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Comprehensive Summary

Inverted perovskite solar cells (PSCs) have attracted in-
creasing attention in recent years owing to their
low-temperature fabrication proces s. However, they
suffer from a limited number of electron transport ma-
terials available with [6,6]-phenyl Cg; butyric acid me-
thyl ester (PCBM) to be the most widely studied based
on its appropriate energy levels and high electron mo-
bility. The low relative permittivity and aggregation
tendency upon illumination of PCBM, however, com-
promises the solar cell efficiency whereas its modest
hydrophobicity negatively impacts on the device stabil-
ity. Alternative electron transport materials with de-
sired properties and appropriate degree of hydrophobi- 37eV  .37ev
city are thus desirable for further developments in in-
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verted PSCs. Herein, we synthesize a triethyleneglycol 110
Cgo mono-adduct derivative (termed as EPF03) and test Y o
it as a novel electron transport material to replace )
PCBM in inverted PSCs based on a quadruple cation 9% Tenev soev

(RbCsMAFA) perovskite. We also compare this deriva- RLL

tive with two novel fullerenes decorated with two (EPFO1) or one dodecyl (EPF02) long side chains. The latter two fail to perform ef-
ficiently in inverted PSCs whereas the former enabled a power conversion efficiency of 18.43%, which represents a 9% improvement
compared to the reference device using PCBM (17.21%). The enhanced performance mainly stems from improved electron extrac-
tion and reduced recombination enabled by the insertion of the large relative permittivity amongst other properties of EPF0O3. Fur-

thermore, our results indicate that triethylene glycol side chains can also passivate perovskite trap states, suppress ion migration and
enhance photostability and long-term stability of EPFO3 based perovskite solar cells.
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Comprehensive Report

Background and Originality Content

In the last decade, hybrid organic-inorganic lead halide perov-
skites have been attracting considerable attention concerning
their application in optoelectronic devices such as solar cells and
light emitting diodes. The progress stems mainly from their
unique properties including tunable band gap, high absorption
coefficient, balanced charge carrier transport, long carrier lifetime,
long charge carrier diffusion lengths, high carrier mobilities and
small exciton binding energy.[w] Accordingly, perovskite solar cells
(PSCs) have shown an increase in power conversion efficiency
(PCE) from 3.8% to 25.7% in the span of around ten years since
their first reports around 2009—2010,[10’11] making them a prom-
ising alternative to commercially available crystalline-silicon and
inorganic semiconductor thin film solar cells.?

A key factor for the high efficiency of PSCs is the suitability of
charge transport layers, namely the electron transport layer (ETL)
and the hole transport layer (HTL), employed to extract and con-
duct charge carriers (electrons and holes, respectively) from the
perovskite layer to their respective electrodes. 2,2',7,7'-Tetra-
kis(N,N-di-p-methoxyphenyl-amine)9,9'-spirobifluorene (Spiro-
OMeTAD) is the most common material that acts as HTL in con-
ventional/n-i-p PSCs,[B] owing to its ease of processing in solution,
its suitable highest occupied molecular orbital (HOMO) level with
respect to the perovskite valence band edge and its high hole
mobility. However, its doping requirements,[m hygroscopic prop-
erties, vulnerability to thermal stress, significant voltage losses,
and poor adhesion on the perovskite surface™ are issues that
need to be addressed.

In order to overcome the above challenges, inverted PSCs ar-
chitecture (p-i-n) has been widely adopted.m'm] The most popular
materials used as ETL in inverted PSCs are fullerene-based small
molecules, mainly [6,6]-phenyl-Cg-butyric acid methyl ester
(PCBM).[ZI'M Despite its popularity, PCBM still exhibits some dis-
advantages,[28'3°] such as modest hydrophobicity,[31'34] and aggre-
gation issues due to the non-oriented fullerene cage backbone.®
In addition, its low relative permittivity results in the formation of
a large electron capture region, which leads to severe recombina-
tion at the interface.*” Therefore, replacing PCBM with properly
functionalized fullerene-based PCBM-like materials is highly de-
sired. These new molecules should be molecularly designed to
facilitate electron extraction, have proper energy alignment with
the perovskite band edges, and form a smooth homogeneous
pinhole-free thin film. These new molecules should also be suffi-
ciently hydrophobic to protect perovskite against moisture ingres-
sion, and passivate efficiently the underneath perovskite layer and
should offer power conversion efficiency in devices comparable to
or higher than the PCBM-based devices.

Towards this direction, fullerene functionalization with appro-
priate side chain groups has been proposed. Side chains have
been found to play a crucial role in the final film structure and
transport properties in both fullerenes and conducting poly-
mers.B%*® The high crystallinity of the resulting films is due to the
self-assembling properties and orientation of the side chains of
fullerene-based molecules.! Amongst the most successful side
chains are those including polar groups such as carboxyl, hydroxyl,
amine, heterocyclic, and oligoether groups,[4°'45] which induce
significant increase in the relative permittivity. However, this con-
sideration was neglected during the molecular design in most of
the cases,®" with a notable exception being a Cgy adduct deriva-
tive bearing a triethylene glycol side chain.!

In this work, we also demonstrate the successful application
of a fullerene derivative bearing a triethyleneglycol side chain
(termed as EPF03) as ETL in inverted perovskite structures. The
polar character of the glycol group induces a significant increase
in the relative permittivity of the EPFO3 film compared to that of
PCBM, leading to smaller electron capture region, which reduces
the nonradiative recombination at the interface between ETL and
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perovskite. We selected triethyleneglycol instead of ethylene gly-
col or diethyleneglycol side chains in order to induce a modest
degree of hydrophilicity in our fullerene derivative as smaller gly-
col groups have been found relatively more hydrophilic compared
to triethyleneglycol.[%]

To demonstrate the crucial role of the modest hydrophilicity
induced by triethyleneglycol group, we also synthesized two other
fullerenes bearing one or two long alkyl chains (termed as
EPF01-02), which are more hydrophobic. Despite the fact that
these derivatives exhibit appropriate energetics and induce sur-
face passivation on the perovskite absorber, they lead to de-
creased power conversion efficiency (PCE). This mainly stems
from a charge accumulation at the perovskite/fullerene interface
arising from the large electron capture radius and from their large
hydrophobicity, which make them incompatible with the hydro-
philic perovskite surface. On the contrary, the less hydrophobic
triethyleneglycol fullerene derivative induces improved device
performance and stability compared not only to the long alkyl
chain fullerenes but also to the commonly used PCBM. This indi-
cates that oligoethyleneglycol side chains with an enhanced flexi-
bility are probably more suitable than alkyl side chains for the de-
sign and synthesis of novel fullerene electron transport materials
for PSCs.

Results and Discussion

@ 2022 The Authors. Published by SIOC, CAS, Shanghai and Wiley-VCH GmbH

Fullerene derivatives utilized herein were synthesized accord-
ing to our previously reported synthetic approach, with very mi-
nor modifications of the experimental procedures.m] In brief, the
synthesis of intermediates 6, 7, and 8 was achieved via Williamson
etherification reactions of 3 or 4 with 1-bromododecane (5) or
y-bromotriethyleneglycol (2), using potassium carbonate and
18-crown-6 in acetone, in very good to excellent yields (Scheme 1).
Compounds 9, 10, and 11 were received from 6, 7 or 8, respec-
tively, with paraformaldehyde and hydrogen bromide dissolved in
acetic acid and chloroform, in good to very good yields. Finally,
fullerene adducts EPFO1, EPFO2, and EPFO3 were synthesized by
reacting intermediates 9, 10, or 11, respectively, with tetrabutyl-
ammonium iodide in dry toluene under reflux. These conditions
lead to the in-situ formation of the corresponding ortho-quinodi-
methanes, which then react with fullerene Cg, furnishing the
fullerene adducts in moderate yields (Scheme 1).

We further characterized the structural integrity and elec-
tronic properties of the synthesized fullerene derivatives and
compared them with PCBM by using X-ray photoelectron (XPS)
and ultra-violet photoelectron spectroscopy (UPS).[44] Figures
S1—S4 (Electronic Supporting Information, ESI) depict the Cls,
O1s core level peaks of the different fullerenes used in this study.
For the PCBM, the XPS peak fitting reveals a major contribution
from Cg, for the Cls peak, whereas the O1s peak can be deconvo-
luted in two peaks attributed to methoxy and carbonyl groups. On
the contrary, the O1s core level peaks of the EPF01-03 derivatives
can be fitted using a single asymmetric peak in accordance to
their molecular structure.

From the UPS spectra shown in Figures la—d, a slight de-
crease in the work function (W) and small increase in the highest
occupied molecular orbital (HOMO) energy of the novel fullerenes
compared to PCBM is evident. Similar results are obtained by
ambient pressure photoemission (APS) and surface photovoltage
(SPV) experiments shown in Figures 2a—e and f, respectively.
These measurements were taken in a pristine quadruple cation
(RbCsMAFA) perovskite (termed hereafter as PVSK) and PVSK/
fullerene films coated on glass and show a significant reduction in
the surface W, of perovskites coated with the novel fullerenes (es-
pecially with EPF03). Both, the decreased W; and higher HOMO
energy, can be beneficial for their function as ETLs as they may
indicate increased electron extraction and hole blocking proper-
ties of these fullerenes compared to the commonly used pCBM.[4647]

Chin. J. Chem. 2023, 41, 431—442


bib-hiwi-kops-01
Notiz
None festgelegt von bib-hiwi-kops-01

bib-hiwi-kops-01
Notiz
MigrationNone festgelegt von bib-hiwi-kops-01

bib-hiwi-kops-01
Notiz
Unmarked festgelegt von bib-hiwi-kops-01


A Triethyleneglycol Cso Mono-adduct Derivative

Scheme 1 Synthesis of fullerene adducts EPF01-03.
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Figure 1 (a—d) The high binding energy electron cut-off region (left), full spectrum (middle) and near Fermi level region (right) of the UPS spectra of the

new fullerene derivatives and of the PCBM (for comparison).
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Comprehensive Report

The surface coverage of perovskite by the ETL is a crucial fac-
tor in achieving high performance in inverted PSCs. PCBM often
displays inhomogeneous film formation, leading to insufficient
coverage of the perovskite underlayer. Figures 3a—e show the
atomic force microscopy (AFM) images of the above samples
measured in air on a scan area of 5 x 5 umz. These images reveal
the grain formation in the perovskite layer but also the poor cov-
erage by the PCBM film since some of the grains are still distinct.
This is not the case for the EPF films, especially for the EPFO3 one,
where full perovskite coverage is evident. Moreover, PCBM coat-
ing, even deposited from a filtered solution (filtered using a PTFE
filter with pore size of 0.45 um) show clustering of particles and
non-uniform coverage spots in the film. The EPF01-03 molecules
do not show any signs of clustering. Analysis of AFM data shows a
root mean square (rms) roughness of 18.4, 13.0, 11.4, 9.9 and
11.2 nm for pristine, PCBM, EPFO1, EPF02, and EPFO3 samples,
respectively. The superior coverage of the perovskite surface with
EPFO3 is also evident by scanning electron microscopy (SEM)
measurements shown in Figure S5. From the X-ray diffraction
(XRD) patterns and Fourier transform infrared (FTIR) measure-
ments taken on pristine PVSK and PVSK coated with fullerene films,
however, we conclude that these fullerenes have a small impact
on the crystallization, whereas they do not affect the composition
of the perovskite underlayer (Figure 56).[48'49] Notably, the novel
fullerene molecules increase the hydrophobicity of the PVSK sur-
face upon coating as indicated by water static contact angle
measurements shown in Figure 3f. This can increase the resistance
of the fabricated PSC to the moisture induced degradation.

The interfacial interaction and possible coordination of charge
transport materials with the PVSK is of paramount importance as
it dictates charge transport, ion migration and defect passivation
at the interface. Proton nuclear magnetic resonance (lH NMR)
titration experiments were performed to unravel potential surface
interaction between the PVSK and fullerene derivatives. These
experiments were performed in the polar solvent DMSO-dg to
investigate the impact of excess perovskite (FAl 1M, MABr 0.22 M,
Pbl, 1.1M, PbBr 0.2 M and Csl 1.5 M) on the resonance frequen-
cies of the fullerene derivatives in solution. However, only the less

(b)

| 61nm

40

Fakharuddin et al.

hydrophobic EPFO3 from the new fullerenes was completely solu-
ble and amenable to titration (Figures S7, S8), in contrast to the
derivatives EPFO1 and EPF02 because their hydrophobic alkyl
side-chains were insoluble in DMSO-d,. Titration with the perov-
skite mixture resulted in rather small chemical shift changes of the
EPFO3 proton signals (structure numbering shown in Figure 4a)
that can be classified in two groups (Figure 4b). The least affected
protons (A5 ~8—12 Hz) were the ones attached to the fullerene
ball, namely H2a,b, H2’a,b and H1, which showed a linear de-
pendence (Figure 4b) apparently due to non-specific interactions
between the components. The most affected proton signals (AS
~18 Hz) were H3 (OMe), H10 (OMe), H9, H6. The chemical shift
changes of these protons (Figure 4c) follow a curved graph that
does not reach a plateau, despite the large excess (~160-fold) of
the titrant. These results indicate that EPFO3 binds weakly to per-
ovskite components in solution mainly via the protons of the
alkoxy side chain and the two terminal methoxy groups, therefore
it is plausible to assume that such interactions can be firmly es-
tablished in the solid state. It has to be noted that the fullerene
ball is not observed in the *H NMR spectrum, thus any involve-
ment of this moiety in the interactions cannot be monitored. The
flexible chains of the new fullerene derivatives are expected to
improve the film morphology in perovskite solar cells, due to their
ability to decrease the degree of aggregation.[5°] Furthermore, the
interactions mainly of the outer protons of the alkoxy chain of
EPFO3 with the perovskite mixture in solution suggest that a pos-
sibly better charge separation and electron transport capability
could be achieved at the interface between fullerene and perov-
skite, in the solid.

To demonstrate the practical utility of these fullerenes as
electron transport materials in PSCs, we next fabricated and test-
ed inverted devices with the structure ITO/PTAA/Perovskite/Full-
erene/BCP/Ag, using either PCBM or the new fullerene derivatives
as ETLs (Figure 5a). The energy level diagram as derived from UPS
and absorption measurements (for the estimation of the energy
bandgap value of these materials) is shown in Figure 5b. The cur-
rent density — voltage (J-V) characteristic curves of the best per-
forming PSCs with the PCBM and EPFO3 ETLs, under simulated

(c)
53 nm [ 7 49nm
40 40
30 30
20 | 20
10 10
0 0
10 -10
20 -20
30
43 -40
(f)

53 nm PCBM EPFO1

Figure 3 (a—e) 5 x 5 um’ 2D topographic images of reference perovskite and perovskite coated with PCBM, the new fullerene derivatives (EPFO1, EPFO2
and EPF03, respectively). (f) Water contact angle measurements taken on PCBM and the new fullerene derivatives.

434 www.cjc.wiley-vch.de

@ 2022 The Authors. Published by SIOC, CAS, Shanghai and Wiley-VCH GmbH

Chin. J. Chem. 2023, 41, 431—442


bib-hiwi-kops-01
Notiz
None festgelegt von bib-hiwi-kops-01

bib-hiwi-kops-01
Notiz
MigrationNone festgelegt von bib-hiwi-kops-01

bib-hiwi-kops-01
Notiz
Unmarked festgelegt von bib-hiwi-kops-01

bib-hiwi-kops-01
Notiz
None festgelegt von bib-hiwi-kops-01

bib-hiwi-kops-01
Notiz
MigrationNone festgelegt von bib-hiwi-kops-01

bib-hiwi-kops-01
Notiz
Unmarked festgelegt von bib-hiwi-kops-01

bib-hiwi-kops-01
Notiz
None festgelegt von bib-hiwi-kops-01

bib-hiwi-kops-01
Notiz
MigrationNone festgelegt von bib-hiwi-kops-01

bib-hiwi-kops-01
Notiz
Unmarked festgelegt von bib-hiwi-kops-01


A Triethyleneglycol Ceo Mono-adduct Derivative Chin. J. Chem.

—e—H2ab

(a) (b) 20 —*—H2ab

0 40 80 120 160 200 240 280
(C) Perovskite solution added / uL
iv) 3 (OMe) 9

-—J\Lza'% 2a2b 4 5 6 78
ase A\ A\
iii) N —

_JL RN A_w
7.'4 ) 4.'9 4.'8 4:5 4i4 4.I3 4f2 4:1 3:9 3_l8 3.l7 3.l6 3.'5 I
é
Figure 4 (a) Chemical structure of substituted fullerene derivative EPFO3. (b) *H NMR (500 MHz, 298 K, DMSO-dj) titration plots and (c) partial stacked
spectra of EPFO3 (1.3 mg mL™) after gradual addition (O to 260 pL) of the perovskite solution (FAI 1 M, MAB 0.22 M, Pbl, 1.1 M, PbBr 0.2 M and Csl 1.5 M).
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Figure 5 (a) Device structure and (b) energy levels of the different device layers before contact considering vacuum level alignment. (c) Current densi-
ty-voltage (J-V) characteristics of the PSCs using either PCBM or EPFO3 as the electron transport material. (d) The EQE measurements along with the inte-
grated photocurrent density and (e) the extracted charge density of the same devices. (f) Current density-voltage characteristics of electron-only devices
(ITO/Sn0,/PVSK/PCBM or EPFO3/Ag). (g) Variation of Vo versus light intensity and (h) normalized PCE versus time of continuous illumination with 1.5 AM
light of unencapsulated PSCs tested in N, environment.
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AM 1.5G illumination are shown in Figure 5c. The reference device
with PCBM as the ETL showed a Jsc of 20.85 mA em™, a FF of
75.02% and a V¢ of 1.1 V, which corresponds to a PCE value of
17.21%. On the other hand, the device with the EPFO3 fullerene
as the ETL having an optimized concentration of 15 mg mL " in the
precursor solution (Figure S9a which also demonstrates a large
process window for EPF03) demonstrated a slightly higher PCE
value of 18.43%, caused by a simultaneous enhancement in all
three device performance parameters, Jsc (21.62 mA em?), Voc
(1.12 V), and FF (76.13%).

Notably, the performance of the EPFO1 and EPF02 using de-
vices was inferior compared to the reference sample (with PCBM)
and the EPFO3 embedding device (Figure S9b). This result indi-
cates the crucial role of ethyleneglycol side chain in the device
performance. The reason behind the inferior device performance
using EPFO1 and EPFO2 could be partly related to high hydropho-
bicity (higher than that of the commonly used PCBM and EPF03)
which implies poor interface quality and poor adhesion with the
hydrophilic PVSK. Notably, the EPFO3 and PCBM based PSCs were
non-hysteretic (Figure S10), very stable when measured at maxi-
mum power point (MPP) (Figure S11) and present negligible per-
formance deviation in batches of 16 identical devices of each type
(Table S1). The better performance of EPFO2 compared to the
PCBM embedding device could not mainly stem from difference in
the formation of BCP protective underlayer as indicated by the
great similarity of AFM topography of BCP on top of the two dif-
ferent fullerene derivatives (Figure S12).

Next, in order to confirm the increase of the Js., external
quantum efficiency (EQE) measurements and the integrated pho-
tocurrent densities of the PSCs with PCBM and EPFO3 fullerene
were measured and are presented in Figure 5d. The change in the
EQE graph and the integrated Jsc are consistent with the previous
values of the calculated Jsc from the solar simulator. The enhanced
photocurrent obtained in the EPFO3 based device was further
supported by the increase in extracted charge as a function of
current density, taken from transient photocurrent measurements
(Figure 5e). The EPFO3 fullerene based device, shows a higher
extracted charge, i.e., an improved charge collection compared to
the reference device with PCBM, which is in agreement with the
decreased W; (implying reduced electron extraction barrier) of
this fullerene compared to the other derivatives and PCBM. This
might also be related to an enhancement in the electron mobili-
ties/conductivities achieved with the EPFO3 compared to PCBM.
Figure 5f depicts the current density versus voltage of elec-
tron-only devices using either PCBM or EPF0O3 at the electron
extracting contact. The significant enhancement in the electron
current in EPFO3 devices indicates enhanced electron mobili-
ty/conductivity in this case. We argue that the presence of the
triethyleneglycol side chain can beneficially affect m-mt stacking of
the fullerene derivative (as also indicated by the smooth and
compact morphology of EPFO3 film) thus beneficially altering
electron transport towards the selective contact. Better charge
transport within the device can also increase the obtained FF, as
verified by the PSC measurements.

Besides the improved charge extraction, recombination of the
photogenerated carriers is of paramount importance as it dictates
energy losses and the achieved performance of the PSC. The car-
rier recombination in the device was investigated by tracing the
change of V¢ with the increase of light intensity. Figure 5g shows
the plot of V¢ versus light intensity. The slope of the device based
on pristine PCBM is 1.62 kT/q, which decreases to 1.34 kT/q
(where g is the elementary charge, k is the Boltzmann constant, T
is the temperature), when using EPF03, implying a significant re-
duction in trap-assisted recombination,® which is important for
the optimum device performance. However, not only the achieved
efficiency but also the stability of the PSC strongly depends on the
recombination losses, as well as, the charge extraction efficiency.
As the result of improved electron transport/extraction and re-
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duced recombination, the photostability under continuous 1 sun
illumination of the EPFO3 based unencapsulated device (tested in
N, environment) is much improved compared to that with PCBM
(Figure 5h). Additionally, due to the higher hydrophobicity of
EPFO3 compared to that of PCBM, the long-term stability of un-
encapsulated devices kept in the dark at ambient environment
was prolonged (Figure S13).

To further investigate the enhancement in photostability of
the EPFO3 based PSC, the stability of the PVSK absorber, without
and with a fullerene coating, upon exposure to sun light was
tested. FTIR spectrum of the pristine perovskite thin film shows a
gradual decrease in the intensity of all prominent peaks (Figure
S14a). The intensity of the peaks in the 3400—3250 em™? region
(asymmetric and symmetric stretching vibrations of N—H bond in
the primary amine unit of methylammonium and formamidinium
cations) is decreased constantly throughout the sun exposure
process, with the 8 hours’ mark being the start of the most obvi-
ous change. Similar changes are observed in the peak at 1350 cm™,
corresponding to the bending mode of C—H bond of forma-
midinium. The intensity of this specific peak is decreased after 8 h
of sun exposure, which could be related to the creation of degra-
dation products. The sharp peak at 1710 cm™ due to stretching
mode of the C=N bond of the formamidinium unit seems un-
changed in terms of intensity after illumination. Other peaks for
the pristine perovskite film are located at 1610 cm™? (NH; scissor-
ing), at 1470 cm™ (NH;" bending of methylammonium), at 1050
em ™ (N—H rocking), and at 909 cm™ (CHs-NH;" rocking of me-
thylammonium), whose intensity decreases gradually with in-
creasing exposure time. After 3 h of exposure, a new peak at 1950
cm™ can be observed. This peak can be attributed to the stretch-
ing mode of the N-C-N or C-N-C group with partial double bond
character (partial carbodiimide character) of N-methylformamidi-
nium (MFA) mainly and N,N-dimethylformamidinium (DMFA) in
smaller quantities, which has been reported to be a condensation
product from the reaction of methylammonium and formamidini-
um after aging.m’sz] Since the intensity of this peak increases as
all other peaks decrease, we can stipulate that a gradual reaction
between formamidinium and methylamine takes place, slowly
consuming the initial perovskite moieties towards the formation
of the aforementioned decomposition products.

With the deposition of either PCBM or EPF01-03 (Figures
S14b—e) on top of the perovskite thin film, similar peaks to the
pristine active layer are observed, with a new peak located at
1430 cm™", attributed to the N—H bending mode of methylammo-
nium. Compared to the reference thin film, this peak has been
shifted from 1470 cm™ to 1430 cm™" and has increased in intensi-
ty. Indeed, the addition of PCBM or EPF01-03 on top of the per-
ovskite film could be strengthening the N—H bond of methyl-
ammonium. Even after illumination, the intensity of this peak
remains constant, in contrast to the reference spectrum. This is a
sign that incorporating one of those fullerene derivatives in the
structure prevents N—H bond cleavage and thus the creation of
methylamine and subsequent condensation by-products. Moreo-
ver, the spectra of the PVSK/EPFO3 film exhibit no changes in
terms of intensity or position of peaks even after 10 h of continu-
ous illumination, thus making them comparable to PCBM in terms
of its effect on the enhanced photostability of the final thin film.
The photostability of perovskite thin films can be further verified
through XRD diffraction, where the crystallization of thin films can
be observed (Figure S14f). Note that the decreased intensity of
the low-angle quadruple perovskite peak at 14.2° in the pristine
perovskite compared to the thin films with fullerene derivatives
shows the decomposition after exposure.[sg"r"” Indeed, the degra-
dation can be seen by inactive 6 phase peak of the perovskite at
11.7°, which is apparent in the thin films with PCBM and EPF03
but cannot be discerned in the pristine perovskite diffraction pat-
tern. This trend can be seen for all major peaks, located at 20.0°,
28.4°, 30.7° and 39.5°, that are close to the background noise in
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the case of pristine perovskite thin film, but are easily observable
once fullerene ETLs are deposited, thus confirming their positive
effect on the crystallinity of the perovskite layer, as far as their
stability under ambient sun exposure is concerned. Notably, the
UV-Vis absorption spectra of all fullerene thin films exhibit no
changes in terms of intensity or peak position after continuous
illumination (Figure S15), which is in agreement with their pro-
tecting role to light exposure discussed above. 75561

In order to gain more insight regarding the charge transport/
extraction and recombination using the different fullerenes, we
compared the photoluminescence (PL) spectra of the perovskite
film on glass coated with the four ETLs (PCBM, EPF01-03) with
that of a reference perovskite film (without any ETL on top). The
steady state PL spectra (Figure 6a) show a reduction in PL intensity
for perovskite films with a fullerene ETL on top, which is attribut-
ed to quenching of charge carriers from the perovskite film and
facile electron transfer and extraction through the fullerene ETLs.
The PCBM, EPF01, EPF02, and EPF03 deposited films lead to 41%,
88%, 92%, and 95% drop in the PL intensity, which suggest that
EPFO3 is the more efficient ETL to extract electrons from the pris-
tine perovskite film than all other ETLs. Notably, besides the de-
crease in the PL intensity, a pronounced blue shift in the PL emis-
sion peak is observed, when the PVSK layer is coated with the new
fullerenes (especially with the EPF03), which is an indication of
surface passivation effect of these fullerenes to the perovskite
underlayer. The charge extraction kinetics of the fullerene deriva-
tives is further investigated using time-resolved PL (TRPL) meas-
urements of the various ETL/perovskite films (Figure 6b). Fitting
TRPL data with a bi-exponential decay to account both for
non-radiative recombination caused by defects or surface trap
states and the associate charge extraction, as well as, the intrinsic
bulk radiative recombination through a shorter and a longer life-
time, respectively, yielded a smaller lifetime for PCBM, EPFO1,
EPF02, and EPFO3 samples than that of the pristine perovskite. In

Chin. J. Chem.

particular, the average lifetime <t> for reference, PCBM, EPFO1,
EPF02, and EPFO3 samples is 173.5, 31.7, 11.1, 12.99 and 9.1 ns,
respectively, indicating a faster electron extraction in the case of
EPFO3 compared to other fullerenes and, especially, PCBM. This is
in agreement with the better device performance by using EPF03.

A key challenge with perovskites is the ion migration and re-
combination kinetics, which are crucial for the device perfor-
mance and stability, and can be probed upon continuous illumina-
tion of perovskite films. In order to further investigate the photo-
stability of the different ETL coated-perovskite films and to probe
slow dynamics due to ion migration and the possible effects the
various ETLs might have, we recorded temporal PL of the various
perovskite films under continuous exposure to 405 nm pulsed
laser (repetition rate 2 MHz, relative humidity of 60%—75%). The
evolution of the PL properties, such as change in PL emission in-
tensity, a change in the PL emission peak position and full width at
half maxima (FWHM) is shown in Figures 6c—e. The complete
dataset for all five samples (reference perovskite without any ETL
and perovskite coated with all four ETLs) is shown in Figures
$16—S20. One should note that the relative change in the PL in-
tensity for each sample might slightly vary, however, the trend
was consistent for different samples measured. From this experi-
ment, a few observations can be drawn. First, the PL intensity
rises in a biexponential fashion, where an initial sharp rise fol-
lowed by a slow increase is evident. This slow rise in the PL inten-
sity has been previously attributed to ion migration.[sz's‘” Herein,
upon exposure to light, ions diffuse away from the region under
light illumination. During movement, ions remove and passivate
defect sites on their way thus leading to a higher radiative recom-
bination. An important factor is the photoexcited carrier, which
has shown to deactivate defect sites more effectively in the pres-
ence of oxygen.[s‘r’] Another important observation is the drop in
the PL intensity, which is due to the degradation of perovskite
films in air. 15" Figures 6c—e show clearly the competing processes
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(a) Photoluminescence spectra of perovskite/fullerene derivatives films and (b) time-resolved PL decay transients measured at the peak emis-

sion wavelength for the same films after excitation at 405 nm. The films were deposited on glass substrates and the measurements were performed at
the air (film) side. Temporal evolution of photoluminescence properties of the various perovskite films. (c) Variation in the PL intensity over time, (d) shift
in the PL emission peak position, and (e) change in full width at half maxima (FWHM) of the reference perovskite film (without any ETL on top), perovskite
films coated with PCBM and EPFO3 ETL on top. The samples are measured under continuous exposure to laser irradiation and multiple PL spectra are
recorded to note the emission properties. (f) Diagram for the mechanism of carrier recombination at the interface between perovskite and ETL.
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of defect-healing due to ion migration and the degradation, the
degree of which varies for the different samples. All the samples
show a red shift in the PL intensity (Figure 6d), which suggests a
change in the chemical composition (phase segregation in this
complex multi-cation perovskite) of the perovskite film upon light
soaking. One can note the different degree of changes in the
spectral shapes of these perovskite films (Figures $16—20). For
reference perovskite, emission from an intermediate band at
around 700 nm becomes apparent upon light soaking (visible in
log plots of the PL emission). The ETL coated samples do not show
emission from any additional band, which indicates negligible or
no change in the chemical composition of the perovskite films, an
effect which is more pronounced in the EPFO1-03 samples. This
result is in accordance with the FTIR degradation study shown
above.

Since that all these samples have in common the same perov-
skite material, the rise in the PL intensity is qualitatively correlated
to the defect density in the various films.®*” This suggests a higher
defect density in the PCBM coated perovskite film than its EPFO3-

counterpart, where less non-radiative recombination is accounted.

Unfortunately, a comparison with reference perovskite film is not
possible as degradation takes over with first 300 s (although one
can note that the initial rise in the PL intensity was the highest/
fastest in the reference perovskite film). Notably, the ETL coated
perovskite films show either no signs of degradation or a slight
degradation after several minutes, evidencing that the ETL cap-
ping layer acts as a barrier to moisture/oxygen thus improving film
stability in ambient condition.

To also explain the less non-radiative recombination at perov-
skite/EPFO3 interface, we evaluate the relative permittivity of
PCBM and EPFO03 by capacitance versus frequency measurements
in parallel plate capacitors with PCBM or EPFO3 films between the
two plates (Figure S21). A relative permittivity of 3.8 for PCBM
and of 4.5 for EPFO3 was estimated. The large enhancement in
relative permittivity (g,) for EPFO3 is important as it defines a
smaller electron capture region, which is the region where pho-
togenerated electrons and holes interact with electrostatic forc-
es.BY This region is assumed to be a function of critical radius
(R.) calculated by the equation: R, = q2/4nkT£08,, where g, and &,
are the vacuum permittivity and relative permittivity of the ETL,
respectively. Increasing &, can reduce the R, resulting in smaller
electron capture region and reduced recombination as illustrated
in Figure 6f. This also indicates that the photogenerated carriers
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Figure 7
with pump-probe delay (normalized to initial peak at 0.75 ps).
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can more easily escape from the large part of the photoabsorber
layer as they do not interact electrostatically with each other. As a
result, the charge extraction can be potentially enhanced.

Finally, in order to further understand charge kinetics of the
various perovskite films with ETL on top, we carried out transient
absorption (TA) spectroscopy in air (Figure 7). We note a reduction
in initial signal amplitude from the bandgap bleach of the perov-
skite (Figure S22), when ETLs are deposited on top. We attribute
this to a lower excitation density due to parasitic absorption in the
fullerenes and possibly some contribution from Fresnel reflection
from the additional optical interface, as the films are excited from
the top side (with excited light reaching fullerene first). During
excitation, the charges created in the fullerene can be transferred
into the perovskite, leading to a rise in the TA signal from the
perovskite. This effect is most pronounced for the EPFO1/perov-
skite film, which has the highest LUMO offset to the PVSK conduc-
tion band minimum, therefore electron transfer is energetically
most favorable. The relative magnitude of the effect, however,
inversely correlates to the device performance parameters since
electron transfer in this direction is undesirable for solar cell op-
eration.

3. Conclusions

In conclusion, a novel Cg, fullerene derivative bearing a trieth-
yleneglycol side chain outperforms as an electron transport mate-
rial the commonly used PCBM and two Cgy compounds with one
or two long alkyl side chains. It is used to replace PCBM in invert-
ed (p-i-n) PSCs based on a quadruple cation perovskite
(RbCsMAFA) enabling a PCE of 18.43%, which is better than that
of the reference device using PCBM (17.21%). This is mainly at-
tributed to the enhanced electron extraction enabled by the in-
sertion of a thin EPFO3 layer atop the perovskite absorber along
with a passivation effect on the perovskite surface trap states.
Moreover, reduced recombination is concluded from a decrease
in the electron caption region as derived from an increase in rela-
tive permittivity of EPFO3 compared to PCBM. The device photo-
stability is also enhanced due to the excellent light protecting
properties of this fullerene. This work aims to provide design rules
for the synthesis of functionalized fullerenes with advanced elec-
tron extraction and transport properties in perovskite solar cells
and related optoelectronics.
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Experimental

Materials and solvents

Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) was
purchased from Solaris (M,, = 20—70 kDa). [6,6]-phenyl Cg; butyr-
ic acid methyl ester (PCBM) was purchased from Solenne BV and
bathocuproine (BCP) from Sigma-Aldrich. The materials for the
perovskite layer formation, e.g., Pbl, and PbBr, (99.99% purity)
were obtained from TCI, FAl and MABr were purchased from
GreatCell Solar. Csl (99.999%) was bought from Alfa Aesar and Rbl
(99.8%) was obtained from Sigma-Aldrich. Dimethyl sulfoxide
(DMSO, anhydrous = 99.9%), dimethylformamide (DMF, anhy-
drous 99.8%), and chlorobenzene (CB, anhydrous 99.8%) were
purchased from Sigma-Aldrich. Toluene 99.7% and isopropanol
(IPA) > 99.8% were obtained from Honeywell Research Chemicals.

Fabrication of inverted PSCs

Indium tin oxide (ITO)/glass patterned substrates (ITO thick-
ness of 100 nm and a sheet resistance of 20 Q/sq purchased from
Ossila) were sequentially cleaned with soap water, deionized wa-

ter, acetone, and isopropanol with ultrasonication for 10 min each.

Afterwards, the substrates were transferred in a N, filled glovebox
and underwent a UV-ozone treatment for 15 min. The hole
transport layer was developed by a PTAA solution (2mg mL™ in
toluene), which was spin-coated on ITO substrates at 6000 r/min
for 30 s and then annealed at 110 °C for 10 min. For the perov-
skite precursor solution, 1.24 M Pbl, (9% excess), 1.14 M FAl, 0.2
M PbBr, and 0.2 M MABr were dissolved in DMF :DMSO 4:1 and
then 5 vol% Csl and 4 vol% Rbl from 1.5 M stock solutions dis-
solved in DMF and DMF: DMSO 4: 1, respectively were added, in
order to obtain the 4-cation perovskite composition
Rbo0.04Cs0.05(FA0.85MAg.15)0.91Pb(l 85Bro.15)3. The perovskite layer was
deposited by dynamically spinning the solution on the PTAA film
at 6000 r/min for 45 s. After 25 s of the start of spin-coating pro-
cess antisolvent treatment was applied dropping 200 pL of anti-
solvent (anhydrous CB) on the samples. Then, the as-prepared
perovskite film was immediately placed on a hot-plate and an-
nealed at 100 °C for 45 min. The PCBM and/or fullerene deriva-
tives (EPFO1, EPFO2, and EPF03) serving as the electron transport
layer (ETL) were formed by spinning a PCBM solution in anhydrous
CB with concentration of 20 mg mL_l, and/or EPF solution (various
concentrations in anhydrous CB) at 2000 r/min for 60 s and left to
dry in the N, filled glovebox at room temperature for 30 min. On
top of the ETL, a thin buffer layer of bathocuproine (BCP, 0.5 mg
mL™) in IPA was dynamically spin-coated at 4000 r/min for 45 s.
Finally, a 100 nm-thick Ag top electrode was deposited by thermal
evaporation under a high vacuum (4 x 10°° mbar).

Thin film and device characterization

Ultra-violet photoemission spectroscopic (UPS) measurements
were performed using the He | excitation line (21.2 eV) with a
negative bias of 12.22 V applied to the specimen in order to sep-
arate the high binding energy cut-off from the analyzer. A Bruker
Tensor 27 FT-IR spectrometer equipped with a DTGS detector was
used to take Fourier-transform infrared (FT-IR) transmittance
spectra of the different fullerene electron transport materials
deposited on the perovskite layer. UV-Vis absorption measure-
ments of the different ETLs, as well as, of the perovskite layer with
different ETLs coatings were obtained using a Perkin Elmer Lamb-
da 40 spectrometer. Scanning electron microscopy (SEM) images
of the RbCsMAFA films coated with different fullerenes were rec-
orded with a JSM-7610F-Schottky Field Emission ultra-high resolu-
tion Scanning Electron Microscope (JEOL). Atomic force micros-
copy (AFM) measurements were performed using an NX 10 AFM
(Park Systems) in air in a true non-contact mode. To study the
crystallinity of the perovskite films, X-ray diffraction measure-
ments were performed using an X-ray Siemens D-500 606 diffrac-
tometer. Photoluminescence (PL) spectra of the perovskite films
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used in the inverted PSCs were taken using a 450 nm laser diode
module and a Si photodiode and analyzed with an Oriel 77200
monochromator. Current density-voltage (J-V) characteristics
curves of the inverted PSCs were recorded using an Autolab
PG-STAT-30 potentiostat (1 sun, 100 mW cm™?) including an AM
1.5G filter. The EQE spectra of the prepared devices were taken
using an Autolab PG-STAT-30 measurement system equipped with
an Oriel 1/8 monochromator and a 300 W Xe lamp, and the light
intensity at each wavelength was calibrated with a standard sin-
gle-crystal Si photovoltaic cell. The device active area of around
0.04 cm?” was defined using a black metallic aperture mask. Tran-
sient photovoltage and transient photocurrent measurements
were performed with a commercial apparatus (Arkeo, Cicci Re-
search s.rl.) based on a high-speed Waveform Generator that
drives a highspeed LED (5000 Kelvin). The device is connected to a
trans-impedance amplifier and a differential voltage amplifier to
monitor short-circuit current or open-circuit voltage. The light
intensity from the pulse is varied between 0.001—2 sun equiva-
lent. For transient photovoltage, the perturbation produced by
the LED is less than 10% of the background applied light bias.
Transient photocurrent measurements were performed under
large perturbations (Duty cycle 0.3) for a time duration of 400 ps.
The devices are connected to a 50 Q and 1 MQ resistor for TPC
and TPV measurements, respectively. Ambient photoemission
spectroscopy (APS) was conducted with an APS04 N2-RH system
(KP Technology). Contact potential difference (CPD) was measured
by the vibrating gold alloy Kelvin probe (2 mm). Absolute W; of
the tip was estimated to be around 4.54—4.6 eV, which was cali-
brated by measuring a silver reference and calculating its absolute
W by APS.

Photoluminescence, time-resolved PL and transient absorp-
tion measurements

The PL and TRPL measurements were carried out in air at a
relative humidity between 60%—75% without any encapsulation
of protective layer on the perovskite films. The spectra were rec-
orded using a PicoQuant FluoTime300 fluorescence spectrometer
using a 405 nm pulsed excitation laser. The repetition rate was set
to 80 MHz for steady state- and 2 MHz for TRPL measurements. A
long pass filter (455 nm) was used during the measurements to
cut-off incoming (scattered) laser light. The temporal PL was rec-
orded by keeping the sample under continuous exposure to light
and multiple spectra were recorded (one spectrum per 1—2 min)
until the sample either reaches a steady-state or shows a sign of
degradation (a drop in the PL intensity).

Transient absorption spectroscopy was performed on a home-
built setup based on a regeneratively amplified titanium:sapphire
laser system (Mira 900 & RegA 9000, Coherent) producing 150 fs
pulses centered at 800 nm at a repetition rate of 200 kHz. A por-
tion of the beam is focused into a sapphire plate to produce a
white light continuum used as the probe, while the pump is fre-
quency-doubled in a BBO crystal and sent over a delay stage. The
excitation at 400 nm is attenuated to a fluence of 1.5 w/cm?, well
below the degradation threshold of the perovskite films. The
transmitted probe beam is detected with an imaging spectrograph
(Kymera 193i & Zyla5.5, Andor), electronically synchronized to a
276 Hz dual-chopping scheme, acquiring 3000 spectra per delay.

Ambient Pressure Photoemission Spectroscopy (APS) and
Surface Photovoltage (SPV)

The APS and SPV measurements were performed by an
APS04-NH2 system (KP Technology) on samples prepared on
cleaned ITO substrates. During the measurements, the ITO sub-
strate was connected to the ground. The valence band edge of the
semiconductor layers was determined by scanning the UV light
excitation in the range of 4.8—6.2 e V (D2 lamp) and extrapolating
the cube root photoemission to zero. Fermi level of the samples
was calculated from the contact potential difference measured by
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the vibrating top Kelvin probe (2 mm, gold alloy tip) and from the
work function of the tip (around 4.5—4.6 eV), which was deter-
mined using a silver reference. The samples were kept and pre-
pared in the dark (or minimal light condition) for SPV measure-
ments. Before the measurement was taken, the dark work func-
tion was monitored until a stable signal was reached. Then, the
sample was illuminated with white light (20 mW cm™2) for 50 s
and the SPV decay was recorded for further 50 s.

NMR studies

'H and 2D NMR spectra were recorded on a Bruker Avance
500 MHz spectrometer in DMSO-dg or in CDCl; solutions using the
residual solvent signal as the internal standard and were pro-
cessed with Topspin 4.0.8. The assignment of the resonance sig-
nals to the structure of the compounds was performed based on
the COSY and HSQC data and on the NMR information in CDCl;
reported previously.[‘m A dilute solution of the fullerene derivative
EPFO3 (1.3 mg mL™, 4.8 mM) and a concentrated perovskite solu-
tion (FAI 1 M, MAB 0.22 M, Pbl, 1.1 M, PbBr 0.2 M and Csl 1.5 M)
in DMSO-dg were prepared. The EPFO3 solution was then titrated
with the perovskite solution, added in small aliquots (20 to 260
uL). Each time the 'H NMR spectrum was recorded. The resulting
chemical shift changes (A8) were registered and plotted against
the perovskite volume added. The same experiments were at-
tempted with EPFO1 and EPFO2. However, due to their very low
solubility in DMSO-dg these compounds did not show satisfactory
'"H NMR spectra (not shown) and thus titration experiments were
not performed.

Supporting Information

The supporting information for this article is available on the
WWW under https://doi.org/10.1002/cjoc.202200542.
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