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ABSTRACT

The integration of planar-type perovskite (Eq ~ 1.5 eV) solar cells (PSCs) with a bulk-heterojunction (BHJ) composite
comprising a near-infrared (NIR) absorbing conjugated polymer (E4 < 1.4 eV) and a fullerene derivative is a promising
approach to overcoming the narrow absorption limit of typical PSCs. Nevertheless, integrated solar cells (ISCs) suffer
from low fill factors (FFs) and inefficient NIR harvesting, mainly due to poor charge transport in the BHJ films. Here,
we successfully demonstrate highly efficient P-1-N perovskite/BHJ ISCs with an enhanced FF and improved NIR
harvesting by introducing a novel n-type semiconducting polymer and a new processing additive into the BHJ films. The
optimized ISCs exhibit a power conversion efficiency (PCE) of 16.36%, which far surpasses that of the reference PSCs
(~ 14.70%) due to the increased current density (Js; ~ 20.04 mA cm?) resulting from the additional NIR harvesting.
Meanwhile, the optimized 1SCs maintain a high FF of 77% and an open-circuit voltage (V) of 1.06 V. These results
indicate that this approach is a versatile means of overcoming the absorption and theoretical efficiency limits of state-of-
the-art PSCs.
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1. INTRODUCTION

Due to the intensive researches on the development of high-quality perovskite films,* new device architectures,*” and
compositional engineering®*® as well as a fundamental understanding of the charge dynamics'™'? and the device
operational mechanisms,***** there have been tremendous progresses in the field of perovskite solar cells (PSCs) and
power conversion efficiencies (PCEs) of over 20% have been reported for the PSCs.'® However, most state-of-the-art
efficient PSCs based on methylammonium lead iodide (MAPbI;) or formamidinium lead iodide (FAPbI3) only utilize
solar radiation below a wavelength of ~ 800 nm, leaving the majority of the near-infrared (NIR) range unused.®*!
Therefore, if PSC researchers are able to find a way to utilize NIR solar radiation efficiently, it is possible to further
improve the PCE to values approaching the Shockley—Queisser limit.*’

One promising approach to broadening the absorption range of PSCs above 800 nm is to integrate perovskite and a bulk-
heterojunction (BHJ) as an interlayer-free, parallel-like tandem cell, a so-called ‘integrated’ perovskite/organic solar cell
(1SC)."* In general, the BHJ in ISCs is a photoactive layer composed of an NIR absorbing conjugated polymer (or
small molecule) and a fullerene derivative typically used in organic solar cells (OSCs). Because both films (perovskite
and BHJ) have ambipolar charge transporting properties, the electrons and holes generated in both films can be collected
at each electrode, as in two-terminal parallel tandem devices. Therefore, by combining a perovskite as a UV-vis absorber
and a BHJ layer as an NIR absorber in ISCs, it is possible to harvest full-range light, covering the UV to NIR solar
spectrum (Fig. 1a). Moreover, in contrast to conventional series/parallel tandem devices, ISCs can be easily fabricated by
monolithically stacking perovskite and BHJ without interlayers because of their mutual solvent orthogonality.
Furthermore, 1SCs do not suffer from thermalization losses originating from the current and/or voltage mismatch among
subcells, as encountered in conventional series and parallel tandem cells.?*%
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Unfortunately, there have been only two reports which studied on the ISC devices until now, and the device
performances of the 1SCs are relatively lower than those of typical PSCs.'®*® Especially, their low fill factors (FFs),
which are far below the typical values (~ 80%) of conventional PSCs, and inefficient NIR harvesting hinder further
enhancement of the ISC performance. Although there is a large room to further improve the PCE of the ISCs, it is still
unclear what a crucial factor is for designing and realizing high performance 1SCs.

In this work, we have investigated the effects of BHJ morphology on P-1-N type ISCs combining a MAPbI; perovskite
and an NIR absorbing organic BHJ, revealing a crucial design rule for high efficiency of the ISCs. The BHJ, composed
of diketopyrrolopyrrole (DPP)-based low bandgap polymer (LBP) DT-PDPP2T-TT (TT) and [6,6]-phenyl C;; butyric
acid methyl ester (PC,;BM), was elaborately adjusted by introducing a novel n-type polymer, poly{[N,N'-bis(2-
octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)}, P(NDI20D-T2) (also known
as N2200) as an electron transport enhancer and diphenyl ether (DPE) as a solvent processing additive. The optimized
perovskite/BHJ ISC devices with well-distributed bicontinuous BHJ networks and a high electron mobility of 10 cm?
V! s exhibit a dramatically increased current density (17.61 mA cm™ to 20.04 mA cm™) due to the additional NIR
harvesting, while maintaining the high FF (77%) and V,. (1.06 V) characteristic of typical PSCs. The resulting PCE is
16.36%, which is the highest value for the reported ISC systems and far surpasses the 14.70% value achieved using the
reference PSCs without any BHJ layer.

2. EXPERIMENTAL METHODS
2.1 Materials

All materials, including Pbl,, reagents, and solvents, were purchased from Sigma-Aldrich unless otherwise stated. The
low bandgap polymer TT, the n-type semiconducting polymer N2200, and PC,,BM were purchased from One Materials,
Polyera, and Nano-C, respectively, and were used as received. The CH;NHsl was synthesized by reacting 27.86 mL
methylamine (40% in methanol) and 30 mL hydroiodic acid (57 wt%) in a 250 mL round-bottomed flask at 0 °C for 2 h
with stirring. A yellowish raw product (CH3NH;l) was obtained using a rotary evaporator and was re-dissolved in 80 mL
absolute ethanol; a white-coloured powder (CHsNHsl) was formed via the addition of 300 mL ethyl acetate. After
filtration, the powder was washed repeatedly with ethyl acetate. Recrystallization from ethanol yielded a pure crystal of
CH3NHgl. The crystal was collected and dried at 60 °C in a vacuum oven for 24 h. A 1.5 M solution of MAPb(1;,Br)s
(x = 0.1) was prepared by dissolution of Pbl,, PbBr,, and CH3NH3l powders in y-butyrolactone:DMSO (dimethyl
sulfoxide) mixed solvent (7:3, volume ratio) at 60 °C for 1 day. For the soluble VO, precursor solution, vanadium-oxytri-
isopropoxide ((CsH;0);VO) was dissolved in isopropyl alcohol (IPA) at a 1:300 volume ratio. The n-doped TiO,
solution was synthesized according to a previous method.?

2.2 Fabrication of planar-heterojunction perovskite solar cells

Patterned ITO/glass substrates (15 Q/sq) were cleaned with detergent, ultrasonicated in acetone and isopropyl alcohol,
and subsequently dried overnight in an oven. For the hole transport layer of the PHJ single perovskite and
perovskite/BHJ solar cells, PEDOT:PSS (Al 4083) solution was spin-cast in air onto the pre-cleaned and UV/ozone-
treated 1TO/glass substrate at 5,000 rpm for 30 s (~ 25 nm thickness). The films were then annealed on a hot plate at
150 °C for 10 min, and VO, solution (1:300 in IPA) was spin-cast in air onto the PEDOT:PSS followed by treatment at
150 °C for 10 min. The substrate (ITO/PEDOT:PSS/VO,) was transferred into a N,-filled glove box, where 1.5 M
MAPb(1,,Bry)s (x = 0.1) solution was coated onto the ITO/PEDOT:PSS/VVO, substrate by two consecutive spin-coating
steps at 800 rpm and 4,000 rpm for 20 s and 60 s, respectively. During the second spin-coating step, 600 pL toluene was
quickly dripped onto the rotating substrate. After drying the substrate at 100 °C for 10 min, the transparent film was
completely converted into a dark-brown perovskite film. For the single PSCs, PCg;BM solution (40 mg/ml in CB) was
deposited onto the perovskite film. In the case of perovskite/BHJ integrated solar cells, solutions of BHJ (TT:PC+,BM =
4 mg:12 mg/ml) processed from CB or CB:DPE (97:3, volume ratio) solvents were spin-cast by controlling the rotating
speed to optimize the film thickness. To further increase the electron transport, 1 mg of N2200 was introduced into the
BHJ processed from CB:DPE. After drying the BHJ films, n-doped TiO, film was deposited onto the BHJ films. Finally,
Al was thermally evaporated on top of the devices through a shadow mask (4.64 mm?) at ~ 1 x 10°® Torr.
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2.3 Characterization of the planar-heterojunction perovskite solar cells

The J-V characteristics were measured using a Keithley 237 source measure unit in an N, atmosphere. The solar-cell
parameters were obtained using an AM 1.5 G solar simulator with an irradiation intensity of 100 mW-cm . The lamp
was calibrated with an NREL-calibrated KG5 filtered silicon reference cell. The IPCE measurements were conducted
using a QEX10 solar cell instrument (PV Measurement, Inc., USA) with a chopping frequency of 100 Hz. The surface
morphology of the films was measured by AFM (Park Systems Corp., XE-100). The SEM measurements were
conducted using an S-4700 SEM instrument (Hitachi, Japan). Steady-state PL spectra were obtained with a F-7000
fluorescence spectrometer (Hitachi, Japan) by photoexciting the samples at 470 nm. Time-resolved PL measurements
were conducted using a timecorrelated single photon counting (TCSPC) setup (PicoQuant, Germany) with a 470 nm
picosecond pulsed laser source (PicoQuant, LDH-P-C-470) and laser drivers (PicoQuant, PDL 800-D). The PL was
collected at a wavelength of 760 nm using an imaging triple grating monochromator/spectrograph (Princeton Instruments,
Acton SP2300, USA).

3. RESULTS AND DISCUSSION

Figure la presents the schematic device architecture of the 1SC combining the NIR absorbing BHJ and the UV-vis
absorbing perovskite layer. The 1SCs were constructed based on a P-I-N planar type architecture with a structure of
ITO/poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/soluble vanadium oxide
(VOy)/perovskite/BHJ/n-doped TiO,/Al, where the PEDOT:PSS/VOy layers act as hole transport/collection layers. Based
on the ITO/PEDOT:PSS/VO, anode substrate, a uniform perovskite film, MAPb(I,.,Br,); (x = 0.1), was formed with
high crystallinity using the two-step solvent dripping method reported by Seok et al (Fig. 1c).? On top of the perovskite
film, the BHJ, comprising an LBP of TT as a donor and PC;;BM and N2200 as acceptors, was introduced as an NIR
harvesting layer. The role of N2200 will be described in detail later in this work. The chemical structures and absorption
spectra of the materials used in the BHJ film are shown in Figure 1b and 1d, respectively. The LBP of TT absorbs NIR
radiation up to 920 nm above the absorption edge of the perovskite. To further optimize our P-I-N-integrated solar cells,
a nitrogen (N)-doped TiO layer was adopted the BHJ film to enhance the electron selectivity and reduce the contact
resistance between the BHJ and Al electrode.?**
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Figure 1. (a) Device architecture of the P-I-N type integrated solar cell obtained from organic and perovskite solar cells. (b)
Chemical structures of the organic donor and acceptor materials: DT-PDPP2T-TT, PC;,BM, and N2200. (c) Cross-sectional

SEM image of the integrated device. (d) Absorption spectra of the component materials.

To investigate the effects of the BHJ morphology on device performance, we prepared three BHJ films: conventional
binary-blended BHJ processed from chlorobenzene (CB) solvent, BHJ processed from mixed solvent of CB:DPE (97:3
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vol%), and N2200-included BHJ processed from mixed CB:DPE (97:3 vol%) solvent. Figure 2a-c present the defocused
bright-field transmission electron microscopy (TEM) images of the three BHJ films (CB, CB:DPE, and CB:DPE:N2200).
Based on the different electron densities, the bright and dark regions are designated as TT polymer/N2200 and PC7,BM,
respectively. For the conventional binary BHJ film (CB), there is a large-scale phase separation between the TT and
PC;:BM. The TT polymer shows interconnected bundle-like aggregations, whereas the PC,;BM molecules form
disconnected agglomerates with a size of ~ 100 nm, hindering the efficient exciton diffusion/dissociation and electron
transport (Figure 2a). However, as shown in Figure 2b, the binary BHJ film processed from CB:DPE shows a
dramatically improved morphology with well distributed bicontinuous networks of TT and PC,;BM, implying efficient
charge transport. This observation indicates that the addition of small amounts of the processing additive DPE enhances
the miscibility of the two organic materials and facilitates the formation of intimate contacts.? Similar features are also
observed in the N2200-included BHJ (CB:DPE:N2200) film. One distinctive feature is that the N2200-included films
show a more pronounced fibril structure, which is attributed to the higher content of the n-type polymer N2200 in the
BHJ.

The surface roughness and topology of the BHJ films were also investigated by atomic force microscopy (AFM). As
shown in Figure 2d-f, the BHJ films from CB:DPE and CB:CPELN2200 exhibit smooth surfaces with root-mean-square
(RMS) roughnesses of 1.5 nm and 1.2 nm, respectively, whereas the film from CB has a relatively uneven surface, with
an RMS roughness of 2.7 nm.

X - X
I ‘ 0.25 pm I I

Figure 2. TEM and AFM images of BHJ films proceséed from CB (a, d), CB:DPE (b, €), and CB:DPE:N2200 (c, f),
respectively.

Based on the structural analysis of the BHJ films, we characterized the optical and electrical properties of the BHJ films.
As shown in Figure 3a, the optical absorption measurements showed that the three BHJ films have similar absorptivities
of ~ 10* cm™ regardless of film morphology, indicating that the light absorption of the BHJ films does not critically
depend on the BHJ morphology. However, the charge transport behaviour is strongly influenced by the BHJ
morphology.??°
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Figure 3. Absorption coefficient spectra (g) and SCLC electron- and hole-mobility (h) of the BHJ layers with CB, CB:DPE,

and CB:DPE:N2200.
Figure 3b shows the electron (pe) and hole (u,) mobilities of the three BHJ films in the vertical direction extracted from
the space charge limited current (SCLC) measurement.?” The electron mobility of the binary BHJ processed from CB is
significantly enhanced, from p~9.6 x 10 cm? V' s™ to p, ~7.8 x 10° cm? V' s™, by the addition of DPE, and it is
further increased to p.~1.2 x 10 cm? V' s after adding DPE:N2200. Regarding the hole mobility, the binary BHJ from
CB has pp~1.1 x 10?2 cm®V*s™?, which decreases to p,~2.4 x 10% cm?V*s™* and p,~3.9 x 10°® cm?v*s™ for DPE and
DPE:N2200 processed BHJ, respectively. Based on the charge balance (= py/p), the CB:DPE-BHJ and CB:DPE:N2200-
BHJ films exhibit better charge-balancing values (0.3 and 0.32, respectively) than the CB-BHJ films (~ 11.6), which is
beneficial for device performance. Bearing in mind the results of the TEM measurements, the charge transport behaviour
is consistent with the morphology changes of the BHJ films induced by the introduction of the DPE and N2200; the
morphology change from the large-scale phase separation with large disconnected PC,;BM agglomerates and
interconnected bundle-like TT aggregation in the CB-BHJ films to the well-distributed bicontinuous networks between
the TT and PC;;BM/N2200 for the CB:DPE:N2200-BHJ films. More importantly, we found that adding a small amount
of the high-mobility n-type polymer N2200 into the binary BHJ further increases the electron mobility of the BHJ,
indicating that N2200 facilitates the formation of percolation pathways for electron transport.
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Figure 4. J-V curves of integrated solar cells with various BHJ film thicknesses processed from CB (a), CB:DPE (b), and
CB:DPE:N2200 (c). The plots of the PCE (d) and FF (e) for the integrated solar cells as a function of the BHJ film
thickness. The dotted lines are guided for those of optimized control PSC. EQE spectra (f) of the optimized control PSC
(PC61BM) and integrated solar cells incorporating CB, CB:DPE, and CB:DPE:N2200 processed BHJ films.
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To explore the effects of the BHJ morphology on the device performance, we fabricated perovskite/BHJ ISCs with a
device architecture of ITO/PEDOT:PSS/VO,/perovskite (~ 350 nm)/BHJ/n-doped TiO,/Al, where the BHJ films were
processed from CB, CB:DPE, and CB:DPE:N2200. Figure 4a-c shows the J-V characteristics of the ISCs incorporating
various BHJ thicknesses and the detailed characteristics are included in Table 1. To demonstrate the effects of the BHJ
morphology and film thickness on device performance, the PCE and FF values of the ISCs were plotted as a function of
BHJ film thickness (see Fig. 4d and e). The dotted lines indicate the corresponding values (PCE = 14.70%, J,. = 17.61
mA cm?, V. = 1.07 V, and FF = 78%) of the optimized control PSC (ITO/PEDOT:PSS/VO,/perovskite/PCs; BM/AI) in
our work. As shown in Fig. 4d, for the ISCs with BHJ from CB and CB:DPE, the device performance was optimized by
incorporating 60-nm-thick BHJ layers. As the thickness of the binary BHJ layers (CB and CB:DPE) increased from 60
nm to 170 nm, the FF values decreased monotonously, in contrast to the increase in Jg. resulting from additional NIR
harvesting, causing a degradation of the overall efficiencies. For the integrated solar cells with ternary blend BHJ
(CB:DPE:N2200), however, the FFs exhibit high values (above 72%) despite the increase in the BHJ thickness to 170
nm, and the highest efficiency was achieved with 100 nm-thick BHJ film due to a dramatically enhanced Jg. and a high
FF. As a result, the ISCs with the CB:DPE:N2200-BHJ film present the highest efficiency, 16.36%, with Js. ~ 20.04 mA
cm?, Vo, ~ 1.06 V, and FF ~ 77%. In comparison, the efficiencies of the other integrated devices with CB-BHJ and
CB:DPE-BHJ are 14.50% and 15.72%, respectively. Especially, the PCE of the reference PSC was dramatically
improved from 14.70% to 16.36% due to the increased Ji. (17.61 mA cm? - 20.04 mA cm™) resulting from the
introduction of the BHJ processed from CB:DPE:N2200. These results are in agreement with the trend of the SCLC
electron mobilities of the BHJ films, indicating that high electron mobility is a key parameter for efficient P-I-N type
ISCs. In particular, the integrated device with CB:DPE:N2200-BHJ films presents higher efficiency and FF than the CB-
BHJ and CB:DPE-BHJ integrated devices, indicating that the synergetic effects of DPE and N2200 played a crucial role
in high-performance 1SCs.

These behaviours can be explained by the EQE spectra of the devices, which are shown in Figure 4f. As observed in
Figure 4f, unlike the control PSC, the perovskite/BHJ ISCs exhibit additional light harvesting in the NIR region (800 nm
~ 920 nm) above the absorption edge of the perovskite. Comparing the enhanced EQE (AEQE = EQEgy; — EQEpcsipm)
with the absorption spectrum of the low bandgap TT polymer, it is clear that the integration of PSCs with NIR absorbing
BHJs is an effective strategy for extending the absorption bandwidth of the perovskites, thereby further improving the
efficiency of PSCs. More importantly, because our optimized BHJ layers effectively provide additional light harvesting
in the NIR without sacrificing other key parameters of the PSCs, such as the high V.. and FF, enhanced efficiencies
exceeding 20% are expected to be attained upon the integration of more efficient film formation techniques for MAPbI;
or FAPbI; perovskites with our optimized BHJ layers.
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Figure 5. Energy level diagrams of the integrated device for perovskite operation mode (a) and BHJ operation mode (b).

From the correlation between the BHJ morphology and device performance of the ISCs, the low performance of the
previously reported ISCs seems to originate from the poor charge transport and short exciton diffusion length (Lp) of the
organic components in the non-optimized BHJ films. Figure 5 presents the two operation modes (‘perovskite operation
mode’ and ‘BHJ operation mode’) of the ISC. In the perovskite operation mode (Figure 5a), the perovskite layer absorbs
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the majority of the UV-vis solar radiation and generates excitons, which can be easily dissociated into free holes and
electrons at the interfaces of VO,/perovskite and perovskite/PC;,BM, respectively, due to their low exciton binding
energy (Epi). In the BHJ operation mode, however, the low bandgap polymer of TT mainly absorbs the NIR radiation and
generates tightly bound excitons (Fig. 1d). To efficiently dissociate the excitons into free charges, it is crucial to form
intimate contact between the conjugated polymer and the fullerene derivative within the distance of Lp (~ 20 nm) for
typical conjugated polymers.®? In addition, considering the excellent charge transport property and Lp of the
perovskites, for high-performance P-1-N type ISCs, the free electrons generated in both films (perovskite and BHJ)
should travel efficiently through the BHJ to be collected at the top Al electrode. Therefore, it is concluded that the
optimization of the BHJ resulting in a high electron mobility and intimate donor polymer and acceptor molecule contacts
is a crucial factor maximizing the performance of the I1SCs.

4. CONCLUSIONS

In conclusion, we have successfully demonstrated highly efficient P-I-N type perovskite/BHJ ISCs with enhanced FF
and high NIR harvesting by optimizing the BHJ morphology. The BHJ, comprising a low bandgap polymer of TT and
PC;:BM, was optimized by introducing both a DPE solvent and N2200, a high-mobility n-type polymer, resulting in the
formation of well-distributed bicontinuous network for efficient charge transfer/transport as well as the enhancement of
the electron mobility up to 102 cm?V™ s™. From the correlation between the BHJ morphology and device performance
of the integrated devices, we found that the formation of an intimate BHJ morphology with high electron transport plays
a vital role for the P-I-N type perovskite/BHJ I1SCs to exhibit efficient light harvesting from the UV to NIR, as well as
high FF and V.. values. Consequently, we have significantly enhanced the PCE of the control PSC from 14.70% to
16.36% by increasing Js. via the additional NIR harvesting while maintaining a high FF (77%) and V.. (1.06 V). To the
best of our knowledge, this PCE is by far the highest efficiency for reported 1SCs. This work proves the feasibility of
highly efficient 1SCs with panchromatic absorption as a new photovoltaic architecture and provides important design
rules for optimizing I1SCs.

Table 1. Device performance parameters of single PSCs and perovskite/BHJ integrated solar cells.

2 PCE (%)
vV _(V FF
e V) J, (MAcm ) (besh)
Perovskite/PCg;BM 1.07 17.64 + 0.07 0.77 +0.08 14.50£0.18
(14.70)
14.07 +0.71
60 nm 1.05 + 0.004 18.00 + 0.38 0.74 +0.02
(14.85)
Perovskite/BHJ (CB) 9.99 +0.67
140 nm 1.05 + 0.004 17.50 +0.72 0.54 +0.02
(10.64)
170 nm 1.05 + 0.005 15.04 +1.04 0.44 +0.02 6.92 + 0.58 (7.43)
60 15.21 + 0.42
nm 1.07 +0.005 18.79 +0.28 0.76 +0.007
(15.72)
14.55 + 0.65
100 nm 1.06 +0.009 18.89 +0.33 0.73 £0.02
Perovskite/BHJ (15.53)
(CB:DPE) 14.24 +053
140 nm 1.05 + 0.007 19.71 +0.27 0.69 +0.01
(14.90)
13.18 + 0.42
170 nm 1.04 +0.008 19.69 + 0.36 0.65 +0.01
(13.77)
15.43 +0.15
Perovskite/BHJ 60 nm 1.07 + 0.004 18.69 +0.11 0.77
(CB:DPE:N2200) (15.31)
100 nm 1.06 + 0.004 20.08 + 0.08 0.76 +0.01 16.16 +0.16
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PCE (%)

Voc (V) Jsc (mA em™2) FF (best)
(16.36)
15.65 +0.38
140 nm 1.06 + 0.005 20.32 +0.13 0.73+0.01
(16.08)
170 14.52 +0.48
nm 1.05 + 0.005 19.99 +0.18 0.70 £0.02
(15.31)

(Reverse scan at 20 msec delay time, average PCE derived from 10 samples)
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