
were tuned in a way to match the EQE-integrated Jsc of representative
single-junction cells of the two subcells at the same time. The
measurements were performed through an illumination mask with
aperture sizes of 6.76 and 12.96 mm?, corresponding to the 9 and 16 mm?
nominal device areas, respectively. This defined the active area of the
devices.

The EQE measurement was performed in a home-made setup,
consisting of a tungsten-halogen lamp, a chopper, a monochromator
(Oriel, Cornerstone 130), a pre-amplifier (Stanford Research Systems
SR570) and a lock-in amplifier (Stanford Research Systems SR830 DSP).
The substrates were kept in a N,-filled box with a quartz window during
the duration of the measurement. The device of interest on each
substrate was aligned through a circular aperture with 2 mm of diameter,
defining the active area. The signal response to the modulated light was
transformed into an EQE value by comparison with the measurement on
a calibrated silicon reference solar cell. The average standard deviation
in measuring the wavelength-dependent EQE in this setup is less than
0.005 electrons/photons for wavelengths in the range of 350-1050 nm.
The 530 and 940 nm bias lights were high power light-emitting diodes
obtained from Thorlabs. The additional voltage bias was applied directly
from the pre-amplifier. The voltage bias correction needed for the EQE of
the tandems cells was approximated as the Voc of the reference single-
junction cells: 0.92 and 0.61V for biasing the front and back subcells,
respectively.

Optical-Electrical Modeling: Optical simulations based on the transfer
matrix method was performed using Setfos 3.2 (Fluxim). The wavelength
dependent n and k values of each active layer were determined by
transmission and reflection measurements using an integrating sphere
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attachment on a Perkin-Elmer Lambda 1050 spectrophotometer. The
optimization based on IQE correction of the modeled current densities
and the construction of the J-V characteristics was performed according
to a procedure previously reported.8! According to the results discussed
in Section 2.1, the performance of J7T:ITIC in the conventional and
inverted structure is more or less comparable. Therefore, the data series
of the representative conventional cell of J71:ITIC was approximated with
the dataset of the inverted representative cell, reported in Table S2,
Supporting Information. The performance of the PMDPP3T:PCsoBM
series in the inverted configuration was taken from one of our previous
work, where we utilized zinc oxide instead of tin oxide (Table S3,
Supporting Information).*! We then calculated the spectrally resolved
fraction of absorbed photons from the subcells and we scaled this by the
corresponding IQE (reported in Table S1-S3, Supporting Information).
The result can be considered as an estimated EQE spectrum of the
subcells. Integration with the reference AM1.5G solar spectrum follows to
derive the Jsc of the subcells. At last, the construction of the J-V
characteristic of the tandem was performed as described in the referenced
article 18

Scanning Electron Microscopy: For the SEM cross-section studies, layers
on Si substrates were investigated using a Philips XL30S FEG microscope
with a field emission cathode.

Kelvin Probe: The measurements of the surface potential were done
with a McAllister KP6500 Kelvin-Probe (KP) system in vacuum (107°
mbar). Highly ordered pyrolytic graphite with a work function of 4.5 eV
was used as reference.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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