Showcasing research from Prof. Tae-Woo Lee’s group at
Pohang University of Science and Technology (POSTECH),
Korea, and Prof. Yabing Qi’s group at OIST, Japan.

Universal energy level tailoring of self-organized hole
extraction layers in organic solar cells and organic—inorganic
hybrid perovskite solar cells
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maximize device performance of organic solar cells and
organic—inorganic hybrid perovskite solar cells. We systematically
tailored the interface energy level of the self-organized hole
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Broader context

Universal energy level tailoring of self-organized
hole extraction layers in organic solar cells and
organic—inorganic hybrid perovskite solar cellsf

Kyung-Geun Lim,? Soyeong Ahn,? Young-Hoon Kim,? Yabing Qi° and
Tae-Woo Lee*®

Tailoring the interface energetics between a polymeric hole extraction layer (HEL) and a photoactive layer
(PAL) in organic photovoltaics (OPVs) and organic—inorganic hybrid perovskite solar cells (PrSCs) is very
important to maximize open circuit voltage (V) power conversion efficiency (PCE), and device lifetime. In
principle, when Fermi-level pinning and a vacuum level shift take place between the HEL and PAL, they give
rise to an energy level offset between the HEL and the valence band maximum (VBM) (or the highly occupied
molecular orbital (HOMO) in the case of organic photoactive materials) of the PAL and then V. loss. How-
ever, here we show that the V. loss at the interface can be overcome by universal energy level tailoring of a
self-organized HEL (SOHEL) between the HEL and PAL irrespective of photoactive materials. A SOHEL
composed of a conducting polymer and a perfluorinated ionomer (PFl) is effectively used to study the inter-
face energetics in OPVs and PrSCs. We systematically tailored the interface energy level of the SOHEL to
remove the energy offset at the interface and understand clearly the universal energy level alignment with
the diverse photoactive materials of OPVs and PrSCs. The Fermi-level of the HEL is pinned to the midgap
state of photoactive materials, which is about 0.6—0.7 eV above the VBM or HOMO. However, the interface
energy state of the PFl-enriched surface layer of the SOHEL can be formed deeper below the Fermi-level by
self-organized molecules so that it can match the top of the valence band of the photoactive materials. As a
result, the energy offset at the interface between photoactive materials and the SOHEL can be significantly
decreased to achieve high V. and PCE. Furthermore, our SOHEL significantly prolonged the stability of OPVs
(half lifetime: 2.84 year) compared with pristine PEDOT:PSS (half lifetime: 0.2 year) under continuous irradia-
tion of air mass-1.5 global simulated sunlight at 100 mW cm™2 due to the diffusion-blocking ability of the
self-organized PFI at the surface of SOHELs for impurities from indium tin oxide.

In this paper, we develop universal energy level tailoring at the hole extraction interface for organic and organic-inorganic hybrid perovskite photoactive layers
(PALSs) using self-organized polymeric hole extraction layers (SOHELs). We clearly show that although the Fermi-level of the conducting-polymer-based HEL is

pinned to the mid-gap state of a PAL, the V,, can be further increased and thus we can maximize the V,. and power conversion efficiency (PCE) irrespective of

Fermi-level pinning. Therefore, we can solve an important inherent and universal problem of potential loss at the hole extraction interface in organic
photovoltaic cells (OPVs) and organic-inorganic hybrid perovskite solar cells (PrSCs). Furthermore, we demonstrate that the SOHEL can boost up the device
lifetime significantly by 19 times. When we assume negligible degradation in the dark and 5.5 h of 1 sun intensity per day, the estimated operating half-lifetime
of OPVs with SOHEL is 2.84 years. Our molecularly controlled strategies at the hole extraction interface provide a clear universal method to increase V., PCE,

and device lifetime.
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There has been a remarkable progress of power conversion
efficiency (PCE) in OPVs'' and PrSCs.>"

In spite of the difference in electronic properties between
organic-inorganic perovskite and the organic photoactive layer,
interfacial engineering at electrodes is one of the most crucial
research topics in OPV and PrSC fields because it improves the
device performance critically and enables the development of
the reliable and flexible thin film solar cells.>2° Over the past
decade, a number of research groups have revealed that the
electrode interlayer significantly influences the important
issues in the device such as built-in potential (Vy;),>° device
lifetime (LT),” charge carrier extraction,” and processability.>"°
However there are few studies on the universal HEL material,
which fully covers all important issues in solution processed
OPVs and PrSCs. In addition, much less attention has been
focused on systematic studies of precise energy alignment of
the universal HEL in devices.

Transition-metal oxides (TMO) showed a universal energy-
alignment trend with several organic semiconductors due to a
broad range of work function (WF) from ~2 eV to ~7 ev.?*??
Lu et al. observed that the energy alignment trend in various
TMO (n-type wide-bandgap semiconductors, such as MoOs3,
TiO,, V,05, WO; and Ta,Os; defective semiconducting oxides,
such as MoO;_y, TiO,_y, V,05_, and CrO;_,; p-type semi-
conductors, such as Cu,O, Ag,0, Cr,0; and Coz0,4; p-type
Mott-Hubbard insulators, such as CuO, NiO and CoO; and
metallic oxides, such as MoO,, WO, and TiO) with organic
semiconductors stemming from electron chemical potential
equilibration.>” TMO can be widely used as the efficient charge
extraction interlayer in OPVs and PrSCs, but they are almost a
necessity to deposit different TMO materials by the vacuum
deposition system for the energy alignment with each diverse
semiconductor.

A self-organized HEL (SOHEL) can easily tune its energy
levels with respect to the valance band maximum (VBM) or
highly occupied molecular orbital (HOMO) of diverse photo-
active materials.>>** This universal energy level alignment of
the SOHEL can be controlled by relative concentrations of self-
organized surface enriched molecules (e.g., perfluorinated ionomer
(PFI)) to a conducting polymer (e.g., PEDOT:PSS) in the solution.
Because PF], i.e., tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-
octene-sulfonic acid copolymer, is an additive polymer with the
high ionization energy (IE) value and low surface energy that
prefers to self-organize at the film surface, the surface WF of the
SOHEL is increased as a function of the PFI/PEDOT:PSS mole-
cular ratio.>*>*** Therefore the universal energy level tailoring of
the SOHEL can reduce greatly the energy offset and charge
recombination in the device with diverse photoactive layers.

Here, we systematically tailored the energy level of the SOHEL
for the diverse photoactive materials of OPVs and PrSCs to improve
the device performance and understand how the photovoltage
is determined by the energy level alignment at the interface. We
tried to elucidate the role of the universal energy level tailoring
of the SOHEL for P3HT (poly(3-hexylthiophene-2,5-diyl)),
PCDTBT (poly[N-9"-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-
thienyl-2’,1’,3’-benzothiadiazole)]), MAPbI; (methylammonium
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lead triiodide), and MAPbBr; (methylammonium lead tribromide)
as the organic and organic-inorganic perovskite photoactive
materials with various IE. We investigated the interface energy
levels of the SOHEL and the energy offset at the SOHEL/photo-
active layer (PAL) interface as a function of the PFI/PEDOT : PSS
ratio in the SOHEL. The resulting open circuit voltage (V,.) and
the PCE of OPVs and PrSCs were also investigated depending on
the energy level alignment at the interface. We additionally
investigated the enhanced stability of OPVs with SOHELs compared
with conventional PEDOT:PSS due to the diffusion-blocking ability
of the self-organized PFI-enriched surface layer at the surface of
SOHELSs for impurities from indium tin oxide.* These approaches
of interface engineering on solution processed SOHELSs will be very
useful to study for the impact of the universal energy level tailoring
at the HEL/PAL interface on V,,. and give an insight on how one can
minimize the potential loss and maximize the performance (PCE
and LT) in OPVs and PrSCs.

Results and discussion

We employed the SOHELSs to solution processed thin film solar
cells with organic photoactive materials (P3HT and PCDTBT) or
organic-inorganic hybrid perovskite photoactive materials
(MAPDbI; and MAPDbBr;), whose chemical structures are shown
in Fig. S1 (ESIt). Because the WFs of SOHELSs were controllable
from 4.86 eV (pristine PEDOT:PSS) to 5.48 eV (SOHEL6) by
varying the molecular ratio of PFI (Table 1), we expected the
device with various photoactive materials to show the improved
performance with SOHEL.

We fabricated the photovoltaic cells with SOHEL and measured
the current density versus voltage (J-V) characteristics obtained
under irradiation of air mass (AM)-1.5 global simulated sun-
light at an intensity of 100 mW cm ™2 (Fig. 1). When we used the
SOHELS to the P3HT:PC¢,BM devices, we could not observe any
noticeable increase of device performance in Fig. 1(a). However,
the device performance of PCDTBT:PC,,BM and MAPbDI;/
PCqoBM were significantly increased with SOHELSs in Fig. 1(b)
and (c¢). The PCDTBT:PC,,BM device with SOHEL3 (WF =
5.32 eV) shows a higher V,. (0.897 V) and J. (11.7 mA cm™?)
than the device based on pristine PEDOT:PSS (WF = 4.89 eV)
(Ve = 0.738 V; Jo = 10.2 mA cm ™ 2). The MAPbI,/PCqBM device
with SOHEL5 (WF = 5.46 eV) shows a higher V. (1.03 V) and J.
(15.7 mA ¢cm™?) than the device based on pristine PEDOT:PSS

Table 1 The polymer compositions and their work function levels of
different SOHEL layers

Work
Sample code PEDOT: PSS: PFI PFI/PEDOT : PSS function [eV]
PEDOT:PSS 1:2.5:0 0 4.86
SOHEL1 1:2.5:0.1 0.027 5.11
SOHEL2 1:2.5:0.19 0.053 5.21
SOHEL3 1:2.5:0.37 0.105 5.32
SOHEL4 1:2.5:0.73 0.209 5.39
SOHELS5 1:2.5:1.5 0.417 5.46
SOHEL6 1:2.5:2.9 0.833 5.48
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Fig. 1 The J-V characteristics of (a) P3HT:PCgoBM, (b) PCDTBT:PC,oBM
organic photovoltaics and (c) MAPbIz/PCgoBM perovskite solar cells with
the PEDOT:PSS (M), SOHEL! (@), SOHEL2 (A), SOHEL3 (V), SOHEL4 (w),
SOHELS (»), and SOHELG6 (#) as the hole extraction layers under irradiation
of AM-1.5 100 mW cm 2,

(WF = 4.89 eV) (Vo = 0.835 V; Jo. = 14.1 mA cm ™) (Tables S1 and
S2, ESIt). The device results of SOHEL/MAPDI; are compiled
from ref. 20.

When the WF of the HEL is well aligned with the VBM or
HOMO of photoactive materials, the potential energy loss at the
interface will be minimized and thus V,; increases.*® Compared
with conventional PEDOT:PSS, the SOHEL was used as the high
WF hole extraction material, therefore the energy offset at the hole
extraction interface was decreased in the device with photoactive
materials with a deep lying HOMO level (e.g. PCDTBT and MAPDI;).
Schematic diagram of the energy levels of photoactive materials is
drawn in Fig. S2 (ESIt). As a result, the energy level offset at the
SOHEL/PCDTBT:PC,,BM interface decreased and the V;,; and V.
of the device increased accordingly”>*” depending on the WF of
the SOHEL (Fig. 1(b)). In the same manner, the V. of the MAPbI;
(—5.4 eV) and MAPDbBr; (—5.9 eV) perovskite solar cells with a
SOHEL device increased compared to those with PEDOT:PSS due
to the good energy alignment of the SOHEL with the MAPbI; and
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Fig. 2 Open circuit voltage of the MAPbIs/PCgoBM device (filled) and the
PCDTBT:PC,,BM device (open) and the work function of them versus the
difference of the conducting substrate work function (WFsyg) and ioniza-
tion energy of the active layer (IEpa). Glass/Al (3.4 eV), ITO/ODT-SAM
(4.1eV), PEDOT:PSS and a SOHEL (4.6-5.5 eV) were used as the conducting
substrate. (WF results are shown in Fig. S4 and S5, ESI.1)

MAPDBr; layer (Fig. 1(c) and Fig. S3, ESIt). On the other hand,
PEDOT:PSS is already well aligned with the HOMO level of the
P3HT (—4.8 eV), thus no significant differences of V,. were
found in the P3HT:PC4,BM device with high WF SOHELs in
Fig. 1(a).

We systematically investigated energy level alignment and
corresponding V,. of PCDTBT:PC,,BM and MAPDI;/PCys,BM
devices depending on various WFs of the HEL. The WF of the
PAL on the substrate (WFpapsus) and corresponding V. is
plotted against the substrate WF (WFgyg) (Fig. 2). Glass/Al
(3.4 eV) and ITO/ODT-SAM (4.1 eV), glass/ITO (4.3 eV), glass/
ITO/PEDOT:PSS (4.6 eV), and glass/ITO/SOHEL (5.1-5.5 eV)
were used as the conducting substrate with various WFgyg.
These WF data are extracted from ultraviolet photoemission
spectroscopy (UPS) results (Fig. S4 and S5, ESIf). In the A-B
regime of Fig. 2, the WF of PCDTBT (WFpcprer/sus) and MAPDI;
(WFnmapbr,sus) linearly increased depending on WFgyg. The slope
parameter S = dWFpapsus/dWFsyg, which is used to characterize
the energetics of the interfaces, equals 1. This A-B regime of
linear dependence corresponds to the vacuum level alignment
regime (Schottky-Mott limit),® which corresponds to the situa-
tion where the Ep of the substrate lies within the HOMO-LUMO
(or VBM-conduction band maximum) gap of the PAL and the
HOMO (or VBM) level of the PAL is well below the Fermi-level of
the substrate, and hence no net charge exchange occurs between
the substrate and PAL. Therefore, the Schottky barrier or energy
offset at the interface is inversely proportional to WFgsyp. How-
ever when the WFgyp is increased further, WFp,y sup reaches a
value that is ~0.7 eV shallower than the HOMO or VBM level of
PALs and remains constant with further increases in WFgyg.
Thus WFpcprersus and WFperovskite/sup become independent of
WFgyp in the B-D regime and slope S is changed to 0 (S = 0) due
to Fermi-level pinning.?**°=! We should note that the Fermi-level
is pinned at the energy state that lies within the HOMO-LUMO gap
and ~0.7 eV shallower than the HOMO or VBM level of PALs.
These midgap states (called the trap state, charge transfer state,***

This journal is © The Royal Society of Chemistry 2016
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bipolaron state,****° charge neutrality level (CNL)*****” or
integer charge transfer (ICT) state®*32*¢*%7%) in photoactive
polymers (e.g. P3HT, PCDTBT) are well defined as the energy
required to take away one electron from the molecule producing a
fully relaxed state (i.e. both electronic and geometrical relaxation
are included) and created upon oxidation of the molecules at the
interface. The magnitude of energy difference between the midgap
state and HOMO is reported to be 0.4-0.7 €V in P3HT, TFB, P10AF
and PFO because the n-band edge of a conjugated polymer remains
at a constant distance in energy from the Fermi-level of the
substrate.”® The ICT model further predicts that Fermi-level
pinning to the Ejcr of the semiconductor occurs when WFsyp
has exceeded the Ejcr level 23323638710

The midgap states in perovskite have also been reported recently
and intensively studied.*'° This midgap state of perovskite stems
from the state of anti-site defects with I occupying a CH;NHj site** ™
or the exponential tail states (also called the Urbach tail).*’
Snaith et al. reported a significant population of the subgap
states of flat PHJ MAPbI; perovskite compared with meso-
superstructured MAPbI; perovskite.*! In the same manner, we
analyzed the UPS spectrum on a logarithm scale and detected a
very low density of gap state near the VBM of MAPDI;. In Fig. 3,
the dashed curve is the Gaussian function of density of state
formed at the lowest binding energy of MAPbI; perovskite and the
arrow represents the boundary of the exponential distribution of
the gap state. These results demonstrate that the exponential tail
state appears as the midgap state, which is located above the
boundary edge of the Gaussian density of state of the valence band
and within the band gap of MAPbI; perovskite.

The device parameter determined from energy alignment at
the interface, V., of PCDTBT:PC,,BM and the MAPbI;/PCs,BM
perovskite device tends to increase linearly as a function of
WFgyp in the Schottky-Mott regime (A-B regime in Fig. 2),
because the energy offset at the interface is decreased and thus
Vi increases in the device. Once V,. becomes a maximum
value, it remains a constant with WFgyg due to Fermi-level
pinning in the C-D regime. However, V,. of the device with
SOHEL keeps increasing as a function of WFsyg increasing in
the B-C regime, even though the Fermi-level of the HEL is

T T T
—ITO
— ITO/MAPbI,

Intensity (Logarithm Scale)

Binding Energy(eV)

Fig. 3 Ultraviolet photoelectron spectroscopy spectra of ITO and MAPbI3
perovskite thin films on ITO. The arrows correspond to an exponential tail
state of MAPDIs.
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Fig. 4 Ultraviolet photoelectron spectroscopy spectra of PEDOT:PSS and
the SOHEL. Inset shows the interfacial energy states of the SOHEL formed
at a deeper level than at the Fermi-level.

pinned to the midgap state of photoactive materials. Although the
Schottky barrier at the interface remains constant when the Ep
pinning occurs at the interface (slope parameter of WFps;, S = 0), Vi
of the device increases from 0.738 V to 0.904 V (PCDTBT) and
0.835 V to 1.030 V (MAPbI; perovskite). So, we investigated the
electronic structure of the SOHEL to provide the energy level
alignment at the interface and the V,. increasing mechanism for
the device with SOHELS.

We compared the UPS spectra of PEDOT:PSS and the SOHEL
to investigate the density of states around the Fermi-level and
different electronic structures induced by a surface-enriched
polymeric dopant layer (Fig. 4). Much work has been devoted to
understand great electrical properties of PEDOT:PSS in organic
electronics over the past few decades. PSS molecules tend to be
located at the surface due to the low surface energy and this
surface-enriched PSS layer on the PEDOT:PSS film can control
the WF of the surface."®*"*> When a surface-enriched PSS layer
was removed by light argon sputtering, the energy state was
occupied with electrons up to Er as expected for a heavily
p-doped PEDOT layer. However, the as-loaded PEDOT:PSS films
without light argon sputtering show that the unoccupied energy
state extended to 0.25 eV below the Ey, called the interfacial
energy state (IES).”" It is because the surface-enriched dopant
layer (PSS) suppresses and reduces the density of states of the
bulk PEDOT:PSS layer so that it induces the interfacial energy
state below the Fermi-level.”* We found the density of state
of the SOHEL near the Ep decreased more compared with
PEDOT:PSS (Fig. 4), thus the IES of the SOHEL is formed at a
deeper level than that of PEDOT:PSS (inset). In XPS depth
profiling of PEDOT:PSS and the SOHEL, the fluorocarbon
chains (CF,) in PFI molecules are mostly rich at the SOHEL
surface compared with PSS molecules.”® Because the IE value of
PFI molecules is larger than that of PSS molecules,>>® the
surface-enriched PFI molecules in the SOHEL induce more
unfilled state and much deeper level of the IES depending on
the PFI/PEDOT : PSS ratio of the SOHEL. As a result, when the
SOHEL contacts photoactive materials (PCDTBT or MAPbI;),
the IES of the SOHEL can reach closer to the HOMO or VBM of
photoactive materials compared with that of PEDOT:PSS to

Energy Environ. Sci., 2016, 9, 932-939 | 935
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Fig. 5 Schematic diagrams of the energy level at the ITO/MAPbIs, PEDOT:
PSS/MAPbI3, and SOHEL/MAPDI3 interface.

reduce the energy offset and increase the corresponding V. in
the device, even though the Er of the SOHEL is pinned at the
midgap state of photoactive materials (B-C regime of Fig. 2).

The results for the interfaces between MAPDI; perovskite
and HELs are summarized in Fig. 5 by the schematic diagrams
of the energy level alignment at the interface between MAPbI;
perovskite with various substrates of ITO, PEDOT:PSS or the
SOHEL. At the ITO/MAPDI; interface, the energy level offset
between WFgyg and VBM of MAPDI; is 0.9 eV due to relatively
low WFgyg of ITO. At the PEDOT:PSS/MAPDI; interface, WFgyg
is increased to 4.78 eV and the Fermi-level of the PEDOT:PSS
approaches the VBM of the MAPbI;, thus the resulting WF of
MAPDI; is increased to 5.01 eV. However the WF of MAPDI; is
not changed in further increased WFgyg of the SOHEL (5.33 eV),
because the Fermi-level was pinned at the midgap state of the
MAPDI;. When the energy level of the midgap state is shallower
than WFsyg, electrons of the midgap state are transferred to the
substrate across the interface until equilibrium is reached. This
charge transfer across the interface results in the creation of an
charge-transfer-induced interfacial dipole that upshifts the
vacuum level when charges are transferred to the substrate.”*”
A charge-transfer-induced interfacial dipole is formed at the
SOHEL/MAPbDI; interface and it increases depending on the
PFI/PEDOT : PSS ratio in the SOHEL. It is because more electrons
should be transferred across the interface to the deeper IES of
the SOHEL compared with PEDOT:PSS until equilibrium is
reached. We also found that the electrons of MAPbI; perovskite
transferred to the adjacent HEL depending on the energy align-
ment at the interface. In UPS spectra, the density of state near
the VBM of MAPbI; was reduced with increasing WF and
deepening IES of the HEL (Fig. S6, ESI{), because more electrons
should be transferred across the interface to the HEL with
deeper IES to reach equilibrium. In the same manner, the energy
diagrams of P3HT, PCDTBT, and MAPDbBr; are summarized in
Fig. S7-S9 (ESIY), respectively.

We measured the electrical and optical properties of
SOHELs and investigated the device characteristics based on
SOHELs. The electrical and optical properties of SOHELs are
comparable with those of PEDOT:PSS. The conductivities of
20 nm-thick PEDOT:PSS and SOHELA4 films are 4.9 x 10 ' Scem ™'
and 4.7 x 10~ S em ™', respectively. The transmittance spectra
of PEDOT:PSS and SOHEL4 were almost identical as shown in
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Fig. S10 (ESIf). On the other hand, the rectification ratio
(forward-biased current/reverse-biased current) at +2.0 V in the dark
J-V characteristic curve of the MAPbI; device increased from 8.2 x
10* (PEDOT:PSS) to 3.3 x 10° (SOHEL4) and 7.6 x 10® (SOHELS5)
(Fig. S11, ESIt). It apparently shows that the conductivity and
transmittance of SOHELs are very similar to those of PEDOT:PSS,
while the energy level of the SOHEL is significantly modified to form
the ohmic contact at the interface. We used the Clevios PH with
lower PSS molecular ratio (e.g: PEDOT : PSS = 1:2.5) to achieve highly
conductive PEDOT:PSS:PFI as a SOHEL despite lower WF (4.9 eV in
Table 1) of Clevios PH compared with that of Clevios P VP Al4083
with a higher PSS molecular ratio (e.g PEDOT:PSS = 1:6) which
showed a conductivity of ~6 x 10™* S em '****® and a WF
of 5.2 eV.>»*>**% Our SOHELs based on Clevios PH showed a
higher WF (up to 5.48 eV in Table 1) and a higher conductivity (4.7 x
10~ S em™ ! for SOHELA) than those of Clevios P VP Al4083 because
of the lower PSS concentration and higher PFI concentration in the
composition. The built-in potential** and V,, of the device based on
the SOHEL increased compared with those of the PEDOT:PSS-based
device due to a good energy level alignment of the SOHEL with the
HOMO or VBM level of photoactive materials. Therefore, the photo-
current was easily extracted to the electrodes in the PCDTBT and
MAPDI; solar cells based on the SOHEL and the resulting Ji.
increased compared with that of the PEDOT:PSS-based device
(Tables S1 and S2, ESIf).

The quality of MAPDI; films on PEDOT:PSS and the SOHEL was
investigated using X-ray diffraction (XRD), field-emission scanning
electron microscopy (SEM), and transient photoluminescence
(Tr-PL) spectroscopy (Fig. S12-S14, ESILi respectively). We
investigated the [110] diffraction peaks of MAPbI; perovskite
and the [001] diffraction peaks of Pbl, in XRD patterns
(Fig. S12, ESIY), however we could not find a noticeable change
in the peak positions of [110] and [001] diffraction peaks and
their fullwidth half-maximum (FWHM) of both samples
depending on the substrates (Table S3, ESIt). The crystalline
structure and crystallinity of MAPbI; perovskite and the
unreacted PbI, were not changed depending on HELs. We also
estimated the morphology of MAPDI; film repeatedly for a
relatively rough surface of MAPDI; film due to its rapid crystal
growth. In high magnification (x30k) SEM images (Fig. S13,
ESIt), we could not estimate the noticeable changes in the
surface morphologies such as grain size or the number of pin-hole
of MAPDI; perovskite films depending on substrates. Since the
crystal structure of MAPDI; is constructed by the intercalation of
MAI molecules into PbI, crystalline during sequential deposition
of MAI casting on Pbl, film, the crystallization and morphology of
MAPDI; are rarely affected by the surface properties the of HEL in
case of a two-step process. The average PL lifetime (t,,) of
PEDOT:PSS/MAPbI;, SOHEL3/MAPDbI; and SOHEL5/MAPDI; are
17.71, 18.746 and 19.634 ns, respectively (Fig. S14, ESIT). These
similar lifetimes confirm that the MAPDI; layer fabricated on
different under-layers showed similar morphology and grain
size. However, gradually increasing the PL lifetime of MAPbDI;
from PEDOT:PSS to SOHELS5 originated from the blocking of the
quenching of electron-hole pairs at the HEL/MAPbI; interface
due to the surface-enriched PFI layer of the SOHEL.
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Fig. 6 Stability measurement of the SOHEL/PCDTBT:PC;oBM device kept
under continuous simulated solar irradiation at 100 mW cm™2 and 25.3 °C.
(@) PCEs of devices with different PFl ratios were compared over time.
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We investigated the LT of OPVs by measuring the PCE of devices
over time under continuous irradiation of 100 mW cm ™ simulated
sunlight at 25.3 °C in Fig. 6. The LT of PCDTBT:PC,,BM solar cells
that employ SOHELs was significantly longer than that of the
conventional PEDOT:PSS device, and significantly increased as a
function of the PFI/PEDOT: PSS ratio in SOHELs. The half-LT of the
device with pristine PEDOT:PSS was 300 h. It is increased to 4200 h
(SOHEL1) and 5700 h (SOHEL4) in the extrapolation slope. When
we assume negligible degradation of OPVs in the dark and 5.5 h of
1 sun intensity per a day,*® the estimated operating half-LT of the
PCDTBT:PC,(BM device with PEDOT:PSS and SOHEL4 is 0.15 and
2.84 years, respectively. A major reason for the LT prolongation is
the diffusion-blocking ability of the self-organized fluorocarbon
layer at the surface of our SOHELs for the impurities (e.g. sulfates,
alkali metals, In atoms, and Sn atoms) from ITO.> This diffusion-
blocking ability is increased with the PFI molecular ratio in the
SOHEL because the fluorocarbon chains in the PFI show good
chemical stability and hydrophobicity and tend to be preferentially
organized as a surface-enriched overlayer.>® The V,,. of the device
tended to deteriorate more significantly than did J,. (Fig. 6b and c);
this indicates that an impurity diffusion blocking layer of PFI is
important to maintain Vj; during device operation under
illumination.

Experimental

Device fabrication

A solution of PEDOT:PSS (Clevios™ PH) was mixed with 5 wt%
tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octene-sulfonic
acid copolymer (a perfluorinated ionomer) (Sigma Aldrich Co.) in
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various weight ratios (Table 1) and spin-coated as hole extraction
layers (35 nm thick) on top of indium-tin-oxide (ITO)/glass. The
weight ratio of PEDOT : PSS to PFI in the solution was varied as
128:1 (SOHEL1), 64:1 (SOHEL2), 32:1 (SOHEL3), 16:1
(SOHEL4), 8:1 (SOHEL5) and 4:1 (SOHEL6). The SOHEL was
baked on a hotplate in air at 150 °C for 10 min. The substrates
were moved to a N, glove box, then P3HT (Rieke Metals Inc.,
P200): PC4oBM (nano-C Inc.): dichlorobenzene (Sigma-Aldrich
Inc., Anhydrous) (20 mg: 20 mg: 1.5 mL) or PCDTBT (1material
Inc.): PC,oBM (nano-C Inc.): dichlorobenzene (Sigma-Aldrich
Inc., Anhydrous) (7 mg: 28 mg: 1 mL) solution which had been
heated for 6 h at 60 °C were spin-coated on the hole extraction
layers to thicknesses of 210 nm and 75 nm, respectively.
P3HT:PC,,BM thin films were dried slowly and baked at
150 °C for 30 min on a vacuum hotplate to arrange the molecular
ordering; PCDTBT:PC,,BM thin films were baked at 70 °C for
10 min. Then cathodes were thermally evaporated on the photo-
active layer surface in a vacuum of 2 x 10”7 Torr. First a 3 nm-
thick Ba or Ca interfacial cathode was deposited at 0.1 A s™™.
Then a 20 nm-thick Al cathode layer was deposited at 1 A s™* and
an 80 nm-thick Al cathode layer was deposited at 5 A s™*
sequentially. For perovskite solar cells, the substrates were
moved to a N, glove box, then a Pbl, layer was spin cast from
17.2 wt% Pbl, solution in anhydrous N,N-dimethylformamide
(DMF) (Aldrich) with a spin-coating speed of 8000 rpm for 30 s,
followed by thermal annealing at 70 °C for 10 min. Then
CH;NH;I was deposited from 20 mg mL~" CH;NH;I solution
in anhydrous IPA with a spin-coating speed of 3000 rpm for 30 s;
the film immediately darkened after the CH;NH;I solution was
added. The coated films were then placed on a hot plate set at
100 °C for 5 min. The PCeBM layer was spin-coated from
0.7 wt% PCg,BM (nano-C Inc.) solution in chloroform, then
cathodes were thermally evaporated on the photoactive layer
surface in a vacuum (2 x 107 Torr). A 20 nm-thick Al cathode
layer was deposited at 1 A s™ and an 80 nm-thick Al cathode
layer was deposited at 3 A s™* sequentially without a Ca inter-
layer.”® The photoactive area (0.06 cm®) was determined using
metallic shadow masks. In the N, glove box, a UV-curable epoxy
resin was used to encapsulate the devices with a glass lid.

Characterization

The current density-voltage characteristics (J-V curves) were
obtained using a Keithley 2400 source measurement unit under
irradiation at AM-1.5 100 mW c¢m > generated using a Newport
69907 solar simulator.

The stability of the devices was measured using a McScience
Polaronix K3600 Solar Cell Reliability Test System. Device
characteristics were recorded at intervals of <1 h under irra-
diance of AM-1.5 100 mW cm > light and 25.3 °C until the PCE
had decreased by 50% until half-lifetime.

The WF and VBM or HOMO of the surface was measured
using an ultraviolet photoelectron spectroscopy (UPS). All mea-
surements were conducted at room temperature.

To measure the PL decays of perovskite films, we used a
picosecond pulsed laser head (LDH-P-C-405B, PicoQuant) as a
405 nm excitation source and a PDL800-D (PicoQuant) laser driver.
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The PL lifetime was resolved and measured by using a mono-
chromator (SP-2155, Acton) and a MCP-PMT (R3809U-50,
Hamamatsu). We also used a PicoHarp 300 TCSPC module
(PicoQuant GmbH) to calculate the PL lifetime from PL decay
curves.

Conclusions

We systematically demonstrate that the energy offset at the
HEL/PAL interface in OPVs and PrSCs can be eliminated by
universal energy level tailoring of the SOHEL. We can control
WEF and the IES level of the SOHEL via the surface-enriched PFI
molecule. Although the Fermi-level of HELs tends to be pinned
to the midgap state of PALs, the IES of the SOHEL can be
aligned with the HOMO or VBM level of PALs and thus the V.
can be increased further even after Fermi-level pinning. There-
fore, we can use universal energy level tailoring of the SOHEL
for various organic and perovskite PAL materials with diversed
HOMO or VBM levels, minimize the potential loss at the hole
extraction interface, and then maximize V,. in the OPVs and
PrSCs with the SOHEL. Furthermore, SOHELs significantly
prolonged the half-LT of the OPVs by 19 times under continuous
irradiation of AM-1.5 100 mW cm > simulated sunlight at
25.3 °C because of the self-organized fluorocarbon molecules
at the SOHEL surface which has good chemical stability and
hydrophobicity. All the results clearly support that the SOHEL
is a multi-functional and universal HEL material for highly
efficient and reliable OPVs and PrSCs.
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