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Complex formation of ferrocene derivatives with
electron transport layers enables improved
performance and photostability in organic solar cells
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In brief

This study presents the complex
formation between ferrocene derivatives
and n-type materials used as electron-
transporting layers (ETLs) in OSCs. By
fine-tuning the work function of these
novel hybrid ETLs, OSC devices delivered
enhanced charge extraction with fill
factor exceeding 80% and consequently
power conversion efficiency > 20%. Due
to reduced trap-assisted recombination
in the hybrid ETL devices, we
demonstrated improved photostability
with 80% of their initial performance
retained for over 700 h when degraded
under operating condition (ISOS-L-11).
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Complex formation of ferrocene derivatives
with electron transport layers enables improved
performance and photostability in organic solar cells
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CONTEXT & SCALE Organic solar cells (OSCs) are promising and environmentally benign sources of energy,
with power conversion efficiency now exceeding 20%. The high performance in OSCs is mainly achieved by
the optimization of the photoactive layer, with less focus on developments of electron-transporting layers
(ETLs). Herein, we report the formation of a charge-transfer complex between newly synthesized ferrocene
(Fc) derivatives and ETLs to facilitate electron extraction. Computational simulation, elemental, and opto-
electronic characterizations reveal the chemical interactions and work function tuning of hybrid ETLs. With
the rational design of Fc derivatives, we showed improved performances in various OSC systems with
different ETLs, with the highest efficiency of 20.1% and enhanced photostability with Tgo of 700 h under oper-
ating conditions.

SUMMARY

Electron transport layers (ETLs), e.g., metal oxides, organic small molecules, or conjugated polymers, play a
vital role in both performance and photo-thermal stability in organic solar cells (OSCs). Herein, we explored
hybrid organic-inorganic electron transport materials by forming complexes between typical electron trans-
port layers and ferrocene (Fc)-based molecules. Experimental and theoretical investigations revealed van der
Waals interaction between the ETL and Fc compounds, which allows fine-tuning of the electrode work func-
tion to improve charge extraction properties and reduce trap-assisted recombination. As a result, OSCs
showed improved fill factor (FF) and power conversion efficiency (PCE) for five donor-acceptor blends and
three ETLs, with FF and PCE exceeding 80% and 20.1%, respectively. Finally, we demonstrated improved
photostability for the hybrid ETLs with devices that retained 80% of their initial performance for 700 h
when degraded under operating conditions (ISOS-L-11).

INTRODUCTION ambient environments using benign solvents, and ability to

allow devices and modules to be compatible with conform-
Organic solar cells (OSCs) are gaining tremendous attention able surfaces.'™ The power conversion efficiency (PCE) of
as promising green energy technologies owing to their abun-  OSCs has been propelled by designing and developing photo-
dant non-toxic carbon-based nature, processability in active materials, i.e., polymer donors and non-fullerene
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acceptors (NFAs), to exceed 20% in binary and ternary sys-
tems.*®> Moreover, the development of the hole transport
layers (HTLs) and electron transport layers (ETLs) plays a vital
role to achieve efficient and photo-stable OSCs simulta-
neously.® Tuning the work function of electrodes to establish
better Ohmic contacts and hence improve charge carrier
selectivity and device stability is one of the most common
strategies.”® For conventional architectures, in addition
to the common materials, such as poly(2,3-dihydrothieno-
1,4-dioxin)-poly(styrenesulfonate) (PEDOT:PSS) and copper(l)
thiocyanate (CuSCN), """ research efforts have been directed
toward the class of self-assembled monolayer (SAM) mate-
rials, e.g., 2PACz, in both OSCs and perovskite devices due
to their tunable energetics and surface energy.'?'° Differently,
very few choices are available for ETLs, where water/alcohol-
soluble conjugated polyelectrolytes, poly(9,9-bis(3’-(N,N-dimethyl)-
N-ethylammoinium-propyl-2,7-fluorene)-alt-2,7-(9,9-dioctyl-
fluorene))dibromide (PFN-Br) or poly[[2,7-bis(2-ethylhexyl)-1,2,
3,6,7,8-hexahydro-1,3,6,8-tetraoxobenzo[Imn] [3,8]phenanthro-
line-4,9-diyl]-2,5-thiophenediyl[9,9-bis[3’((N,N-dimethyl)-N-eth-
ylamino) propyl]-9H-fluorene-2,7-diyl]-2,5-thiophenediyl] (PNDIT-
F3N), are the common choices.'*'® For example, the PFN* and
Br~ moieties can create a dipole moment pointing to the silver
(Ag) electrode. Therefore, the induced high electron density at
the Ag interface leads to a reduced work function, which can
facilitate electron collection efficiency.'® However, the poly-
fluorene backbone of PFN-Br intrinsically demonstrates an
electron-rich unit, which is detrimental to electron transport
properties.

Hybrid organic-inorganic electron transport materials have
been explored in recent years due to the superior electron
mobility and conductivity of formed charge-transfer (CT) com-
plexes."”"'® Ferrocene (Fc) and its derivatives have emerged
as potential candidates for ETLs owing to the strong electron
delocalization in the Fc units, which enhances the fill factor
(FF) and consequentially the PCE in organic and perovskite
solar cells, as well as perovskite photodetectors.'®*? Ferro-
cenyl-bis-thiophene-2-carboxylate (FcTc,) has been exploited
to passivate interfacial defects of perovskite and improve
charge transport due to uniform surface potential distribu-
tion.?® Moreover, perylene diimide (PDIN)-based small mole-
cules have been functionalized with Fc terminating groups,
with the hybrid electron extracting layer exhibiting lower Ag
work function and improvements in Ohmic contact and charge
selectivity.”” However, these aforementioned ETLs require
several synthetic steps alongside batch-to-batch variation
and considerable material cost. Hence, low-cost, scalable,
and versatile properties of ETL materials are still urgently
needed to achieve significant development in performance
and stability.

In this work, we report a simple multicomponent route
to fine-tune the ETL/Ag work function to facilitate electron
extraction from the bulk heterojunction (BHJ). We
found that adding the Fc derivative, ferrocenyl-bis-furyl-2-ke-
tone (FcFky), into common ETLs (PFN-Br, PDINN, and
PNDIT-F3N) led to improved FF and PCE, with values
exceeding 80% and 20.1%, respectively. Our theoretical
and experimental investigations demonstrated a CT complex
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formation between FcFk, and the ETLs, which reduces
trap-assisted recombination at the BHJ and ETL interface. In
addition, this robust ETL complex, PFN-Br:FcFk,, allowed
OSCs to achieve superior photostability (retaining 80% of an
initial PCE over 700 h) under the ISOS-L-11 degradation
protocol.

RESULTS AND DISCUSSION

Selection of Fc-based molecules

Fc and two derivatives, decamethylferrocene (MeigFc) with
electron-donating groups and FcFk, with electron-withdrawing
groups, were used to study the effect of Fc-based compounds
within ETLs in OSC devices. Through the simplicity of synthetic
and purification steps, we produced FcFk; in >16% vyield utiliz-
ing low-cost materials for as little as £8.2 ($10.4 USD) per gram.
Synthetic steps, structural identification, and electrochemical
characterization are reported in Scheme S1, Figures S1-S6,
and Table S1. The Fc-based chemical structures are depicted
in Figure 1A, while the absorption spectra of Fc-, Me oFc-,
and FcFky-mixed PFN-Br films, denoted as PFN-Br:Fc, PFN-
Br:FcMe4oFc, and PFN-Br:FcFk,, respectively, and Tauc plots
for optical band gap (Eg opt) are shown in Figure S7. The highest
occupied molecular orbital (HOMO) levels are obtained by
photoemission yield spectroscopy (PYS) in air, depicted in
Figure S8, while the lowest unoccupied molecular orbital
(LUMO) levels are calculated from the HOMO levels with
Eg opt, respectively. We calculated HOMO/LUMO level values
of —5.35/-2.41 eV for PFN-Br, —5.49/-2.55 eV for PFN-Br:
Fc, —5.52/—2.58 eV for PFN-Br:FcFk,, and —5.24/—2.30 eV
for PFN-Br:Me;oFc. The other relevant photophysical values,
e.9., Egopt, are summarized in Figure S9 and Table S2. The
deeper HOMO levels, featured by Fc- and FcFko-hybrid ETLs,
can facilitate better hole-blocking capability from the BHJ to
Ag electrode to reduce charge recombination.”>® For this
reason, we investigated the ETL/Ag structures by non-scanning
Kelvin probe measurements to determine the work function.
Together with the energy levels of PM6 and BTP-eC9, which
serve as the donor and acceptor in the BHJ, respectively (see
Figure 1B), the measurement helped to reveal the electron
selectivity of each system depicted in Figure 1C. PFN-Br effec-
tively modifies the work function of Ag by suppressing it from
—4.50 to —4.12 eV, which is a typical property of conjugated
polyelectrolytes. Upon the addition of the Fc-based material,
Fc and FcFk, can further lower the work function of Ag to
—4.09 and —4.03 eV, respectively, whereas MeqoFc conversely
increases the work function to —4.23 eV. When compared with
the LUMO of BTP-eC9 (—4.04 eV), the smaller work function dif-
ference with ETL/Ag leads to better Ohmic contact, which is
beneficial for electron extraction.

To explore the atomic scale of the chemical formation be-
tween the Fc derivatives and PFN-Br, we conducted ab initio
studies by density functional theory (DFT) calculations. For the
optimization process,”’ the simulations were set by Gaussian
software with the CAM-B3LYP exchange-correlation functional,
the basis set of SDD for iron (Fe) atom, and the 6-31++g(d) basis
function for all other types of atoms.?®*° To reduce computa-
tional cost and time, the octyl side chains were replaced with
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Figure 1. Chemical and photoelectrical profiles

(A) The chemical structures of Fc-based molecules.

(B) The chemical structures of PM6 and BTP-eC9.

(C) The energetics of materials.

(D) Schematic illustrates the mixing between PFN-Br and Fc-derived molecules. The white, gray, red, cyan, brown, and orange sticks or balls are hydrogen (H),
carbon (C), oxygen (O), nitrogen (N), bromine (Br), and iron (Fe) atoms, respectively. The optimized molecular structure from DFT calculations for the complex
formation between PFN-Br and FcFk, was demonstrated. This is associated with the coloring map of chemical interactions as shown in the blue border with the
inlet-dash-black box, which involves the O atom (FcFk,) and the H atom (ammonium group).

methyl groups. The optimal geometry relaxations were calcu- In Table S3, the optimization energies are summarized for
lated with the Fc molecules positioned either next to the fluorene  both approaches. The most stable interaction between PFN-
with the alkyl chains (1% mode) or next to the fluorene with the Br and Fc showed an optimization energy of —42.6 kJ/mol
ammonium groups (2" mode) of PFN-Br, as displayed in with Fc positioned over the fluorene moiety with the alkyl
Figures S10-S12. chains, whereas the interaction between PFN-Br and MeqoFc
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displayed an optimization energy of —52.9 kJ/mol with MeoFc
situated over the ammonium groups. The FcFk, systems ex-
hibited a relaxation energy of —68.4 kJ/mol for the 1°' mode,
whereas the energy of the 2"® mode (Figure 1D) is dramatically
lower at —98.8 kJ/mol, which is the most optimal system
among the Fc derivatives studied in this work. Figure S13
showed that the HOMOs (H, H — 1, and H — 2) are predomi-
nantly localized on PFN-Br (>99% contribution), while LUMOs
(L and L + 1) are mainly located on FcFk, (>97% contribution).
The molecular orbital compositions are shown in Table S4. This
distinct separated distribution of frontier orbitals suggests a po-
tential CT pathway from PFN-Br to FcFk,.°" Therefore, we per-
formed ultraviolet-visible-near infrared (UV-vis-NIR) absorption
of PFN-Br, FcFk,, and PFN-Br:FcFk, (50 mol%; Figures S14A
and S14B). We can observe a weak, broad absorption peak
from 1,000 to 1,600 nm, which can be attributed to CT absorp-
tion.* In addition, we carried out photoluminescence (PL) mea-
surements (Figure S14C) showing a red-shifted peak (from 560
to 640 nm, or 0.3 eV) in the NIR region for PFN-Br:FcFk,.*%3*
From the weak intensity of CT absorption band, further investi-
gations are performed in the next section to underpin this point.
Interaction region indicator (IRI)*° in Figure S15 was used to
identify the various intermolecular interactions between each
compound. Van der Waals (vdW) interactions (green contour
in Figure 1D) were found between one of the ammonium
groups of the polymer and the carbonyl oxygen (O) in FcFko,
in addition to strong interactions between the fluorene moiety
and the furan group on the other cyclopentadienyl (Cp) ring.
This suggests the potential interactions between PFN-Br and
FcFko.

Chemical interaction and surface properties of hybrid
PFN-Br:FcFk; ETL
We employed X-ray photoelectron spectroscopy (XPS) to inves-
tigate the chemical states of PFN-Br, FcFk,, and PFN-Br:FcFko.
The survey scans displayed in Figure S16 reveal the presence of
carbon (C), nitrogen (N), O, Br, and Fe species. In Figures 2A and
2B, the high resolution of O 1s and Fe 2p core-level spectra of
PFN-Br:FcFk, are compared with pure FcFk,. The core-level
profiles of C 1s, N 1s, and Br 3d for all the compounds are shown
in Figures S17 and S18. The charge correction acquires binding
energy (BE) of C adventitious at 285.0 eV.*° In Figure 2A, the O 1s
core-level profile of FcFk, exhibits two distinct peaks of C=0
(carbonyl group) and C-O (furan) at 531.8 and 534.7 eV, respec-
tively.>”~*° The PFN-Br:FcFk, blend also shows the presence of
O bonding from the furan ring at 534.2 eV and the carbonyl group
with a slightly higher BE of 532.0 eV. Moreover, we observed an
additional O species at 532.7 eV, which is attributed to the BE of
O single bonding.*"**? The new CO-H bonding is formed by O
atoms of the carbonyl group in FcFk, and the H atom of the
methyl groups at the ammonium position in PFN-Br, as shown
in Figure 1D with the inlet-dash-black box of the color-map inter-
action.*"** The increased oxygen BE of PFN-Br:FcFk, from
531.8 to 532.0 eV is ascribed to the redistribution of electron
density in C=0.

For Fe 2p core-level spectra (Figure 2B), FcFk, respectively
shows the doublet peaks of Fe** 2ps,» and 2p+, at BE of
708.7 and 721.3 eV,***® with broad peaks at 711.7 and
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725.4 eV assigned to Fe?* satellite peaks.”®*® Interestingly,
the core-level spectra of the PFN-Br:FcFk, blend showed
Fe?* and Fe®*' species located at 708.7 and 710.0 eV for
2ps» and 721.9 and 723.5 eV for 2pq,., respectively.*®°
The following low-intensity peaks at 714.4 and 729.4 eV
from fitting can be attributed to the satellite peak characteris-
tics of Fe?*/Fe®* species.’®°" The Fe®* species is produced
by the shifted electron density in n-n delocalized systems of
Cp rings toward the electron-withdrawing C=0 substituents.*”
In this case, the = electrons of Cp rings are withdrawn, and
electron-back donation occurs from the Fe center to Cp rings,
partially inducing a higher oxidation state of Fe (2+ to 3+).°°*
This is consistent with the evidence of O 1s and Fe 2p XPS
spectra, confirming the formation of a CT complex between
PFN-Br and FcFk,, in agreement with the theoretical predic-
tion. Furthermore, Fourier transform infrared (FT-IR) absorp-
tion spectra were demonstrated in Figure S19. The close-up
image of FT-IR profiles reveals the peak shift of hybrid ETL
(centered at 1,564 cm™') compared to FcFk, (shown at
1,568 cm ™). This peak of FcFky, which refers to C=C stretch-
ing of the furan ring, does not overlap with the PFN-Br spec-
trum,**°® suggesting the formation of a ground-state CT.°’
This is correlated with the O 1s core-level XPS spectra in
Figure 2A showing the lower BE of the furan moiety in PFN-
Br:FcFk, and concurrent to the DFT calculations, which illus-
trates the strong vdW interaction between the fluorene in
PFN-Br and the furan of FcFks.

We then performed XPS investigations on PFN-Br and PFN-
Br:FcFk, (2.5 mol%) films deposited on 100 nm Ag to reveal
the origin of the reduced work function induced by the complex.
The survey scans of Ag, PFN-Br, and PFN-Br:FcFk; are depicted
in Figure S20. All other scans, e.g., C 1s, O 1s, and Br 3d narrow
scans, are shown in Figure S21. The N 1s core-level spectra in
Figure 2C show two peaks associated with N* and N-C for
higher and lower BE, respectively.'®*® Upon FcFk, mixing, the
BE of N-C shifts toward lower values compared with pristine
PFN-Br, indicating weakened interactions with Br~ anions and
an increase in interactions between N and the Ag metal.'®*° In
previous reports,®”®' the N-containing group plays a pivotal
role in decreasing the work function of metal by generating inter-
facial dipoles, which produce high electron density on the Ag
surface. Hence, in Figure 2D, we observed the lower BE of Ag
3d from PFN-Br:FcFk, (367.7 eV) compared with PFN-Br
(367.9 eV). The Ag 3s core-level profiles also elucidate the
same manner as 3d region (Figure S22), which conclusively un-
derpins the process of reducing the Ag work function induced
by the complex PFN-Br:FcFko.

The topography of ETLs on indium tin oxide (ITO)/PEDOT:
PSS/PM6:BTP-eC9 was examined by atomic force microscopy
(AFM) with non-contact mode. In Figure 2E, PFN-Br and hybrid
ETL elucidate similar surface morphology, in contrast with the
BHJ layer, which showed a fibril-like profile. Figure 2F depicts
the histogram of surface height evaluated from AFM images.
The PFN-Br:FcFk, ETL forms a uniform distribution with root-
mean-square roughness (o,ms) of 1.08 nm compared with that
of pure ETL (1.42 nm), suggesting favorable film formation.®?
Contact angle measurements were also employed to evaluate
the wettability of hybrid ETLs on the BHJ interface.
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Figure 2. Elemental species and interfaces

(A and B) O 1s and Fe 2p XPS core-level profiles of pure FcFk, and PFN-Br:FcFk, (50 mol%). The dots or dots with light gray lines in the XPS spectra are raw data,
and the solid lines are fitting curves.

(C and D) N 1s and Ag 3d XPS core-level spectra from PFN-Br:FcFk, and pristine PFN-Br films on Ag electrodes. The dots and lines are described as above.
(E and F) AFM images and surface height distribution of ITO/PEDOT:PSS/PM6:BTP-eC9 (as BHJ), BHJ/PFN-Br, and BHJ/PFN-Br:FcFk,, respectively.

Figure S23 depicted the contact angle images for each ETLex- Performance of OSCs with various ETLs

tracted from the same stacks used in the AFM measurements.  To compare the photovoltaic performance of PFN-Br:Fc-derived
The PFN-Br:FcFk, ETL showed the improved dispersion witha  ETLs, PM6 and BTP-eC9 were selected as donor and acceptor
contact angle of 12.43°. Meanwhile, PFN-Br features a higher = materials, respectively, using the conventional device geometry
contact angle of 38.66°. AFM and contact angle measurements  of ITO/PEDOT:PSS/PM6:BTP-eC9O/ETL/Ag (Figure 3A). The con-
indicate that the hybrid ETL established better interfacial con-  centration of FcFk, was carefully optimized, the results of which
tact with the BHJ, therefore facilitating charge transport and  are summarized in Figure S24 and Table S5. Additionally, we
extraction. %2463 also employed pristine FcFk, as an ETL. However, the
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Figure 3. Device characteristics

(A) The OSC structure for a conventional architecture.

(B) The J-V characteristic curves under AM1.5G illumination.
(C) EQE spectra of OSC devices with various ETLs.

Light intensity (mW cm2)

(D) Photocurrent density as a function of effective voltage at 100 mW cm~2 condition.

(E) The plots of light intensity-dependent V.

(F) The J-V curves of electron-only devices with various ETLs. Solid circles in every curve are the trap-filled limit voltage (Vrg,).

performance of this device was poor due to the mismatch of en-
ergetics between FcFk, and BTP-eC9 (Figure S25). Figure 3B
shows the current density-voltage (J-V) characteristic curves un-
der AM1.5G illumination, with the detailed device parameters
provided in Table 1. The statistics of the parameters are depicted
in Figure S26. The PFN-Br devices used as reference cells deliv-
ered an average PCE of 17.1%, with a short-circuit current den-
sity (Jso) of 26.6 mA cm™2, an open-circuit voltage (Vo) of 0.850
V, and a FF of 75.6%), which is in line with previous reports.®%:6*
Notably, the PFN-Br:FcFk, devices delivered higher FF values of
77.3%, Voo of 0.856 V, and Js. of 27.3 mA cm 2, leading to an
overall increased average PCE of 18.2% (18.5% for champion
OSCs). OSC devices from PFN-Br:Fc also demonstrated an
enhancement of Js; and FF of 26.8 mA cm 2 and 77.1%, respec-

tively, with an average PCE of 17.6%. However, PFN-Br:Me4gFc
ETL cells showed lower Js; (25.8 mA cm~2), V. (0.838 V), and FF
(72.1%), leading to an average PCE of 15.6%. This can be
ascribed to mismatched energetics resulting from the deeper
LUMO level of Me oFc due to the ten electron-donating methyl
groups on the Cp rings. Improved alignment between the work
function and the LUMO of BTP-eC9 enhances charge selectivity,
thereby boosting overall photovoltaic parameters.’”+'®

The higher Js in the FcFky-mixed ETL is confirmed by external
quantum efficiency (EQE) measurements (Figure 3C). The inte-
grated photocurrent density (Jcq) is calculated from the EQE
spectra, which is in good agreement (£3%) with the Jg. values
shown in Table 1. Compared to the PFN-Br reference devices,
the PFN-Br:FcFk, ETL enhances the overall light-to-current

Table 1. Photovoltaic parameters of 0SCs based on PM6:BTP-eC9 upon different ETLs

ETLs PCE (%)? Jso (MA cm™2) Vo (V) FF (%) Joar (MA cm™2)
PFN-Br 17.2 (17.1 £ 0.3) 26.5 (26.6 + 0.4) 0.851 (0.850 + 0.003) 76.6 (75.6 + 0.7) 26.2
PFN-Br:Fc 17.8 (17.6 £ 0.3) 27.0 (26.8 + 0.4) 0.851 (0.852 + 0.003) 77.1 (771 0.6) 26.4
PFN-Br:FcFks 18.3 (18.1 £ 0.2) 27.2 (27.3 + 0.3) 0.854 (0.856 + 0.003) 78.5 (77.6 = 0.4) 27.1
PFN-Br:Me;oFc 16.5 (15.6 + 0.6) 26.4 (25.8 + 0.7) 0.843 (0.838 + 0.005) 74.4 (72.1 = 1.5) 25.1

@Average values with standard deviations in parentheses are obtained from 15 independent cells.
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conversion, as shown by AEQE = EQErcrx, — EQE eference- Mean-
while, the PFN-Br:MeioFc ETL decreases the overall EQE
response and consequently results in lower Jsc. The higher pho-
toresponse in FcFko-based devices is attributed to more efficient
carrier extraction and transport. To understand exciton dissoci-
ation and charge collection efficiency, the photocurrent density
(Jpn) as a function of effective voltage (Vex) was plotted in
Figure 3D. Jp, is quantified by Jp, = J. — Jp, where J| and Jp
are current densities under 1 sun irradiation and darkness,
respectively. Vg is defined as Ve = Vo — V, where Vg is a
compensation voltage (Jpn(Vo) = 0) and V is a bias voltage.®®
Overall, the Jgy, for all cells reached saturation for Ves < 1 V.
This suggests that all generated excitons (electron-hole pairs)
are dissociated into free charge carriers and extracted by elec-
trodes. In the saturated regime, we can evaluate the maximum
generation rate (Giax) from Jsat = QGmaxL, Where Jgat is the satu-
rated current density, q is the elementary charge, and L is the
active layer thickness. The calculated Gmax are 1.74 x 1027,
1.75 x 102", 1.80 x 10%', and 1.74 x 10*' cm ® s for PFN-
Br, PFN-Br:Fc, PFN-Br:FcFk,, and PFN-Br:Me4oFc, respec-
tively. The significant improvement is shown by the charge
generation rate under maximum power point (mpp), Gmpp, and
short-circuit, Gg;, conditions estimated by the ratio of Jpn/Jgat.
At Vinpps the Ginp, of the PEN-Br:FcFk; device exhibits the highest
value of 89.5% compared with the reference cell (85.1%), PFN-Br:
Fc (86.2%), and PFN-Br:Me oFc (74.7%). Moreover, the same
trend can be observed in Gg., where all values are summarized
in Table S6. The higher Gmpp and G values indicate better charge
collection and exciton dissociation efficiency with the aid of hybrid
ETLs, which aligns well with the EQE spectra.

We also measured J-V characteristics at various light inten-
sities (Piignt) to understand recombination processes in the de-
vices. The relationship between Js. and Pjyp,; follows the po-
wer law, which is Jsc « (Piigny)”, Where a is the power factor.
When Jg is linearly dependent on Pjign: (@ =~ 1), most of the
generated carriers are collected, i.e., minor or no bimolecular
recombination, albeit deterioration exists with « < 1.56 All
fabricated ETL devices demonstrated similar « values in the
range of 0.933-0.965, indicating low bimolecular recombina-
tion in charge extraction processes (Figure S27). On the other
hand, the degree of trap-assisted recombination can be re-
vealed by plotting Vo versus the natural logarithm of Pjgp; in
Figure 3E. The slope (s) is expressed in the form of nkgT/q,
where n is the recombination ideality factor, kg is the Boltz-
mann constant, and T is the temperature. A slope with n = 1
is correlated to trap-free charge transport, whereas the case
with n = 2 is usually associated with trap-assisted across
the active layer and interfaces.®” Compared to all the OSC de-
vices, hybrid FcFks-based OSCs show the lowest slope of
1.043 kgT/q, while reference devices obtain a slope of 1.135
kgT/qg. Thus, the addition of FcFk, to PFN-Br can considerably
reduce trap-induced recombination. We also performed drift-
diffusion simulations of J-V curves measured under different
illumination intensities, while the parameters of the simulation
are summarized in Table S7.°%%° The fitting results (see
Table S8) shown in Figure S28 pointed to lower series resis-
tance, higher charge generation, and lower recombination
for the devices with the PFN-Br:FcFk,. The space-charge
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limited current (SCLC) technique for electron-only devices
was carried out to study the trap-filled limited voltage
(Vre).”%"" In Figure 3F, the PFN-Br:FcFk, and PFN-Br:Fc
ETLs show lower Vyr_ of 0.136 and 0.150 V, respectively,
compared with the reference (0.184 V), albeit the V1F_ of the
PFN-Br:Me oFc ETL obtained a higher value of 0.207 V. The
suppression of Vg corresponds to the reduction of defects
at the interfaces through the use of hybrid ETLs.

Carrier dynamics, photostability, and versatile
improvement of hybrid ETLs
Capacitance-voltage (C-V) measurements were used to inves-
tigate the charge carrier transport in PM6:BTP-eC9 systems
with different ETLs and conducted at V. under 1 sun intensity.
From the equivalent circuit model, depicted in the inset in
Figure 4A, we can extract the recombination resistance (Ryec)
and transport resistance (Ry), which are respectively parallel
to chemical capacitance (C,) and geometry capacitance (Cg),
while Rs is the series resistance.”” The Nyquist plot
(Figure 4A) was acquired from the impedance spectra of
PFN-Br and PFN-Br:FcFk, ETLs, and the overall results are
summarized in Figure S29 and Table S9. The hybrid ETLs
formed with Fc and FcFk, exhibit a lower R,sc than pristine
PFN-Br cells. Meanwhile, the R, of the PFN-Br:MeoFc ETL
dramatically increased. Subsequently, we calculated the
charge carrier lifetime (z) by the formula 7 = (R.c)(C,). The
PFN-Br:FcFk,, PFN-Br:Fc, and PFN-Br series show similar
charge carrier lifetimes of 1.46, 1.80, and 2.17 ps, respectively.
However, the PFN-Br:Me4oFc ETL features a higher z of 6.17 ps,
which can be ascribed to the formation of more interface trap-
state densities or a mismatch between the energetics of the
BHJ and electron extraction layers, leading to a larger recombi-
nation at the interface between the two layers.”® Interestingly,
the R; of PFN-Br:FcFk, cells significantly decreased to 32.9 Q
compared with reference devices (57.5 Q). This evidence can
strongly confirm the better charge extraction and transport pro-
cess from the BHJ/ETL to Ag contact, which can improve V¢
and FF. %% The Mott-Schottky analysis was used to elucidate
the C-V relationship of 1/C? = (2/qe.e NaA?)(V — Vi), where g, is
the dielectric constant in free space, ¢, is the relative dielectric
constant, N, is doping concentration, A is the active area of the
device, and Vi, is the built-in potential.>’? In Figure 4B, the
Mott-Schottky characteristics of the FcFk, hybrid ETL and
PFN-Br cells are plotted by measuring under direct current
(DC) bias at 10 KHz. The V,, extracted from the x-intercept in
Figure 4B are 0.818 and 0.837 V for PFN-Br and PFN-Br:
FcFk, devices, respectively. The greater V,; of the hybrid ETL
is ascribed to better Ohmic contact between the BHJ and
ETL, facilitating the improvement of V,.”* Transient photocur-
rent (TPC) measurements were carried out to study the charge
carrier dynamics (Figure 4C). The PFN-Br:FcFk, ETL demon-
strated a faster photocurrent decay (53.2 ns) compared with
the decay time of reference cells (176.5 ns), indicating faster
charge extraction enabled by the incorporation of FcFka.
Despite the high PCE reported for FcFk,-based OSCs,
studying their photostability under operating conditions is
pivotal to demonstrating the real-world applicability of these
devices. The unencapsulated PM6:BTP-eC9 devices with
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Figure 4. Device physics, stability, and universality

(A) Nyquist plots of hybrid and pristine ETLs under 1 sun illumination at V. (the inset is the equivalent circuit used for fitting).

(B) Mott-Schottky plots at 10 KHz.

(C) Transient photocurrent (TPC) decay of PFN-Br:FcFk, and reference devices.

(D) Long-term stability obtained by mpp tracking under 100 mW cm~2 illumination within a N,-filled chamber.

(E) Statistics of PCE in various systems (different donors and acceptors) averaged by at least 10 devices. For the boxplot parameters, the center dashed lines, top
edges, and bottom edges are the median, 75t percentile, and 25t percentile, respectively. The white-black circles are the mean values, and the whiskers show
the standard deviations. The red and purple data are PFN-Br and PFN-Br:FcFky, respectively. The orange spheres are PDINN, and the blue spheres are PDINN:
FcFk,. The magenta and cyan color spheres are referred to as exploiting PNDIT-F3N (abbreviated to F3N) as an ETL for the reference and PNDIT-F3N:FcFk,,

respectively.

PFN-Br and PFN-Br:FcFk, ETLs were loaded in a N,-filled
chamber and tracked at mpp under AM1.5G illumination
following the ISOS-L-11 protocol, i.e., ambient temperature
and humidity in an inert (Np) atmosphere, depicted in
Figure 4D.” Both devices showed burn-in features, which
can be ascribed to thermal instability and photo-induced trap
states.”® The FcFky-hybrid ETL-based OSCs retain perfor-
mance at >80% of their initial PCE up to 700 h, while the refer-
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ence devices drop to <70% of their initial values. We attributed
the longer device stability to the decreased trap-assisted
recombination and less Fermi level pinning, which effectively
facilitates charge extraction in FcFk,-based OSCs.”®"” To bet-
ter understand the superior stability in the hybrid ETL-based
devices, we performed temperature and light intensity depen-
dent J-V characterizations’® for fresh and aged devices, de-
picted in Figures S30 and S31 and Figures S32 and S33,
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respectively. Figure S34 showed the Urbach energy (Ey) as a
function of V, for fresh and aged samples at different light in-
tensities. Notably, the Ey of reference devices shows a higher
shift after degradation compared with that of PFN-Br:FcFko.
This suggests higher interface recombination upon degradation
in the reference devices,’® which confirms the improved photo-
stability in PFN-Br:FcFk, hybrid ETLs.

Finally, we demonstrated the generality of the novel CT com-
plex formation between FcFk, and ETL with various polymer do-
nors and NFAs. PM6, D18, and PTQ-10 were selected in combi-
nation with L8-BO, BTP-eC9, Y6, and IDIC as acceptors, with
LUMO values ranging from —3.90 to —4.13 eV.""#9%2 The chem-
ical structures of the materials are shown in Figure S35. The PCE
box plots of various donor:acceptor (D:A) systems with the ETLs
of PFN-Br and PFN-Br:FcFk, are depicted in Figure 4E. The
PFN-Br:FcFk,-based systems show an overall improved perfor-
mance compared with the reference devices for all D:A blends,
of which photovoltaic curves and EQE spectra are respectively
demonstrated in Figures S36 and S37. The photovoltaic param-
eters are collected in Table S10. For the PM6:L8-BO blend, PFN-
Br:FcFk, devices delivered a PCE of 18.8% for the champion de-
vice. Meanwhile, the PFN-Br-based reference cells show a
maximum PCE of 18.1%. Moreover, we tested the same proto-
col for different ETLs. In particular, we chose PNDIT-F3N as the
ETL and PM6:L8-BO and PM6:D18:L8-BO (ternary) as the pho-
toactive layers. J-V characteristics, EQE spectra, and J-V pa-
rameters are depicted in Figure S38 and Table S11. The PM6:
L8-BO devices employing the PNDIT-F3N:FcFk, ETL can
achieve a maximum PCE of 18.9% compared with the reference
cells (18.3%). For the ternary system, the reference devices ex-
hibited an average PCE of 18.6%, a Js of 26.2 mA cm 2, a V. of
0.903 V, and an FF of 79.0%. Notably, the hybrid ETL-based
ternary devices using FcFk, delivered the highest PCE of
19.7%, with a Jsc of 27.1 mA cm2, a V.. of 0.907 V, and an
FF of 80.1%. Upon addition of an antireflective coating, the
PCE was further improved to 20.1% (Figure S39). For PDINN-
based devices (PM6:L8-BO), PDINN:FcFk, also elucidated the
improvement in FF to yield a PCE of 17.9% compared with refer-
ence cells (17.5%). The universal improvements of versatile D:A
systems and ETLs strongly highlight the promising tuning pro-
cedure for ETLs. With the correct functionalization of Fc-derived
compounds, state-of-the-art OSCs can be anticipated to sur-
pass current robustness and light-harvesting performance.

Conclusions

In summary, we have introduced a simple route toward low-cost
Fc-functionalized OSCs. These have been obtained via CT com-
plex formation between FcFk, and polymer ETLs, as demon-
strated by optoelectronic measurements and DFT calculations.
PFN-Br:FcFk, ETL can modify the work function of Ag from
—4.50 to —4.03 eV, which in turn enhances the FF. To this end,
the FcFk, hybrid ETL successfully delivered efficient OSCs
based on PM6:BTP-eC9, yielding a PCE of 18.5%. The electrical
and device physics characterizations crucially underpin the high
photovoltaic efficiency benefiting from reduced trap-assisted
recombination and faster charge extraction. Stability measure-
ments were conducted to show the robustness of hybrid ETL
cells, which retain 80% of PCE up to 700 h. Moreover, the versa-
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tility of D:A systems and ETLs demonstrates the universal
improvement when using FcFk, molecules, i.e., delivering a
PCE of 20.1%. The functionalization of organic semiconductors
with hybrid ETLs incorporating FcFk, highlights a rational
approach for the molecular design of Fc derivatives aimed at
enhancing charge extraction and, consequently, improving
light-to-current conversion efficiency.
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