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Abstract

The design and development of functional materials with superior electron
transport capabilities is the key to advances in the field of optoelectronic devices.
Earth-abundant transition metal oxyhalide and carbon-doped semiconductors
have been investigated as electrode materials in catalytic devices owing to their
exceptional physical properties, high electrical conductivity, excellent robustness
and enhanced chemical stability. However, there are no reports so far about
their potential application in other optoelectronic devices such as light emitting
diodes and solar cells. Here, we designed and developed by adopting a simple
preparation process a ternary compound namely a carbon-doped tantalum
dioxyfluoride (TaO2FCy) and explored its effectiveness as an electron transport
material in organic optoelectronic devices. By combining excellent n-type
conductivity, high transparency, defect-free electronic structure, low refractive
index, enhanced hydrophobicity and robustness, the newly developed ternary
compound was proven an outstanding electron transport material in both
organic light emitting diodes and solar cells of diverse architectures delivering
higher efficiencies compared to well-established electron transport layers and,
thus, extending its potential as a highly promising material for solid state lighting

and solar energy production.

There is a growing consensus that optoelectronic devices using solution-processed
semiconductors such as organic semiconductors and organic-inorganic perovskites

will play a central role in the near future applications in solid state lighting and solar
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energy exploration because of their low cost and enhanced performance.>? Solution-
processable organic optoelectronic devices such as organic light emitting diodes
(OLEDs) and organic solar cells (OSCs) although they lag behind in efficiency
compared to their perovskite counterparts they continue to draw large interest due to
their higher stability and non-toxicity.®* Furthermore, the academic community has
recently witnessed an unprecedented evolution in their performance characteristics
implying they will soon become mature technologies for industrial applications. This
has been mainly accomplished by the development of novel semiconductors such as
non-fullerene acceptors and more advanced device architectures.>® However, further
improvements in the efficiency characteristics of OLEDs and OSCs and, most
importantly, in operational and long-term temporal stabilities are vital for their

widespread use and commercialization.

A critical aspect for enhanced device performance is the carrier injection/transport
efficiency of the electrodes to/from the (photo)active organic materials. In particular,
the electron transport layer is indispensable for achieving high electron transfer rates
to/from the cathode electrode and maximize the device efficiency.!®'! Except for
appropriate energy levels in order to form a type Il (i.e. staggered gap) heterojunction
with the organic semiconductor, an ideal electron transport layer (ETL) should also
possess an adequate n-type conductivity, a low refractive index to enhance the out-
coupling efficiency, robustness and a high hydrophobicity and overall environmental
stability to restrict water adsorption on the organic semiconductor surface and prolong
the device stability.!2**Especially, in devices with forward (i.e. p-i-n) architecture the
latter is highly crucial in order to avoid moisture’s penetration into the active organic
layer prior to the cathode deposition. To date, various types of electron transport

materials, such as alkali-earth  metals,’*  polyamine  compounds,*



polyelectrolytes,*”® poly(ionic liquids),’®? and metal salts and bases,??> have been
developed. Remarkably, research on the intrinsically robust and environmental stable
inorganic transition-metal oxides for application as ETLs in organic and related
perovskite optoelectronics is scarce, with the highly defective zinc oxide (ZnQO) and
titanium dioxide (TiOz2) and the less-defective tin oxide (SnO2) to be the only metal
oxides reported so far.?326 To bring the organic and related optoelectronics in a more
mature level for technological applications, a significant advancement in the metal
oxide based charge transport interlayers is urgently needed.

Tantalum pentoxide (Ta20s), a non-defective wide bandgap material with a large
refractive index possessing high thermal and chemical stability under various
environments, has attracted significant attention as a high dielectric constant gate
oxide for applications in field-effect transistors (FETS) and resistive memories as well
as in the coating and photocatalytic fields.?”?® However, its’ very large optical band
gap (higher than 4.0 eV) and extremely low electrical conductivity render
stoichiometric Ta20s highly unsuitable as either hole or electron transport material for
applications, such as solar energy to electricity conversion and solid state lighting.
Recently, Y. Wan et al. reported a tantalum sub-oxide (TaOx) as a robust electron
selective heterocontact for crystalline silicon photovoltaics and photo-electrochemical
water reduction.?® Moreover, tantalum oxynitride (TaON),* tantalum dioxychloride
(TaO2Cl),*! and dioxyfluoride (TaO2F),%? and the MXene family member tantalum
carbide (TaC),*® have been recently considered as excellent electrocatalysts to several
catalytic reactions due to their suitable optical bandgap and superior charge transfer rates.
Among them, TaOzF has been considered as the most stable inorganic compound in
nature as it exhibits the highest known melting points of all materials.*>** Moreover,

carbon-doped tantalum oxide was proven beneficial for memory applications whereas



TaC can reach nearly metallic conductivity.>® Motivated by the above research work,
we designed and developed a novel ternary compound with exceptional optoelectronic
properties, in particular, a carbon-doped tantalum dioxyfluoride (TaO2FCx) that
exhibits a combination of energy levels perfectly matched with those of most organic
semiconductors, high electron conductivity, extremely low refractive index and high
hydrophobicity, therefore representing an ideal choice for the cathode interface of
several types of OLEDs and OSCs.

Fig. 1a illustrates the preparation process of the ternary compound. Tantalum oxide
vapors produced by heating a superficially oxidized tantalum (Ta) filament reacted
with hexafluoroacetone (CsFsO) vapors introduced inside the deposition chamber by
bubbling of a nitrogen (N2) stream through a saturator kept at 60 °C. The ternary
material was deposited to form thin films on top of selected substrates which
remained at room temperature. X-ray (XPS) and ultra-violet (UPS) photoelectron
spectroscopy was employed to reveal the atomic composition (i.e.stoichiometry),
valence band and work function of the material, which are critical to its application as
electron selective layer. Fig. 1b depicts the Ta 4f XPS core levels; they consist of two
different doublet peaks attributed to Ta 4f 72 and Ta 4f 5. In the first doublet the Ta
4f 72 peaks at 26.2 and is attributed to the stoichiometric oxide phase.*® The second
doublet is shifted to higher energies and the Ta 4f 72 appears at 26.9 eV.® This
doublet is assigned to a fluorinated oxide phase and the shift to higher energies is due
to the high electronegativity of fluorine anion.®” The F 1s spectrum (Fig. 1c) can be
fitted with two Gaussian components peaked at 688.1 and 684.8 eV attributed to
fluorine anions bonded to Ta and C, respectively.®° This indicates the incorporation
of C within the structure of the developed material. The O 1s spectrum (Fig. 1d) is

also fitted with two Gaussian components one positioned at 530.8 and attributed to



Ta-0 bonds, and a second peaked at 531.9 eV attributed to -OH groups due to surface
contamination. From the XPS analysis a material’s stoichiometry of TaO2FCx is
evident.

Fig. le depicts the high binding energy cut-off region (left), the full valence band
(middle) and the near Fermi level region (right) of the UPS spectrum of TaO2FCx.
The valence band maximum (VBM) appears at 3.0 eV below the Fermi level whereas
the work function (WFe) is estimated at 4.3 eV. No defect band appears inside the band
gap, suggesting that the synthesized material is non-defective. It also has a lower
bandgap than the pristine tantalum pentoxide we deposited in an oxygen environment
(Supplementary Figs. la and 2a, Supporting Information) whereas it is highly
transparent in the visible (Supplementary Fig. 1b) which is highly desirable when
applied at the bottom cathode electrode of inverted devices. In the X-ray diffraction
pattern of the deposited material (Fig. 1f), three crystalline peaks appear at 26
positions of 33° 62° and 65° These peaks are characteristic of tantalum
oxyfluoride,**4! while those at 33° and 65° could also be related to the formation of
Ta:C phase.*”*® Note that, the Ta oxide deposited without the injection of
hexafluoroacetone appears completely amorphous (Fig. S3). Additionally, the
materials exhibited a very low refractive index of about 1.3 in the visible and near-IR
region (Fig. 1g) which is attributed to its high fluorine content.** The refractive index
of the pristine oxide was about 2.0 (Fig. S4) in accordance with the literature.*® The
surface topography of the ternary compound is grain-like (Fig. 1h) with the grain size,
thickness and surface roughness to be easily controlled by changing the deposition
environment and time (Fig. S5). Those changes had no significant impact on the
materials stoichiometry (Figs. S6 and S8), thus offering a window to optimize our

processing/deposition conditions. The high fluorine content also resulted in an



increased hydrophobicity of the synthesized material (inset, Fig. 1g), especially when
compared to the pristine oxide (Fig. S2b); this is highly beneficial for application as a
buffer layer for moisture in organic and related optoelectronics. The developed
material also exhibited an n-type conductivity of 1.26 S cm™ (Fig. 1i) whereas the
pristine oxide was insulating (Fig. 1i), as expected.*

Theoretical calculations were also performed to shed more light on the properties of
the developed material. The bulk structure of TaO2F belongs to the cubic crystal
system with the space group of Pm3m.*’ Crystallographic refinement of O/F ratio on
the shared site exhibits a value of 0.6667:0.3333 implying a disordered composition
(partially occupied) but maintaining stoichiometry. Before we examine the electronic
structure and binding energies of a single gaseous carbon atom trapped in a TaO2F
lattice, it was necessary to consider a full occupancy model without modifying the
overall composition. Three possible models (Fig. S7) were identified. The lattice
energies of three structures were compared by performing geometry optimizations
(both ion positions and cell parameters). Simulations find that all three structures have
similar energies suggesting that all three structures are identical. In order to consider
the most favorable scenario of an interstitial C atom in the non-defective structure I, a
3x3x3 supercell consisting of 108 atoms was generated. Fig. S8 shows the relaxed
supercell structure and its density of states plot (DOS). Calculations reveal that bulk
TaO2F has a band gap of ~3.0 eV. Various possible interstitial positions were
considered and four promising relaxed structures were identified. Geometry optimized
structures together with a view of C interstitials are shown in Fig. S10.

In the first configuration (P), C is in the centre of the cubic motif without forming
significant bonds with oxygen or fluorine (Fig. S9). This is reflected in the calculated

bond distances and the almost zero Bader charge. There is a small distortion in the



lattice. Binding energy is —0.60 eV suggesting that the C in this interstitial position is
more stable than its isolated gaseous atom. Interstitial C introduces a peak at the top
of the valence band without altering the band gap, making this material non-defective
as also indicated by UPS. Charge density around C is shown in Fig. 2. The second
configuration (Q) consists of an interstitial C along the bc plane with a significant
interaction with oxygen and fluorine (Supplementary Table 1 and Fig. S9) reflecting
in the Bader charge and relatively short bond distances. The interstitial C becomes
slightly positive. The attractive interaction between C and O is slightly stronger
compared to that of F according to the bond distances.® The binding energy of C for
the formation of this configuration is —0.20 ¢V, less favorable that of configuration P.
Howevwe, there is a significant binding in the configuration R. In this configuration,
C forms four short bonds with oxygens lie on the ac plane. On the other handfluorine
is further away from C and its interaction with C is weak as observed in the C-F
distances. Binding energy is —1.15 eV more exoergic than that observed in P and Q.
The strong binding is reflected in the Bader charge (slightly more positive than that
noted in P and Q) and charge density around the C and its neighboring atoms (Fig. 2).
The fourth configuration (S) exhibits the strongest interaction between C and O in the
lattice. The binding energy is —5.89 ¢V meaning that there is a significant interaction
with the lattice. Fig. S10 shows the strong bonding interaction between C and oxygen.
This is reflected in the shortest C-O bond distance (1.29 A). Moreover, there is a
distortion in the lattice with F atoms moving slightly further away. DOS and atomic
DOS plots clearly show that the peak introduced by the C is now mixed with the
valence band. Strong bonding interaction is also reflected in the charge density plot.

We next deposited a TaO2FCx film with an approximate thickness of 6 nm (Fig. S11)

on top of the green-emissive organic semiconductor poly[(9,9-dioctylfluorenyl-2,7-



diyl)-co-(1,4-benzo-2,1',3-thiadiazole)] (F8BT) and evaluated its electron
injection/transport capability. The alteration of the surface topography of F8BT (Fig.
S12) and the detection of Ta 4f XPS peaks on F8BT (Fig. S13) indicated the
successful deposition of the ternary compound on top of F8BT. The forward OLED
configuration (Fig. S14) consisted of an indium tin oxide (ITO) layer as the
transparent bottom anode electrode, a poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT-PSS) film with a thickness of 40 nm as the hole transport layer
(HTL), the emissive layer (F8BT or the blue emitting poly[2-(6-cyano- 6'-
methylheptyloxy)-1,4- phenylene] (CN-PPP)) and the top aluminum cathode. In the
reference devices a commonly used cesium carbonate (Cs2COs) film was served as
ETL for comparison. Fig. S15 presents the schematic energy level diagram of the
materials used in the OLED structure considering vacuum level alignment before
contact. The valence (VB) and conduction band (CB) edges of TaO2FCx were
estimated from UPS and absorption measurements whereas the energy levels of the
other OLED materials were taken from the literature.* The estimated CB value of
3.95(x0.1) eV for TaO2FCx is expected to be highly beneficial for electron transport
as it is located between the lowest unoccupied molecular orbital (LUMO) of the
emissive layers and the Al cathode work function thus forming a type |l
heterojunction with F8BT. Fig. 3a presents the current density-voltage-luminance (J-
V-L) characteristics of the F8BT-based OLEDs. Fig. 3b, Fig. S16 and Fig. 3c show
the current, power and external electroluminescence (EL) quantum efficiency of
OLEDs versus the current density. Supplementary Table S2 summarizes the OLEDs
performance characteristics which are highly improved when incorporating TaO2FCx
as the ETL instead of Cs2C03.° The C-doped Ta dioxyfluoride-modified device

exhibited an ultra-low turn-on voltage (2.0 eV) that is even lower than the F8BT's



bandgap (Fig. S17) indicating a highly improved electron injection. This was also
proven by the J-V characteristics of electron-only devices (Fig. S18). The achieved
current efficiency of 16.53 cd/A is among the highest ever reported for OLEDs using
thin (about 100 nm) F8BT emissive layers.®>> The EL spectra were very similar to
the photoluminescence (PL) emission spectrum of F8BT (Figs 3d and Fig. S17a)
suggesting that EL emission originates from excitons generated exclusively inside
F8BT. Note that the hybrid oxide worked as an effective ETL also in blue OLEDs
(Fig. S19) based on the CN-PPP emitter having a higher LUMO level than F8BT. As
one of the major issues in OLEDs is their operational stability, this was investigated
for both (reference and TaO2FCx-modified) F8BT-based OLEDs. It is observed that
whereas the reference device retained lower than 60% of its initial luminance after
100 h of constant operation under a 15 mA cm current density (Figs. 3e, 3f), the
device with the C-doped Ta dioxyfluoride ETL retained above 90% of its initial
luminance due to the superior quality of the modified cathode interface and the
capability to act as a protective layer due to its high robustness and hydrophobicity.
UPS measurements taken on a F8BT film prior to (Fig. S20) and after the deposition
of TaO2FCx on top of it (Fig. 3g) revealed a remarkable decrease in the electron
injection barrier from 1.1 (Fig. 3h) to 0.3 eV (Fig. 3i) which explains the superiority
of the ternary compound as an electron injection/transport layer. Such a large
reduction in the electron injection barrier can be directly related to enhanced electron
injection/transport rates towards the emissive layer and overall improvement of the
quality of the cathode interface as injection barriers 0-0.3 eV indicate the formation of

an Ohmic rather than a Schottky contact.>®

To explore the potential for universal application of the developed material in other

organic optoelectronic devices, we fabricated single junction binary OSCs with the
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forward architecture based on blends of conjugated polymer donors with both
fullerene  (Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b"]dithiophene-
2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-(2-carboxylate-2-6-
diyl)]: phenyl-Cz-butyric acid methyl ester, PTB7-Th:PC7:.BM) and non-fullerene
(poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-
b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1°,2’-
c:4’,5’-c’]dithiophene-4,8-dione)]:3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-
6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2°,3’-d’]-s-
indaceno[1,2-b:5,6-b’[dithiophene, MP6:I1T-4F) acceptors (Fig. S21). The control
devices included the well-established perylene diimide amino N-oxide (PDINO) as
ETL on top of the photoactive blend. For the PTB7-Th:PC71.BM based OSCs, a
significant improvement in power conversion efficiency (PCE) up to 10.31% was
obtained in the TaO2FCx-modified device compared to the reference device with the
PDINO (PCE up to 9.40%) (Fig. S22 and Supplementary Table 3). The enhanced
OSC performance can be assigned to the high quality of the cathode contact as
indicated by the lower bimolecular recombination (Fig. S23) and improved electron
transport in the photoactive blend (Fig. S24 and Supplementary Table 4) of the
TaO2FCx based device. Added to the merits is the high long-term stability of the “self-
encapsulated” TaO2FCx modified devices which is directly related to the robustness
and hydrophobic nature of the ternary material. The appropriate position of the CB
edge of TaO2FCx facilitates electron extraction from the LUMO of PC71BM (~ 3.9
eV) and the LUMOs of the recently developed non-fullerene acceptors (~ 4.0 eV)
(Fig. 4a) towards Al by acting as an intermediate energy step. As a result, the
MPG6:1T-4F based OSC with a forward architecture ITO/PEDOT-PSS/MP6:IT-

4F/ETL/AI and the TaO2FCx as ETL reached a high maximum PCE of 13.18% (Fig.
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4b and Supplementary Table 5) and an average PCE of 12.77% (Fig. 4c), thus
representing a significant enhancement relative to the control device with PDINO
(PCEmax=12.04%). The enhanced photon-to-electron conversion efficiency (Fig. 4d)
and improved electron transport (Fig. 4e and Supplementary Table 6 with the
calculated electron mobilities) revealed the high quality of the cathode interface in
this device configuration. The incorporation of TaO2FCx also contributed to the
excellent device long-term stability when exposed to ambient conditions (Fig. 4f).
Importantly, a large improvement in performance was also obtained in OSCs with the
inverted architecture FTO/ETL (40 nm)/MP6:1T-4F/MoOx/Al using either our
developed material or the widely used ZnO as the bottom ETL. The control device
showed an inferior performance (reaching a maximum PCE of 12.10%) compared to
the TaO2FCx one (PCEmax=13.82%) due to the advantages of the ternary material
discussed above. This represents one of the higher efficiencies of single junction
PMG6:1T-4F based OSCs reported to date.®*>> Additionally, the higher UV-Vis
absorption of the PM6:1T-4F film on top of TaO2FCx (Fig. S25) is assigned to the
higher transmittance (lower absorption) of the cathode contact, the absence of trap
states on the surface of the ternary compound (Fig. S26) and an improved
nanomorphology of the photoactive layer due to the higher hydrophobicity of the
TaO2FCx compared to ZnO (Fig. S27). All these observations verify the superior role
of the C-doped Ta dioxyfluoride as an advanced electron transport material and open
a new era for the application of non-defective oxide-based materials in optoelectronic

devices.

In summary, we have developed an efficient electron transport material for
optoelectronic applications through a simple and low-cost deposition method. As a

result, fluorescent green OLEDs with current efficiencies of 16.53 cd/A and non-
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fullerene OSCs reaching PCEs of 13.82 % were demonstrated with the additional
advantage of high operational and temporal stability. Our methodology of TaO2FCx
preparation could easily be extended to other simple and well-established deposition
techniques including solution-processing to enable the low-cost development of
carbon-doped metal oxyfluoride semiconductors that may open new avenues and
create opportunities for research not only in organic but also in silicon, perovskite and

guantum-dot solar cells and light emitting devices.

Methods

Preparation of C-doped tantalum dioxifluoride. Carbon-doped tantalum
dioxyfluoride films were deposited in a MOCVD reactor using tantalum oxide and
hexafluoroacetone (purchased from Sigma-Aldrich) vapors. Tantalum oxide vapors
were produced by heating a superficially oxidized metallic (Ta) filament (purchased
from Merck) at a temperature of 1000 °C. The hexafluoroacetone vapor was
introduced in the deposition chamber by bubbling of a (10 sccm) N2 stream through a
saturator kept at 60 °C. For the deposition, substrates were loaded on a copper
susceptor located 5 cm below the filament, which was fixed between two Cu current
leads. The chamber was subsequently evacuated to 102 Torr and the gases (100 sccm
of N2 and hexafluoroacetone vapors) were introduced. Then, the pressure was
automatically stabilized to 1 Torr with the aid of a pressure control system comprising
a baratron manometer and a butterfly valve. After stabilization of flows and pressure,
the filament was heated with the application of an AC (50 Hz) current. Bias voltage
and deposition time was used to control the film thickness and the times used varied

between 1 second and 60 seconds. The deposition of a pristine Ta oxide was
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performed in oxygen environment without the introduction of hexafluoroacetone
vapors inside the chamber. During deposition the substrate remained near room

temperature.

Theoretical methodology. All calculations were performed using dispersion
corrected density functional theory (DFT+D) as implemented in the VASP code,
which solves the standard Kohn-Sham equations using plane wave basis sets. For the
exchange correlation energy term the Generalised Gradient Approximation (GGA)
has been used in the form of the PBEsol functional. The standard projected
augmented wave (PAW) potentials and a plane-wave basis set with a cut off value of
500 eV were employed. A 4x2x4 Monkhorst,- k point mesh, which yielded 20 k
points was used in all calculations. The valence electronic configurations for Ta, O
and F were 5p®6s?5d3, 2s22p* and 2s22p°. Structural optimizations were performed
using a conjugate gradient algorithm and the forces on the atoms were obtained from
the Hellmann-Feynman theorem including Pulay corrections. In all optimized
structures, forces on the atoms were smaller than 0.001 eV/A. In this work, dispersion
has been included by using the pair-wise force field as implemented by Grimme et al.

in the VASP package.

OLED device preparation. OLED devices were fabricated on ITO coated glass
substrates (sheet resistance of 20 Q/sq) which served as anode bottom electrodes.
Prior to the deposition of organic semiconductors, the substrates were
successivelysonicated for 10 min in acetone, 2-propanol and DI water and then dried
in nitrogen flow. Next, the substrates were subjected to oxygen plasma treatment for
10 minutes followed by deposition of a thin (~40 nm) layer of poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS, 1.3 wt. % dispersion
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in H20) (purchased from Sigma Aldrich) which was filtered using a 0.45um PVDF
filter and spin coated in ambient conditions at 7000 rpm for 40 sec and then annealed
at 130 °C for 30 min. The emissive layer (F8BT, with a 9:1 F8:BT ratio, purchased
from American Dyes Source, ADS 233 YE) was then spin coated from a 10 mg mL™*
solution in chloroform (filtered through a 0.22 um pore size PTFE filter) at 1200 rpm
for 40 sec to form a ~ 100 nm thick layer on top of PEDOT-PSS and then annealed at
95 °C for 10 min. In the control devices, a thin Cs2COs layer was deposited on top of
F8BT via spin coating (at 2000 rpm for 40 sec) from a methanol solution with a
concentration of 5 mg mL™ to serve as electron injection/transport layer. For the
deposition of tantalum dioxyfluoride some devices were transferred in a dedicated
deposition chamber. The devices were finally completed with a 150 nm aluminum

cathode deposited through a shadow mask in a dedicated chamber.

OSC device fabrication. OSCs with the forward architecture were fabricated on
PEDOT-PSS deposited on pre-cleaned 1TO/glass substrates. The substrates were
subsequently transferred in an argon filled glove box for the deposition of the
photoactive layer. The MP6F:1T-4F (both purchased from Ossila) blend was dissolved
in chlorobenzene (CB) solvent at the concentration of 20 mg/ml (1:1 ratio) and stirred
at 40°C for 3h. Before spin coating, 1,8-iodooctane (DIO) (0.6%, v/v) was added to
the solution. The films were spin coated at 1700 rpm for 60 s and then thermally
treated at 100 °C for 10 min. The photoactive PTB7-Th:PC71BM blend (both
purchased from Ossila) was dissolved in 1,2 dichlorobenzene (0-DCB) at the
concentration of 25 mg/ml (1:1.5 ratio) and stirred at 60 °C for 3 h. Prior to spin-
coating D10 (3%, v/v) was added to the solution. The films were spin coated inside an
argon filled glove box at 1000 rpm for 90 sec and left to dry without any thermal

treatment. The control samples were thenmodified with a PDINO film that was spin
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coated from a 5 mg/ml solution in methanol at 2000 rpm for 40 s without any other
treatment whereas the samples with carbon-doped tantalum dioxyfluoride were
immediately transferred from the glove box to the dedicated deposition camber. The
fabrication procedure was completed upon the deposition of the Al top electrode in a
thermal evaporator using shadow masks to define the active area. For the OSCs with
the inverted architecture, a 30 nm thick ETL was deposited on pre-cleaned and O2
plasma treated FTO substrates. ZnO layers were prepared by spin-coating 0.5 mol/L
zinc acetate dihydrate in ethanolamine and 2-methoxyethanol which were then heated
at 200 °C for 30 min. The TaO2FCx layer was deposited as described above followed
by the deposition of the MP6:1T-4F blend and of 10nm thick MoOx capped with a 150

nm Al anode. The device active area was 0.13 cm?.

Electron mobilities calculation. To model current space charge limited conduction
(SCLC) and obtain the electron mobility of the MP6:1T-4F and PTB7-Th:PC7:.BM
blend in electron-only devices, the measured current-voltage data were fitted in the
SCLC regime to Mott-Gurney’s law, including the Frenkel effect on the electric field

dependent mobility, given by the following equation:

J = (9/8)eoerpoexp[0,89B{(V/d}?](V?)/(d®),  (equation S1)

for current density J, applied voltage V, permittivity of free space eo, relative
permittivity of the blend &r (er=3.5), zero-field electron mobility po, field activation
factor p and active layer thickness d (d=120 nm). The fitting parameters po and  are
listed in Tables S1 and S2, respectively, and were calculated from the intercept and

slope of the J vs. V¥2plot.

Photoelectron spectroscopy. XPS and UPS measurements characterized the surface

chemical composition and the electronic structure of TaO2FCx films deposited either
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on ITO/glass or on an F8BT substrate. All samples were measured as fabricated,
without cleaning or any other treatment before introducing them into the ultra-high
vacuum chamber. An unmonochromatized Mg Ka line at 1253.6 eV (12 keV with 15
mMA anode current) and an analyser (Leybold EA-11) pass energy of 100 eV, giving a
full width at half maximum, FWHM, of 1.3 eV for the Au 4f 7,2 peak, were used for
the XPS measurements whereas the XPS analysis was carried out at O degrees take-
off angle. In all XPS spectra the BE of the predominant aliphatic contribution to the C
1s peak at 284.8 eV was used as a measured BE reference. The analysed area was
approximately a 2x5 mm? rectangle positioned near the geometric centre of each
sample. The UPS measurements (that was taken first followed by XPS measurements)
were performed using the He | (21.2eV) excitation line and a voltage of 12.23V that
was applied to the specimen in order to separate the high BE cut-off from the

analyser.

X-Ray diffraction measurements. The crystal structure of TaO2FCx films (on
silicon) was studied by recording the XRD patterns with a Siemens D-500
diffractometer operating with Cu radiation in Bragg-Brentano geometry. Structural

refinements were performed with the Rietveld method using the Fullprof software.

Optical measurements. UV-Vis absorption/transmittance spectra were taken with a

Perkin EImer Lambda 40 UV/Vis spectrometer.

Surface topography measurements. Surface topographies were monitored with an
NT-MDT atomic force microscope (AFM) operating in tapping mode and with a

JEOL 7401f field emission scanning electron microscope (FESEM).

OLED characterization. J-V characteristics of OLEDs were measured with a

Keithley 2400 source-measure unit. Luminance and electroluminescence (EL) spectra
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were recorded with an Ocean Optics USB 2000 fiber optic spectrophotometer

(assuming a Lambertian emission profile).

OSC characterization. For the J-V characteristics of OSCs taken under light
illumination and in the dark, a Keithley 2400 source-measure unit and a solar
simulator equipped with a Xe lamp and an AM 1.5G filter were used. The EQE
spectra were collected with a Autolab PGSTAT-30 potentiostat using a 300 W Xe

lamp and an Oriel 1/8 monochromator.
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Figure 1 Structure, electronic and physical properties of TaO,FCy. a, Schematic
illustration of the procedure for the synthesis of TaO2FCx. b, Ta 4f, ¢, F 1sand d, O
1s XPS peaks of the tantalum dioxylfluoride film deposited on ITO substrate. e, UPS
spectrum of the same film. f, X-ray diffraction pattern, g, measured refractive index
and h, SEM topography of the TaO2FCx film deposited on silicon substrate. The water
contact angle measurement of this film is shown as inset in Fig. 1g. i, Current-voltage
characteristics of the device with a structure Al/TaO2FCx/Al (shown as inset). The
respected characteristics of the structure Al/TaOx/Al is also shown for comparison.
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Figure 2 Theoretical calculations. Total DOS plots, Atomic DOS for C and constant
charge density plots associated with C in the relaxed configurations. Plots a, b, ¢, and
d, correspond to the configurations P, Q, R and S respectively.
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Figure 3 OLED device performance. a, Current density and luminance versus
voltage (J-V-L) characteristics, b, current efficiency and c, external EL quantum
efficiency versus current density of the F8BT-based OLEDs using either Ca2COs or
TaO2FCx films as the electron transport layer. d, The EL spectra of the corresponding
devices at an applied voltage of 6V. e, Lifetime measurements: Normalized
luminance versus driving time of the F8BT-based OLEDs at a constant current
density of 15 mA cm™. f, Photographs of the working OLEDs having Ca2COs (left)
and TaO2FCx (right) as the electron selective contacts at 0 h (up) and 100 h (down) of
constant operation. g, UPS spectra (left: the high binding energy cut-off, middle: an
expanded view and right: the near Fermi level region) of an F8BT film deposited on
PEDOT-PSS on ITO/glass substrate after the deposition of the TaO2FCx film. The
corresponding energy level diagram of the OLED devices with the configuration h,
ITO/PEDOT-PSS/F8BT/AI and i, ITO/PEDOT-PSS/F8BT/TaO2FCx/Al, assuming a
constant Fermi level at thermodynamic equilibrium.
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Figure 4 OSC device performance. a, The energy levels of the materials used in the
MP6:1T-4F OSCs (before contact, considering vacuum level alignment). b, J-V
characteristic curves taken under 1.5 AM illumination and c, EQE spectra of MP6:IT-
4F based OSCs. d, The J-V characteristics of electron-only devices, e, the PCE
statistics and f, variation of PCE versus storage time of unencapsulated devices. g,
The inverted OSC architecture, h, J-V under 1.5 AM illumination of the devices
shown in (g) and i, The variation of PCE of unencapsulated inverted devices versus
storage time.
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