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ABSTRACT Tandem architecture is the most relevant concept to
overcome the efficiency limit of single-junction photovoltaic solar
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cells. Series-connected tandem polymer solar cells (PSCs) have g
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ment of parallel-connected tandem cells is lagging far behind due to . s Z: et
the big challenge in establishing an efficient interlayer with high  rvorrss
transparency and high in-plane conductivity. Here, we report all- AITO/AGIai

solution fabrication of parallel tandem PSCs using silver nanowires e
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as intermediate charge collecting electrode. Through a rational interface design, a robust interlayer is established, enabling the efficient extraction and
transport of electrons from subcells. The resulting parallel tandem cells exhibit high fill factors of ~60% and enhanced current densities which are identical
to the sum of the current densities of the subcells. These results suggest that solution-processed parallel tandem configuration provides an alternative
avenue toward high performance photovoltaic devices.
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he intense research interest in poly-

mer solar cells (PSCs) stems from

their promising potential in providing
an affordable solar-to-electricity solution,
which is primarily related to the low-cost
materials and solution processability.'?
Over the past decade, the combination of
photoactive material design, morphology
control and interface engineering has led
to a continuous increase in power conver-
sion efficiency (PCE) of single junction PSCs
from 2.5% to the level of 9%.37° Despite
these advances, the intrinsic drawbacks of
low carrier mobility and spectrally limited
absorption of organic semiconductors have
suppressed further efficiency enhancement
of the single junction devices.”? In addition,
one major deficiency associated with PSCs
is the rather short exciton diffusion length
(~10 nm) which also limits the thicknesses
of the photoactive layer for photon harvest.®
One effective strategy to circumvent these
limitations and thereby improve the overall
efficiency of PSCs is to make use of the
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tandem structure with complementary ab-
sorbers to harvest a larger spectral range of
solar radiation.”™""

Two types of tandem configurations,
series-connection and parallel-connection,
which can also be termed as 2-terminal and
3-terminal,’® are in principle capable of
increasing the efficiency of PSCs by super-
imposing the photovoltage and photocur-
rent, respectively. Most efforts have so far
been devoted to developing series-con-
nected tandem PSCs with a considerable
number of solution-processed charge re-
combination layers developed.®™'> The
stringent current-matching criterion of the
series tandem devices requires a careful
control of the respective active layer thick-
ness to match number of photons absorbed
in each subcell and thus balance the current
generation. This generally results in the
individual subcells having a layer thickness
which does not correspond to the maxi-
mum efficiency in single junction devices.
Consequently, high efficiency can only be
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Figure 1. Comparison of the series-tandem and parallel-tandem polymer solar cells. (a) Schematic diagram of the series-
connection and (b) the corresponding contour plot of the efficiency limits versus the bandgaps of semiconductors of the two
subcells. (c) Schematic diagram of the parallel-connection and (d) the contour plot of the efficiency limits versus the bandgaps

of semiconductors of the two subcells.

obtained with a very limited number of material
combinations that have excellent complementary
absorption.'*'® On the other hand, the V, of organic
solar cells is not as much sensitive to the bandgap of
the absorber material as the V. of inorganic solar cells.
This is due to the fact that the V,, of the single junction
PSCs is determined by the energy levels of the donors
(conjugated polymers or small molecules) and accep-
tors (typically fullerene derivatives).®'® It is therefore
possible to find absorbers with identical or similar V,,
and complementary absorption spectrum. Due to the
absence of the current-matching criterion, the subcells
of parallel tandem devices can be processed at their
optimum thicknesses as in single junction cells.'”” 2>
Moreover, due to the thickness limitation of many
high-performance polymers already mentioned above,
the 3-terminal parallel tandem architecture provides a
viable alternative for boosting the efficiency of PSCs by
stacking two subcells of the same material.

To date, however, very few studies have been re-
ported on parallel tandem PSCs primarily due to the
challenge in introducing a solution-processed inter-
connecting electrode with high transparency and low
sheet resistance. Carbon nanotubes,?® graphene?' and
thermally deposited thin metal films**~%° (e.g., Ag and
Au) have been used as intermediate electrodes for the
construction of parallel-tandem PSCs. However, these
devices suffered from low fill factor (FF) and short-
circuit current density (J5) due to the poor optoelec-
tronic properties of the middle electrodes. For in-
stance, the high sheet resistance of ~500—700 Q/sq
of carbon-based films (carbon nanotubes and graphene)
adversely increased the series resistance of the de-
vices. 22! The low transmission (~30—50% in the visible
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range) of the evaporated thin metal films (~10—15 nm)
caused a large optical loss for the back subcell?2~2
Moreover, the involved transfer procedure and thermal
vacuum deposition of the middle electrode increased the
complexity in device fabrication which is incompatible
with high volume roll-to-roll manufacturing processes.
In this work, we report a technically viable and
scalable process for all-solution fabrication of mono-
lithic parallel tandem PSCs using silver nanowires
(AgNWs) as middle charge collecting electrode. We
first performed optical simulations to show that paral-
lel-tandem PSCs are capable of achieving efficiencies
closing to the series-connected counterparts over a
much wider choice of photoactive material combina-
tions. We then designed and constructed an efficient
intermediate layer, based on which parallel-tandem
devices using different photoactive polymers as two
subcells were fabricated by solution processing. Due to
the excellent functionality of the intermediate layer,
the as-prepared parallel tandem solar cells showed
high FF of ~60%. Significantly, the short-circuit current
density of the parallel tandem cell is nearly identical to
the sum of the current densities of the two subcells,
indicating negligible resistance loss within the parallel
connection. In addition, our solution-processed parallel
tandem devices possess an impressive long-term stabi-
lity when stored in ambient air without encapsulation.

RESULTS AND DISCUSSION

Optical simulations were first performed to compare
the efficiency potential of the two tandem configura-
tions. We followed the model proposed by Dennler
et al. which had been used to calculate the efficiency
limits of series-connected tandem PSCs (Figure 1a).2°

VOL.8 = NO.12 =

12632-12640 = 2014

A N /7;\‘
NANO

WWww.acsnano.org

12633



For parallel tandem configuration (Figure 1c), we as-
sumed -/sc,tan = Jsc,1 + Jsc,2 and Voc,tan = min(voc,h Voc,Z)-
A constant EQE of 65% and IQE of 85% were used for
the calculation of both device configurations. Detailed
description of the calculations can be found in the
Experimental Section. Parts b and d of Figure 1 show
the predicted efficiencies of tandem PSCs as a function
of bandgap energies (E,) of the bottom and top subcells,
respectively, for series and parallel connection. Compar-
ing the two different connection possibilities, the series
connection shows a maximum efficiency of 15% for the
optimum combination of bandgaps, whereas the par-
allel connection shows a lower maximum efficiency of
13.2%. However, it is also obvious that the parallel
connection allows to have high efficiencies for a wider
range of bandgap combinations. In addition, it should
be noted that, owing to the thickness limitation of many
conjugated polymers, the series-connected tandem
cells often cannot reach the efficiency values predicted
based on the bandgaps.2” Therefore, the parallel con-
nection can provide a more feasible alternative to reach
high efficiencies with existing materials.

Similar to series tandem counterparts, the most
crucial step for the successful fabrication of solution-
processed parallel tandem PSCs is to develop an effi-
cient and robust intermediate layer. The intermediate
layer in parallel tandem devices generally contains a
transparent electrode sandwiched between two inter-
face layers with the same charge selectivity (n-type or
p-type semiconductors). To achieve such an efficient
interlayer with all layers solution-deposited, the selec-
tion of electrode material and the corresponding pro-
cessing technique are of uttermost importance. First,
the middle electrode should be highly conductive and
transparent allowing lateral current flow and having
minimal light absorption. Second, the solution proces-
sing of the intermediate layers, particularly the middle
electrode, should not compromise the established
underlying subcell and be robust enough as a mechan-
ical foundation withstanding the solution-deposition
of top subcell. In addition, a low surface roughness of
the solution-processed interlayer is desirable to avoid
shunting or short-circuiting the top subcells.

Following these guidelines, we chose AgNWs as the
middle charge-collecting electrode because of their
outstanding optoelectronic properties (transmittance
~90% at 550 nm with sheet resistance ~ 10Q sq~ ")
and solution processability with various coating
methods.?® 3" We designed and fabricated the inter-
mediate layer with a layer sequence of zinc oxide nano-
particles (ZnO)/neutral PEDOT:PSS/AgNW/ZnO. In this
intermediate layer, ZnO was chosen as electron-extrac-
tion material due to its high electron mobility and the
good match of the work function with the acceptors.
We additionally introduced a layer of the polymer
PEDOT:PSS which exclusively serves as a pinhole-free
protective layer to avoid damaging the underlying

GUO ET AL.

active layer by solvent infiltration during the top active
layer deposition. ZnO nanoparticle films are known to
be readily dissolved in acidic media and therefore a
neutral PEDOT:PSS (N-PEDOT) is chosen to be coated
on top of the ZnO layer.3>*? It was observed that the
introduction of the neutral PEDOT:PSS between the
ZnO and AgNWs showed no negative effect on device
performance due to the formation of quasi ohmic
contacts at the interface between ZnO and N-PEDOT
as well as between N-PEDOT and AgNWs.'>* It is also
worth mentioning that all the componentinterconnec-
tion layers was processed at reasonably low tempera-
tures of <50 °C, and no high temperature annealing
process is involved during device fabrication.

To examine the reliability of the interlayers, we first
constructed and characterized a complete bottom sub-
cell with a solution-processed AgNW top electrode,
ITO/PEDOT:PSS/pDPP5T-2:PCsoBM/ZnO/N-PEDOT/AgNW,
where pDPP5T-2 is a diketopyrrolopyrrole (DPP)-based
low bandgap polymer (band gap: 1.41 eV)."* Due to the
lack of a reflective back electrode, the as-fabricated
semitransparent device yields a photocurrent density
of 8.13 mA cm 2 which is about 3 mA cm 2 lower than
the reference with an evaporated Ag top electrode
(Figure S1, Supporting Information). Importantly, com-
parable V,. and FF values suggest that the solution-
deposition of the AQNW electrode shows no negative
effect on device performance. To test the solvent
resistance, two commonly used organic solvents with
high boiling point, chlorobenzene and o-dichloroben-
zene, were bladed on top of the semitransparent
devices. The current density—voltage (J—V) character-
istics of the devices before and after solvent rinsing
were compared. As shown in Figure S2 (Supporting
Information), there are almost no changes in device
performance in terms of V., FF, and Js, suggesting
that the as-fabricated interlayers is physically robust to
protect the established bottom subcell from slow-
drying solvents. In combination with our previous work
on AgNWs as bottom electrode for inverted PSCs,*' the
as-designed intermediate layers is expected to effec-
tively extract electrons from both bottom and top
subcells.

Having achieved a robust interlayer with integration
of a highly conductive and transparent AgNW elec-
trode, we now complete the fabrication of the entire
parallel tandem PSCs. The architecture of the parallel
tandem devices is schematically shown in Figure 2a,
where a bottom subcell with a normal structure and a
top inverted cell are electrically connected in parallel.
Accordingly, the middle AgNW electrode serves as a
common cathode to collect electrons generated by the
two subcells whereas the holes are collected by the
connected bottom ITO and top Ag anodes. In this
tandem device, other than the top Ag electrode which
was deposited using vacuum thermal evaporation, the
underlying 8 layers were sequentially doctor-bladed
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Figure 2. (a) Schematic architecture of the solution-processed parallel tandem cell and chemical structures of the two
photoactive absorbers (P3HT and pDPP5T-2). (b) Transmittance of the AgNWs film and the intermediate layers consisting of
“ZnO/N-PEDOT/AgNW/Zn0O". Both films were prepared on glass substrates by doctor blading using the same coating
parameters as in the tandem devices and measured against the glass substrate. (c) UV—vis absorption spectra of pDPP5T-2
and P3HT films and the AM 1.5G solar radiation spectrum. (d) Cross-sectional SEM image of a complete parallel tandem device.
Note that the PEDOT:PSS layers between the ITO and bottom active layer and between the top active layer and the thermal

deposited Ag cannot be distinguished in the SEM image.

on ITO-coated glass in ambient air. A detailed descrip-
tion of the device fabrication procedure is presented
in the Experimental Section. We note that, to avoid a
possible connection of the AgNWs with either the
bottom ITO or top Ag electrode which may short-
circuit the devices, the middle AgNW electrode was
deposited in a confined area using a modified doctor-
blading technique (as illustrated in Figure S3, Support-
ing Information). Figure 2b shows the transmittance
spectra of the AgNWs film and the constructed inter-
mediate layers consisting of “ZnO/N-PEDOT/AgNW/
ZnQO". The average transmittance (between 400 and
800 nm) of the AgNWs and the intermediate layers is
89.3% and 84.9%, respectively, which is much higher
than evaporated semitransparent thin metal films
(~30% - 50%).”> > This characteristic of the inter-
mediate layers is highly favorable for tandem devices
as it allows minimal absorption losses and high trans-
mittance to the rear subcell of the tandem devices.

It is well-known that manufacturing of any kind of
parallel tandem batteries requires the “voltage-match-
ing criteria” and therefore a similar or identical voltage
should be provided by the subcells. Here, pDPP5T-2
and P3HT were chosen as the two photoactive absor-
bers for our parallel tandem cells, because a similar V.
can be achieved when they are blended with the
acceptor PCsoBM. In addition, it can be seen from
Figure 2c that the absorption profile of the P3HT
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perfectly fills the valley of the pDPP5T-2 spectrum,
resulting in a broad combined absorption covering
the solar spectrum from 350 to 850 nm. The excellent
complementary absorption of the two materials makes
them an appropriate combination for the construc-
tion of tandem solar cells. To minimize thermalization
losses, polymer tandem cells generally use a large
bandgap material as the front absorber to harvest
high-energy photons and a small bandgap absorber
as the back layer to absorb low-energy photons.® '8 It
should be noted that, however, the performance of
parallel tandem solar cells is to a large degree deter-
mined by the sum photocurrent contributed by the
subcells, provided that the subcells possess identical
Voc and FF values. In our parallel tandem situations,
optical simulations shown in Figure S4 (Supporting
Information) suggest that comparable efficiency can
be achieved independent of the photoactive layers'
sequence. From a practical point of view, however, a
poor device performance of P3HT:PCsoBM cell was
observed when ZnO was coated on top of P3HT:
PCsoBM (Figure S5, Supporting Information), which is
probably due to fact that the crystallization of P3HT
changes the morphology of the upper ZnO film and
other top layers.3* We have thus employed pDPP5T-2:
PCsoBM as bottom absorber and P3HT:PC4,BM as top
photoactive layer for fabricating parallel-tandem solar
cells.
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Figure 3. J—V characteristics (a) and the EQE spectra (b) of a typical parallel tandem device and the incorporated two subcells
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measured J—V and EQE characteristics of the two subcells, respectively. (c) Air stability of a parallel tandem cell and the two
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A cross-sectional scanning electron microscopy
(SEM) image of a complete parallel tandem solar cell
is shown in Figure 2d. The cross-section was prepared
using a focused ion beam (FIB, FEl Helios NanoLab 660)
and subsequently imaged with the electron beam of
the same instrument. Apart from the two interfaces
between the photoactive layers and PEDOT:PSS which
could not be distinguished due to the similiar contrast
of the two organic materials, all the stacked layers
and interfaces are clearly revealed in the scanning
electron micrograph. We note that even though there
is slight interlayer mixing between the AgNWs and
the underlying N-PEDOT,?* this interlayer mixing does
not negatively affect the device functionality as the
N-PEDOT in the intermediate layers solely functioned
as “solvent protection” layer. Energy dispersive X-ray
spectroscopy (EDS) mapping of the cross-section
shown in Figure S6 (Supporting Information) con-
firmed the intermediate layers' organization. In parti-
cular, the sandwich status of the AQNWs between the
two ZnO layers is clearly evidenced, which anticipates
the full device performance for this sophisticated
architecture, without artifacts from shunting or surface
recombination.

An appealing feature of the parallel tandem configu-
ration is the accessibility of the middle electrode
which allows us to evaluate the photovoltaic be-
haviors of the two subcells in a straightforward man-
ner. With a careful device layout design (Figure S7,
Supporting Information), we are able to characterize
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TABLE 1. Summary of Photovoltaic Parameters of the
Studied Parallel Tandem Device (P3HT:pDPP5T-2) and
the Incorporated Two Subcells

devices Jsc (mA/cm?) Ve (mV) FF (%) PCE (%) Ry (kQ am®) R, (2 am?)

bottom subcell 10.22 (10.05)" 551 591 3.28 1.86 1.98
top subcell 360 (3.12° 515 562 1.04 145 0.62
parallel tandem 13.58 (13.23)" 538  57.9 4.25 2.77 0.38

“J,c values were calculated by integrating the EQE spectrum with the AM 1.5G
spectrum.

the photoelectronic properties of the parallel tandem
cell as well as of the two constituent subcells. Figure 3a
shows the J—V characteristics of a typical parallel
tandem device and the two subcells, measured under
simulated AM 1.5G, 100 mW cm 2 illumination. The key
performance parameters of the studied devices are
summarized in Table 1. The parallel tandem solar cell
exhibited a J,. of 13.58 mA cm™2, a V. of 540 mV, a FF
of 58%, and a PCE of 4.25%. Significantly, we note that
the measured J,. value of 13.58 mA/cm? of the parallel
tandem device is almost equal to the sum of the cur-
rent densities of the two subcells, with 10.22 mA/cm?
and 3.66 mA/cm? contributed by the front pDPP5T-2:
PCsoBM and back P3HT:PC¢o,BM subcells, respectively.
In particular, if we mathematically add the current
density values of the two subcells at each operating
voltage (Figure 3a), a good fitting of the resultant J—V
curve with the measured tandem curve was observed,
which is perfectly consistent with Kirchhoff's law. These
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observations provide evidence that the two subcells
have been efficiently connected in parallel.

External quantum efficiency (EQE) measurements
were performed to investigate the spectral response
of the parallel tandem device as well as the in-
corporated two subcells. As shown in Figure 3b, two
complementary EQE curves of the two subcells, corre-
sponding to the absorption spectra of the two absor-
ber layers, and a flat EQE spectrum ranging from
400—800 nm for the parallel-connected device were
observed. Integration of the EQE spectrum of the
tandem cell with the AM 1.5G solar photon flux yields
a current density of 13.23 mA cm ™2, which is quite
close to the measured J,. value of 13.58 mA cm ™2 The
discrepancy of <3% indicates that the mismatch be-
tween simulated sunlight and the standard AM 1.5G is
negligibly small. Significantly, an excellent spectral
agreement between the measured EQE curve of the
tandem device (scparallel = 13.23 MA cm~?) and the
mechanically added EQE curves of the two subcells
(scbottom = 10.05 mA cm_z,Jscltop =3.12mA cm~?) was
demonstrated (Figure 3b). This observation strongly
supports the conclusion that the charge carries which
were extracted by the subcells can also be efficiently
collected and transported by the middle electrode
in the parallel-connected state. Combined with the
observed high FF (56%—59%) of the two subcells and
the parallel tandem cell, these results suggest that the
established intermediate layers are highly efficient for
the extraction and transport of charge carriers, without
significant recombination and resistance losses.

In order to obtain a straightforward comparison
between the two types of tandem configurations, we
simultaneously fabricated series-connected tandem
solar cells using the same materials combination of
pDPP5T-2 and P3HT. As indicated by optical simulations
shown in Figure S8 (Supporting Information), higher
efficiency can be obtained when P3HT:PCs,BM is em-
ployed as the absorber of the bottom subcell. Inverted
series-tandem devices with P3HT:PC4oBM as bottom
active layer and pDPP5T-2:PC¢oBM as top absorber were
thus constructed. J—V curves and the corresponding
performance parameters of the two reference cells as
well as the typical parallel-connected and series-
connected tandem cells are presented in Figure S9 and
Table S1 (Supporting Information), respectively. The series-
connected tandem cell showed a J,c = 5.83 mA/cm?, FF =
58.3%, and V. = 1100 mV, yielding a PCE of 3.73% which is
~0.5% lower than the parallel-connected counterpart. The
relatively low efficiency of the series-tandem cell was
mainly due to the low current-density of the devices which
was limited by low current of the bottom P3HT:PC,BM
subcell. Based on these experimental results and op-
tical simulations, we anticipate that parallel tandem
configuration potentially offers a solution to lift the
thickness limitation of many high-performance semi-
conductors in single junction cells.
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We have also tested the air stability of the con-
structed parallel tandem solar cells. The devices were
stored and measured in ambient atmosphere without
any kind of encapsulation. The J—V curves of a parallel
tandem cell as well as the incorporated two subcells
were regularly tested during the lifetime characteriza-
tion. As shown in Figure 3¢, an excellent long-term
stability was observed: the parallel-tandem as well as
the two subcells maintained more than 95% of their
initial PCE after a period of 30 days. Remarkably, we
have found almost no drops in short-circuit photocur-
rent (Figure S10, Supporting Information), indicating
negligible photodegradation within the two absorber
layers and sufficient robustness of the intermediate
layers. The almost constant PCE of the parallel tandem
device can therefore be attributed to a combined
effect of the slightly enhanced V.. and decreased
FF of the two subcells (Figure S10, Supporting
Information). We note that the decrease in FF can be
mainly attributed to the increased series resistance of
the devices as suggested by dark J—V characteristics
(Figure S11, Supporting Information). We ascribe the
long-term stability of the parallel tandem devices to
the stable PEDOT:PSS layer and the high work function
Ag electrode as well as the interface between them.
These layers in inverted organic solar cells can act as
compact barriers to effectively prevent oxygen and
water from entering the active layers.>

In the end, to verify the versatility of the solution-
processed intermediate layers we further evaluate
the general applicability of the parallel tandem archi-
tecture to other material combinations, pDPP5T-2:
pDPP5T-2 and pDPP5T-2:GEN-22” The measured
J—V characteristics and EQE curves are presented in
Figure 4, with key device performance parameters
summarized in Table S2 (Supporting Information).
When pDPP5T-2 was used for both the bottom and
top subcell (Figure 4a and 4b), a high Js. value of
13.7 mA/cm? was obtained for the parallel tandem cell
which is 2.7 mA/cm? higher than the single-junction
reference device. The increased photocurrent in com-
bination with well-maintained FF of the tandem device
resulted in an increased PCE of 4.20%. If we compared
the EQE curve of the parallel tandem cell (Figure 4b) to
the EQE curve of the single-junction pDPP5T-2:PCscBM
reference (Figure S9b, Supporting Information), one
can see that the improved Jy. value mainly comes from
the increased photoresponse at the lowest absorption
region of the pDPP5T-2 between 450 and 700 nm. In
the case of the system of pDPP5T-2:PCsoBM and GEN-2:
PCsoBM where the two subcells possess different V.
values (Figure 4c), the V,. (558 mV) of the resulting
parallel tandem cell was observed to be close to the V.
value (541 mV) of the pDPP5T-2:PC¢,BM subcell. This is
mainly due to the higher charge carrier injection of
the pDPP5T-2:PC¢oBM subcell than the GEN-2:PC¢,BM
subcell at forward bias. Again, for both material
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subcells, respectively.

combinations the numerical addition of the J-V curves
and EQE curves of the subcells fits perfectly to the
corresponding measurements of the parallel tandem
devices, indicating no significant resistance and re-
combination losses of the parallel connections. These
results confirm the general applicability of the solu-
tion-processed parallel geometry to many different
donor materials.

CONCLUSIONS

In summary, we demonstrated for the first time, a
general approach for all-solution fabrication of parallel
tandem polymer solar cells. The established robust and

EXPERIMENTAL SECTION

Materials and Device Fabrication. On laser patterned ITO sub-
strates with a sheet resistance of 15 Q sq ', parallel tandem
PSCs with a layer stack shown in Figure 2a were solution-
processed layer-by-layer using doctor-blading under ambient
conditions. Specifically, PEDOT:PSS (Clevious P VP Al 4083, 1:3
vol % diluted in isopropyl alcohol (IPA)) was first bladed on
precleaned ITO substrate and annealed at 140 °C for 5 min to
obtain a layer thickness of ~40 nm. On top of the PEDOT:PSS,
the bottom photoactive blend consisting of pDPP5T-2 (batch:
GKS1-001, M,, = 47000 g mol ™", PDI = 2.2) and PCgoBM with 1:2
ratio dissolved in a mixed solvent of 90% chloroform and 10% o-
diclorobenzene was deposited at 45 °C to obtain the bottom
active layer with a thickness of ~140 nm. The intermediate
layers, ZnO (Nanograde AG, Product N-10)/N-PEDOT:PSS (Adfa,
Orgacon NT5—2)/AgNW (Cambrios, ClearOhm Ink)/ZnO, were
sequentially bladed from their original solutions and annealed
at 100 °C for 5 min in air after each layer's deposition. The
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efficient intermediate layer incorporating a AQNW net-
work allows efficient charge extraction and light trans-
mission. The resulting parallel-tandem devices showed
high FFs of ~60% and enhanced photocurrent values
which are identical to the sum value of the two sub-
cells, without any losses. Our theoretical and experi-
mental results suggest that parallel tandem geometry
holds great potential to boost the efficiencies of the
photovoltaic devices. Based on the easy processing
and general application of the intermediate layer, we
expect that significant enhancement of efficiency can
be achieved by employing high-performance photo-
active materials.

corresponding thickness of the intermediate layer is approxi-
mately 30 nm/20 nm/90 nm/100 nm, and the resulting AgNW
electrode shows a sheet resistance of ~8 ohm/sq. Afterward, a
blend of P3HT:PC¢,BM with thickness ~150 nm was deposited
as the top photoactive layer. Finally, a thin layer (~15 nm) of
PEDOT:PSS (1:5 vol % diluted in IPA) was doctor-bladed serving
as electron blocking layer. With all the solution-processed layers
completed, Q-tips dipped with toluene were used to clean the
edges of the substrate to expose the bottom ITO and middle
AgNW contacts. Before vacuum deposition of the top Ag
electrode, the whole stack was annealed in a N,-filled glovebox
at 140 °C for 5 min to crystallize the P3HT. To complete the
device fabrication, a 100 nm thick Ag layer was thermally
evaporated on top of PEDOT:PSS through a shadow mask to
define the active area of the devices (~2 x 5.2 mm?). To achieve
a reliable contact between the middle AQNW electrode and the
probes of the measurement setups (J-V and EQE measure-
ments), silver paste or evaporated silver was applied to the
exposed AgNWs (Figure S7b, Supporting Information).
ACRTANTTS
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Parallel-tandem devices with materials combination of
pDPP5T-2:pDPP5T-2 and pDPP5T-2:GEN-2 were fabricated in a
similar way as the pDPP5T-2:P3HT tandem devices. To achieve a
better charge selectivity for the top inverted pDPP5T-2 and
GEN-2 subcells, thermally evaporated MoO,/Ag (10 nm/100 nm)
was used as top electrode. Series-connected tandem solar cells
with a device structure of “ITO/ZnO/P3HT:PCso,BM/PEDOT:PSS/
ZnO/pDPP5T-2: PCsoBM/M00O,/Ag” were simultaneously fabri-
cated. Detailed processing procedure of this inverted structure
tandem PSCs can be found in our previous work."® Here, follow-
ing the simulations shown in Figure S8 (Supporting Information),
a variation of the thicknesses of the two active layers was carried
out to match the current flow. As a result, a ~120 nm-thick P3HT:
PCgoBM and ~150 nm pDPP5T-2:PC4oBM was chosen due to the
high FF and PCE that can be achieved for these series-connected
tandem cells.

Device Characterization. J—V characteristics of all the devices
were measured using a source measurement unit from BoTest.
lllumination was provided by a Newport Sol1A solar simulator
with AM 1.5G spectrum and light intensity of 100 mW cm™2,
which was determined by a calibrated crystalline Si-cell. The
EQE spectra were measured with a home-built setup using
Varian CARY 500 Scan spectrometer with a tungsten light
source and a lock-in amplifier. During J—V and EQE recordings,
a shadow mask with a single aperture (1.5 x 3 mm?) which
is smaller than the active area was used to obtain reliable
photocurrent density values. The parallel tandem device
pDPP5T-2/P3HT was unpacked and kept in dark during the
stability measurement.

Optical Simulations. We followed the model proposed by
Dennler et al. to calculate the efficiency limits of the two tandem
PSCs configurations.?® Basic assumptions are as follows:

EQE = 0.65 (for single junction cell with reflective back
electrode)

IQE = 0.85 (both EQE and IQE are assumed to be constant in
the entire absorption range)

FF = 0.65

1
Voc = E(Eg —0.6eV) (ref 37)

LossMirror = 0.15 (accounts for the absorption losses of the
first subcells due to the lack of back reflective electrode)

EQE, = EQE*(1 — LossMirror) (indicates the EQE of the front
subcell)

EQE, = (1 — EQE,/IQE)*EQE (indicates the EQE of the back
subcell)

Jsc is calculated by integrating the EQE with solar spectrum
AM1.5 G with intensity of 100 mA/cm?

q A2
JSC = —/ PAMLSG(}L) X lEQE(}L)dl
hc yi

where h is Planck’s constant, c is the speed of light in vacuum,
and 4; and A, are the limit absorption spectrum of the active
layer.

According to Kirchoff's circuit law, the V. and Js. of the
series or parallel tandem cells and their respective subcells
should meet the following relationships.

For series connection:

Voc, tan = Voc,1 + Voc, 2

Jsc,tan = minUsc, 1 ;Jsc,z]
For parallel connection:

Voe,tan = Min[Voe, 15 Vo, 2]

-/sc,tan = -/sc,1 +Jsc,2
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middle AgNW electrode, contour plots of the calculated PCE
of parallel tandem devices using pDPP5T-2:PCso,BM and P3HT:
PCeoBM as subcells, J—V curves of semitransparent P3HT:
PCgoBM cells with AgNWs top electrode, EDS (Ag, Zn, In, Si)
mapping of the cross-section of an as-fabricated parallel tan-
dem device, three terminal layout design, contour plots of the
calculated PCE of series-connected tandem devices using
pDPP5T-2:PC4oBM and P3HT:PCoBM as subcells, J—V and EQE
characteristics of the reference devices and the series tandem
solar cell, table of photovoltaic parameters of the reference
devices and the two tandem PSCs, air stability of a parallel
tandem device, logarithmic dark J—V characteristics of the
parallel tandem solar cell, and table of photovoltaic parameters
of the two parallel tandem PSCs with material combinations of
pDPP5T-2:pDPP5T-2 and pDPP5T-2:GEN-2. This material is avail-
able free of charge via the Internet at http://pubs.acs.org.
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