Synthetic Metals 286 (2022) 117028

ELSEVIER

Contents lists available at ScienceDirect
Synthetic Metals

journal homepage: www.elsevier.com/locate/synmet

materilstoday

Check for

Improving stability of perovskite solar cells using fullerene-polymer e

composite electron transport layer

Mohamed M. Elnaggar ¢, Lyubov A. Frolova®, Alexandra M. Gordeeva®?,

Marina I. Ustinova *¢

Elena A. Solov’eva', Sergey Yu. Luchkin ¢, Yury S. Fedotov ', Sergey A. Tsarev‘,

, Hannah Laurenzen ©, Alexander V. Akkuratov“, Sergey L. Nikitenko *,

d

Nadezhda N. Dremova®, Keith J. Stevenson °, Sergey I. Bredikhin ! Selina Olthof®,

Sergey M. Aldoshin?, Pavel A. Troshin %"

2 Institute for Problems of Chemical Physics of the Russian Academy of Sciences (IPCP RAS), Semenov prospect 1, Chernogolovka, 141432 Moscow region, Russian

Federation

Y Moscow Institute of Physics and Technology, Dolgoprudny, 141700 Moscow region, Russian Federation

¢ Department of Physics, Faculty of Science, Tanta University, 31512 Tanta, Egypt
d Skolkovo Institute of Science and Technology, Moscow 121205, Russian Federation

¢ Department of Chemistry, University of Cologne, Greinstrasse 4-6, 50939, Cologne, Germany

f Institute of Solid State Physics of RAS, Chernogolovka, Russia Federation
8 Faculty of Chemistry, Silesian University of Technology, Strzody 9, 44-100 Gliwice, Poland

ARTICLE INFO ABSTRACT

Keywords:

Perovskite solar cells
Conjugated polymers
Polymer/fullerene blends
Charge transport materials
P-i-n solar cell architecture

Perovskite solar cells (PSCs) have attracted significant attention due to their high efficiency and potential for
low-cost manufacturing, but their commercialization is strongly impeded by low operational stability. The en-
gineering of charge-transport layer materials have been recognized as an effective strategy to improve both
stability and performance of PSCs. Here, we introduce a pyrrolo[3,4-c]pyrrole-1,4-dione-based n-type copolymer
as an electron transport material for perovskite solar cells. Using a composite of this polymer with the fullerene

derivative [60]PCBM delivered an efficiency of 16.4% and enabled long-term operational stability of p-i-n

perovskite solar cells.

1. Introduction

Power conversion efficiencies (PCEs) of state-of-the-art perovskite
solar cells (PSCs) have reached > 25% which is comparable to the best
crystalline silicon-based solar cells [1]. Furthermore, perovskite solar
cells can be produced at a low cost using scalable solution-based roll--
to-roll printing and coating techniques. The main obstacle to the
commercialization of PSCs is their poor operational stability [2-4]. The
interfacial degradation involving charge transport layers and electrodes
represents one of the common degradation pathways [5]. In particular,
we showed that using the fullerene derivative [60]PCBM (phenyl Cg;
butyric acid methyl ester) as the electron transport layer (ETL) material
facilitates the degradation of p-i-n perovskite solar cells [6]. Using other
functional fullerene derivatives as ETL materials in PSCs could mitigate

charge recombination losses and increase photovoltaic efficiency or
suppress moisture-induced degradation in the air [7-9], whereas the
operational stability of the devices under light exposure remains infe-
rior. Therefore, improving the operational stability of p-i-n PSCs re-
quires replacing fullerene-based ETLs with alternative more chemically
inert materials.

In general, polymer-based semiconductors represent a very attrac-
tive family of materials for developing efficient and stable ETLs since
they have excellent film formation and suppressed tendency to crystal-
lization, so the films preserve their uniformity and do not suffer from
grain boundaries effects, which is important in the context of the device
stability. Furthermore, polymeric ETLs can better withstand mechanical
stress induced by temperature cycling (due to different thermal expan-
sion coefficients of different layers) and/or repeatable bending in the
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case of using flexible substrates. Unfortunately, the range of available
polymer-based n-type semiconductors with high electron mobility and
energy levels matching the perovskite absorbers is very limited, while
the design of such materials is quite challenging. Furthermore, the
thermal stability of polymers could be inferior as compared to that of
low molecular weight compounds [10-15].

Conjugated polymers are widely used as hole-transport materials for
perovskite solar cells, whereas the number of known polymeric ETLs is
very limited [16-18]. Intense research in this field over the last five
years resulted in the development of a series of promising polymeric
ETLs for PSCs [19-31]. However, the impact of these materials on the
operational stability of PSCs is still scarcely explored. There are only two
reports where the photostability of PSCs with polymeric ETLs was
studied within the initial period of 1-100 h [26,31].

Herein, we introduce the conjugated polymer P1 and its composites
with [60]PCBM as promising ETL materials for stabilized PSCs demon-
strating the retention of > 90% and > 60% of the initial efficiency after
400 and 1200 h of continuous light exposure, respectively.

2. Results and discussion

The pyrrolo[3,4-clpyrrole-1,4-dione (DPP) was chosen as a key
building block to enable the optimal optoelectronic properties and high
electron mobility [32], while the branched 2-butyloctyl side chains were
used to achieve a good solubility[33]. To provide the desired LUMO
energy of the polymer, the DPP fragment was coupled with 2,1,3-ben-
zooxadiazole (BO) unit loaded with two glycol ether side chains for
improved adhesion to the perovskite absorber [34]. The polymer P1 was
synthesized via Stille polycondensation reaction using M1 and M2 key
monomers as shown in Scheme 1 (the detailed procedure is given in
Supplementary Information, SI).

The HOMO energy of P1 was estimated as — 5.11 eV, whereas the
LUMO energy was found to be close to — 3.80 eV according to the cyclic
voltammetry (CV) measurements (Fig. S1, Table S1, SI). UV photoelec-
tron spectroscopy (UPS) measurements (Fig. S2, SI) performed for a thin
film of P1 provided the value of 5.10 eV for the ionization energy, which
is matching the electrochemistry data. Furthermore, inverse photo-
electron spectroscopy (IPES) delivered an electron affinity value of
3.85 eV, which is also in good agreement with the electrochemistry data.
The optical absorption spectrum and the corresponding Tauc plot
(Fig. S3, SI) allowed us to estimate the optical bandgap of the polymer as
1.30 eV, which is close to the electrochemical bandgap (1.31 eV) and
the bandgap value obtained from UPS and IPES (1.25 eV).

The LUMO energy of P1 is close enough to the conduction bands of
MAPDI3 and Csg.12FAg sgPbl3 and should enable a rather efficient
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electron extraction (Fig. 1). Unfortunately, the polymer P1 is a narrow
bandgap material, therefore it cannot block holes, which might lead to
recombination losses.

P1 and P1:[60]PCBM (1:1 w/w) blend quenched the photo-
luminescence (PL) of the perovskite films in a similar way as [60]PCBM
did (Fig. 2). The space charge limited current (SCLC) measurements for
the electron-only device architectures (ITO/Yb/active film/Ca) pro-
vided comparable electron mobilities for thin films of P1, [60]PCBM,
and P1:[60]PCBM blend: 3.2 x 1074, 2.0 x 10™* and 3.7 x 10™* cm?
v~! 57! respectively. Therefore, the pristine polymer P1 and the P1:
[60]PCBM composite represent promising ETL materials for PSCs.

PSCs were fabricated in ITO/HTL/perovskite/ETL/Mg/Ag p-i-n
configuration (Fig. 3a), where [60]PCBM, P1 or P1:[60]PCBM (1:1 w/
w) blend were used as ETL materials. The hybrid HTL comprised of NiOx
colloidal nanoparticles forming a known inorganic HTL [37] covered
with organic PTAA (poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine])
film was used in combination with the Csg12FA(ggPbls perovskite
absorber. However, a pristine PTAA layer was used as HTL in MAP-
bls-based perovskite solar cells.

The open-circuit voltage (Voc), short-circuit current density (Jsc), fill
factor (FF), and PCE of the optimized devices are presented in Table 1.
Among all the investigated fullerene-polymer blends, we provide the
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Fig. 1. Energy level diagram of the materials used in PSCs. Band position
values are taken from refs [35,36]. Energy levels of Csg12FAqggPbl; were
estimated based on the literature data[3].
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Scheme 1. Synthesis of conjugated polymer P1.
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Fig. 2. Photoluminescence spectra of the pristine glass/Csg 12FAq ggPbls films
and glass/Csg.12FA¢ ggPbls/ETL stacks, where ETL is represented by [60]PCBM,
P1 or P1:[60]PCBM (1:1 w/w) blend.

results for the best-performing composite of P1 with [60]PCBM with the
1:1 wt ratio of the components (data for other ratios are given in SI,
Fig. S4).

Fig. 3 shows that polymer P1 and P1:[60]PCBM blend, delivered
comparable performances in devices with the pristine [60]PCBM, which
is a benchmark ETL material for p-i-n perovskite solar cells. The inte-
gration of the external quantum efficiency spectra (EQE) over the
reference AM 1.5 G solar spectrum confirmed the Js¢ values derived
from J-V measurements. The slope of the J-V curve near the open circuit
point increases while going from pure PCBM to pure P1, which indicates
that incorporating P1 results in a notable increase in the series resistance
in the devices. Indeed, the Rg values of 3.6, 6.5 and 3.95 Q cm? were
extracted from the J-V curves for devices comprising pristine [60]PCBM,
P1 or P1:[60]PCBM blend, respectively. An increase in the series resis-
tance when replacing [60]PCBM with P1 apparently leads to a decrease
in the device FF from 77% to 62% and the average solar cell efficiency
from 16.7% to 12.8%. Therefore, there is substantial room for further
improvements by optimizing the structure of P1 to improve its charge
transport properties and prevent the extraction of holes from the
absorber layer and the associated recombination losses.

We investigated the operational stability of non-encapsulated PSCs
with Csg.12FAg.ggPbls absorber layer under continuous light soaking
(non-filtered light from metal-halide lamps, 30+ 3 mW/cm?,
45 £ 2 °C) for 1200 h in an inert nitrogen atmosphere. The efficiency of
the reference devices using [60]PCBM as ETL dropped by 45% within
the first 100 h of aging (Fig. 4). The PSCs incorporating P1 as ETL
showed even faster degradation with about 55% loss in PCE after 100 h.
On the contrary, using the composite P1:[60]PCBM as ETL provided
remarkably improved stability: the devices lost less than 10% of the
initial PCE after 100 h of aging and retained ~ 70% of the original ef-
ficiency after 1200 h of continuous light soaking. This is one of the
longest lifetimes demonstrated for p-i-n perovskite solar cells assembled
using fully organic ETL materials (Table S2, SI).

Very similar results were also obtained for the perovskite solar cells
fabricated using MAPDI;3 as absorber material. The devices incorporating
either [60]PCBM or P1 as ETL degraded severely by losing > 80% of
their initial efficiency in the first 24 h under continuous exposure to
100 + 3 mW/cm? white light at 45 + 2 °C (Fig. S5, SI). On the contrary,
the solar cells assembled with P1:[60]PCBM blend as the electron-
transport layer were much more stable and lost only 20% of their
initial efficiency under the same conditions.

The scanning electron microscopy (SEM) cross-sectional images
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Fig. 3. Schematic layout of perovskite solar cells architecture (a), J-V char-
acteristics (b) and EQE spectra (c) of ITO/NiOy/PTAA/Csg 12FA¢ ggPbls/ETL/
Mg/Ag PSCs assembled with different ETL materials.

(Fig. 5a-b) revealed that some voids appear at the perovskite/HTL
interface in the case of using [60]PCBM as ETL, which is a known sign of
light-induced perovskite degradation [38]. The degradation was the
most dramatic for the cells incorporating pure polymer P1 as the ETL:
multiple voids appear in the active layer, while the ETL itself shows
delamination from the perovskite absorber layer (Fig. 5c¢-d).

The contact angle measurements performed using diiodomethane as
the liquid phase provided the values of 18.9°, 26.1°, and 41.0° for the
films of MAPbI3, [60]PCBM, and P1, respectively (Fig. S6, SI). These
results confirm that the surface properties of P1 do not match that of the
perovskite, so this material is expected to have poor adhesion to the
absorber layer, which explains the delamination effect revealed by SEM.
Thus, using pristine P1 as ETL material is problematic due to its
delamination from the absorber layer.

On the contrary, [60]PCBM has appropriate surface properties and
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Table 1

The performance parameters of perovskite solar cells with different ETLs".
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Scan direction

VoclV]

Jsc [mA cm 2]

FF [%]

PCE [%]

Perovskite ETL
Csp.12FA¢ ggPbls [60]PCBM Forward
Reverse
P1:[60]PCBM Forward
Reverse
P1 Forward
Reverse
MAPDI3 [60]PCBM Forward
Reverse
P1:[60]PCBM Forward
Reverse
P1 Forward
Reverse

1.01 £ 0.01(1.02)
1.01 £ 0.02(1.03)
1.0 £+ 0.02(1.0)
1.01 £ 0.01(1.02)
0.98 + 0.02(1.01)
1.0 £ 0.02(1.02)
1.08 £ 0.02(1.1)
1.1 £0.01(1.11)
1.01 £ 0.02(1.03)
1.02 £+ 0.01(1.03)
1.02 £ 0.02(1.04)
1.05 £ 0.01(1.06)

21.5 + 0.8(22.7)
21.5 + 0.8(22.7)
22.3 +1.2(23.4)
22.2 +1.3(23.4)
20.4 +1.2(21.9)
20.7 + 1.0(21.6)
19.6 £+ 1.0(20.8)
19.6 £+ 1.0(20.7)
21.1 +1.0(22.1)
21.2 +1.0(22.2)
18.4 +£1.0(18.8)
18.5 £ 0.5(18.4)

76.0 £ 1.3(75.6)
77.0 + 1.6(76.0)
59.5 + 1.8(60.0)
67.0 £ 2.2 (68.9)
48.4 + 5.0(56.0)
62.0 + 3.0(65.3)
70.3 £ 2.6(73.0)
71.9 £ 2.4(74.4)
58.6 & 3.1(61.7)
60.5 + 3.4(63.9)
55.0 + 2.4(59.0)
64.0 + 2.4 (67.4)

16.4 + 0.8(17.6)
16.7 +0.8(17.8)
13.1 £0.7(13.8)
15.0 £ 0.7 (16.4)

9.7 £1.4(12.4)
12.8 +£1.0(14.4)
15.0 + 1.4(16.8)
15.5+1.3(17.2)
12.5 £+ 1.5(14.0)
13.1 +£1.5(14.6)
10.2 £ 0.9(11.5)
12.5 £+ 0.5(13.2)

@ The standard deviation was calculated for a batch of 16 cells tested under forward and reverse scan directions. Values in parentheses are for the best-performing

devices.
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Fig. 4. Operational stability of the ITO/NiOy/PTAA/Csg 12FA gsPbls/ETL/Mg/Ag perovskite solar cells using P1 (violet), P1:PCBM (orange) and PCBM (green) as
ETL materials (30 + 3 mW/cm?, 45 + 2 °C, nitrogen atmosphere). Evolution of the normalized open circuit voltage (a), short circuit current density (b), FF (c) and

power conversion efficiency (d) is shown.

does not delaminate from the perovskite films. However, there is
another aging pathway realized in this case: the ETL films are not
compact enough due to the presence of big cavities in the crystal
packing, which are almost unavoidable for the fullerene molecules with
their bulky 3D structure. Therefore, the fullerene derivatives such as
[60]PCBM support facile diffusion of the methylammonium and iodide
species through the electron transport layer, which results in severe
corrosion of the top electrode in PSCs as shown previously.®.

However, both aforementioned aging pathways realized for pristine
P1 and [60]PCBM can be efficiently mitigated by using P1:[60]PCBM
composites as ETL materials. First, the composite films have the
appropriate surface properties, which prevents their delamination from

the perovskite absorber. Second, the composite films are expected to
have a much more compact structure since the flexible polymer chains
(and also their side chains) could fill the cavities between the fullerene
spheres. Thus, the composite ETL layer blocks the diffusion of the vol-
atile perovskite aging products to the top electrode and also suppresses
the metal diffusion through the ETL to the device active layer.

This hypothesis is well supported by the SEM cross-sectional images
of the aged ITO/PTAA/MAPbI3/P1:[60]PCBM/AL cells, which do not
reveal any signs of the degradation of the absorber layer or any of the
functional interfaces (Fig. 5Se-f). The perovskite layer shows a highly-
ordered crystalline structure without voids, while the ETL does not
undergo any delamination. These findings are consistent with the
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Fig. 5. Cross-sectional SEM images of fresh (a, c, e) and aged (b, d, f) devices using PCBM (a, b), P1 (c, d) and P1:PCBM (e, f) as ETL materials. Aging was performed

under continuous 100 + 3 mW/cm? white light exposure at 45 + 2 °C for 100 h.

superior operational stability of the solar cells using the composite P1:
[60]PCBM electron-transport layer as compared to the reference cells
with P1 or [60]PCBM used alone.

The additional evidence was provided by the time-of-flight second-
ary ion mass spectrometry (ToF SIMS) analysis of the aged ITO/PTAA/
MAPbDI3/P1/Al and ITO/PTAA/MAPbI3/P1 + [60]PCBM/Al device
stacks. It has been revealed that P1 does not block interdiffusion of the
aluminum top electrode and perovskite active layer components, which
undergo strong intermixing after 50 h of aging. On the contrary, P1:[60]
PCBM blend has much better diffusion barrier properties and prevents
the contact of the aluminum with the perovskite active layer on the same
aging timescale (Fig. S7, SI). Thus, ToF SIMS profiles are also consistent
with the superior operational stability of the perovskite solar cells
incorporating P1:[60]PCBM composite films as ETL.

3. Conclusions

In conclusion, a conjugated polymer P1 and its composites with [60]
PCBM delivered decent efficiencies of 13-16% when used as ETL ma-
terials in p-i-n PSCs. Importantly, the application of the P1-[60]PCBM
composite ETL enabled an impressive improvement in the operational
stability of PSCs, which retained ~70% of the initial PCE after 1200 h of
continuous light exposure. The obtained results feature the potential of
rational design of polymeric ETL materials for efficient and stable p-i-n
perovskite solar cells.
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