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ABSTRACT. In this contribution we report on solution processed red OLEDs based upon a N-
annulated perylene diimide dimer, namely tPDIoN-EH, a red-light emitting molecule. OLED
devices with the architecture of glass/ITO/PEDOT:PSS/EML/LiF/Ag (EML = emitting layer)
were fabricated with EMLs comprised of tPDI2N-EH neat and blended with poly (9,9-
dicotylfluorene, PFO), all solution processed from non-halogenated solvents. The photophysical
and electrophysical performance of PFO:tPDI:N-EH-blend films with different composition ratios
were investigated. The PFO:tPDI2N-EH-based OLEDs with a 2:18 ratio exhibited best

performance. The PFO:tPDI.N-EH-based OLEDs gave red electroluminescence with the emission
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wavelength of 635 nm and the CIE (international commission on illumination) coordinates of (x =
0.672, y = 0.321). OLEDs with EMLs fabricated using roll-to-roll compatible methods are also

demonstrated.

KEYWARDS: organic light emitting diode, solution processing, slot-die coating, organic dyes,

perylene diimide, N-annulation

1. Introduction

Organic light-emitting diodes (OLEDSs) have successfully been deployed in light fixtures, mobile
phones, and televisions over the past few years owing to continued improvements in both
performance and lifetimes' . OLEDs are multilayer devices with each layer having a distinct
function such as charge-injection, charge-transport, and light emission. The active emissive layer
(EML) dictates the colour and maximum efficiency of OLEDs. For solution processing of
electronically active layers; spin-coating®, roll-to-roll coating’ and inkjet printing® are the most
common methods used. Solution processing is more challenging than thermal evaporation due to
difficulties in forming distinct layers one on top of each other without bleeding or swelling.
Recently, it has been shown that solution processed OLEDs can match the performance of
thermally evaporated OLEDs’. To create high-performance solution-processed OLEDs both
conjugated polymers'® and small molecules!!' have been used as the core component of the EML.

To date the efficiency and purity of red colour solution processed OLEDs remains behind that
of other coloured OLEDs (i.e. blue, green and orange)'?. This is primarily a result of low-energy
fluorescence being competitive with non-radiative decay pathways'®>. Most highly efficient red-

emitting materials are organometallic in nature!* and suffer from high costs and poor



environmental stability. The design of new metal-free organic small molecules is a viable route
towards low-cost, high-performance, large area red OLEDs.

The perylene diimide (PDI) chromophore is one of the best candidates to construct new emitters
for solution-processed red OLEDs owing to a pure red colour, high quantum yield
photoluminescence, and high thermal and photochemical stability!>!”. Furthermore, PDIs can be

rendered soluble in a range of solvents and thus are suitable for large area roll-to-roll coating'®2°.

21,22 23,24

PDI-based materials have found wide utility as active materials in transistors” -, solar cells
and OLEDs* %7, PDI-based OLEDs typically have pure deep red electroluminescence with the
emission wavelength of 690 nm and CIE coordinates of (x = 0.69, y = 0.29)?°. Recently, stable red
emission from a PDI-based OLED with external quantum efficiency of 4.93% was reported®®.
Here, we report red OLEDs based on an emissive dimeric PDI, namely tPDI2N-EH. This
compound is a N-annulated PDI dimer that has found utility as a non-fullerene acceptor for organic
photovoltaics®. Blending tPDI2N-EH with polyfluorene based polymers and used as the EML lead
to high-performance OLED devices. The optical and electrophysical properties of PFO:tPDI>N-
EH blended films were studied. The best PFO:tPD.N-EH blend OLEDs were compared with
high-performance PFO and poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-
4,8-diyl)] (F8BT) blend films. Best devices were fabricated by slot-die coating, a roll-to-roll
compatible method, as proof-of-concept.
2. Results and Discussion
2.1 Materials Selection
The N-annulated PDI dimer, tPDI2N-EH (Figure 1a)*, can be synthesized on multi-gram scale,
18,19

is semiconducting, and can be coated via roll-to-roll processes from non-halogenated solvents

It has a red luminescence peak at 650 nm (Figure 1b) and is chemically stable as a film in light.



Thus, this material is appropriate for use as a solution processable light emitter. The luminescent
conjugated polymers PFO and poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) (structures
are shown in Figure 1a) were selected as a hole transporter and control emitter, respectively, since
they exhibit high light stability®® and consistent performance as light emitters in OLEDs*' 3%, A
recent report has shown that PFO:F8BT-ink formulations are suitable to be slot-die coated into a
OLED structure®®. PFO:F8BT based OLEDs were fabricated as control devices. The PFO polymer
is p-type with appropriate electronic energy levels to pair with the F8BT or tPDI2N-EH to facilitate
hole transport (Figure 1c). Moreover, the wavelengths of the tPDI2N-EH absorption and PFO
luminescence overlap (Figure 1b) enabling Forster Resonance Energy Transfer (FRET) to occur
from PFO to tPDIoN-EH. This makes the PFO:tPDI:N-EH system an excellent candidate as a

OLED EML.
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Figure 1. (a) Chemical structures of the polymers PFO (F8) and F8BT, and the small molecule
tPDI2N-EH used in this study. (b) Normalized absorption and photoluminescence spectra of PFO
(blue dash and solid line), F8BT (green dash and solid line), and tPDI2N-EH (red dash and solid
line) films spin-cast from toluene at 15 mg mL™"' under Aex = 350 nm, 400 nm and 530 nm,
respectively. (¢) Energy level diagram with values for organic materials (energy levels taken from

the relevant literature, the PEDOT:PSS has a work function of 5.0 - 5.2 eV).

2.2 OLEDs - Spin-coated devices



Device Fabrication and Characterization

OLED devices with the structure of glass/ITO/PEDOT:PSS/EML/LiF/Ag were fabricated and
tested at ambient condition. Control devices with an EML of PFO:F8BT-blend film were spin-cast
from toluene with the ratio of 19:1 at 15 mg ml'. EMLs comprised of PFO:tPDI2N-EH-blend films
were spin-cast from toluene at different ratios (from 19:1 to 1:19). The full details of the fabrication
technique can be found in the electronic supplementary material (ESI). Electrical characterization
of the devices was performed with a Keithley 2612B source-meter combined with the calibrated
Si-photodiode and spectrometer.

Photophysical properties of the PFO:tPDI>2N-EH films

The optical absorption and photoluminescence (PL) spectra of PFO:tPDI2N-EH-blend films are
shown in Figure 2. The absorption band from 330 nm to 430 nm is attributed to PFO and from 450
nm to 650 nm is attributed to tPDIoN-EH. Changing the ratio from 19:1 to 1:19 (PFO:tPDI2N-EH)
results in an expected decrease/increase of the PFO/tPDI:N-EH absorption bands with no
significant changes in shape or position of each spectrum (Figure 2a).

Excitation at 400 nm (near peak absorption of PFO) of blended films with the ratios of 19:1 and
18:2 yields spectra with quenched emission of PFO (from 430-500 nm) and longer wave emission
from 600-750 nm which is attributed with tPDI2N-EH. The quenched PL of PFO is associated with
FRET from PFO to tPDI2N-EH. Increasing the concentration of tPDI2N-EH in blend films leads
to complete quenching of the PFO light emission (at a ratio from 15:5 to 1:19) and increased PL
of tPDI2N-EH compared to neat film (Figure 2b)

Excitation at 530 nm of blended films results in only one emission band from 600-750 nm, a
result of PL from tPDI:N-EH (Figure 2¢). When compared to PL of a neat tPDIoN-EH film, there

is an increase in PL intensity of tPDI2N-EH films with addition of PFO. This is associated with



exciton localization within the tPDIoN-EH domains caused by the PFO energy barriers of PFO

(Figure 1c). Note, the red-shift in PL spectra of tPDI2N-EH (from 630 nm to 650 nm) with

increasing tPDI2N-EH concentration is the result of aggregation of the tPDI2N-EH molecules.

Thus, the PFO:tPDI2N-EH-blend films with ratio from 1:19 to 10:10 (highest PL intensity) appears

optimum for utilization in OLEDs.
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Figure 2. (a) Optical absorption and (b, c) photoluminescence spectra of PFO:tPDI2N-EH-blend

and neat films spin-cast from toluene at 15 mg mL™" under (b) Aex = 400 nm and (c) 530 nm.

Table 1. Optical properties of tPDI2N-EH and PFO:tPDI2N-EH-blend films.

Compounds PFO:tPDI2N-EH Emission of tPDI2N-EH
ratio under dex = 400 nm under Aex = 530 nm
max FWHW! max FWHM!
PFO:tPDI2N-EH  19:1 633 77 633 75
PFO:tPDI2N-EH  18:2 635 63 636 62
PFO:tPDI2N-EH  15:5 639 55 638 55
PFO:tPDI2N-EH  10:10 641 57 642 57
PFO:tPDI2N-EH  5:15 645 54 644 55
PFO:tPDI2N-EH  2:18 646 57 647 60
PFO:tPDI2N-EH  1:19 648 56 647 57
tPDI2N-EH? - 653 60 650 60

'FWHM - full width at half maximum; tPDI2N-EH and PFO:tPDI2N-EH-blend films
was spin-cast on glass from toluene at 15 mg mL™.
2Quantum yield photoluminescence of tPDI2N-EH film of 16%.

OLED Devices



OLED device characteristics based on tPDI2N-EH and PFO:tPDI:N-EH-blend films with
different ratios are shown in Figure 3 and Table 2; the data include graphics of current density-
voltage curves (J-V, Figure 3a), luminance versus applied voltage curves (L-V, Figure 3b) and
luminous efficiency versus current density curves (LE-J, Figure 3c). The OLEDs based on only
tPDI2N-EH films as the EML showed a maximum luminous efficiency (LE) of around 4*107 c¢d
A! with a maximum brightness of 4.1 cd m™, which agree well with the previously obtained data
for other PDI-based OLEDs . The highest performance OLEDs were based on PFO:tPDI2N-EH
EML with the blend ratio of 2:18 and had the maximum LE of 0.05 c¢d A™!, power efficiency (PE)
of 0.03 Im W', and external quantum efficiency (EQE) of 0.06%. Increasing the concentration of
PFO in PFO:tPDI2N-EH-blend leads to performance deterioration of the fabricated OLEDs, which
agrees well with the PL data (Figure S1). The turn-on voltage of the tPDIoN-EH-based OLEDs
decreases when PFO is added to the EML. Adding the PFO, which has a higher lying HOMO
energy level than tPDI2N-EH, helps facilitate hole injection from PEDOT:PSS to the EML. The
turn-on voltage of 2.6 V for the OLEDs with PFO:tPDI:N-EH EMLs is the lowest reported for

PDI-based OLEDs 2%-26:28.36,
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Figure 3. (a) Current density-voltage (J-V) characteristics, (b) luminance versus applied voltage
(L-V, cdm?) and (c) luminous efficiency (lumin. eff.) versus current density (LE-J, cd A™") of

PFO:tPDI2N-EH OLEDs at selected ratios.



Table 2. Summary of device performance for OLEDs based on tPDI2N-EH and PFO:tPDI>N-EH-

blend films with different ratio spin-coated on the glass.

Emitting layer ratiol  Von EQEmax L Emax PEmax L max
V2 [%]° [cd ATT* [ImW7°  [ed m?]°
tPDI2N-EH - 4.9 0.000504  0.000392 0.000236 4.1
PFO: tPDI2N-EH  10:10 3.2 0.035 0.028 0.019 262.3
PFO: tPDI2N-EH  5:15 3.0 0.031 0.025 0.015 288.5
PFO: tPDI2N-EH  2:18 2.6 0.057 0.046 0.031 435.4
PFO: tPDIoN-EH  1:19 2.7 0.018 0.014 0.010 101.8

PFO:tPDI2N-EH ratio

2Turn on voltage was determined at the brightness of 1 cd m
SEQE - external quantum efficiency

ALE - luminous efficiency

°PE - power efficiency

®L_max - maximum of luminous

OLED Electroluminescence

The electroluminescence (EL), CIE, and current-voltage-luminance characteristics of
PFO:F8BT (19:1 ratio) and optimized PFO:tPDI2N-EH-based (2:18 ratio) OLEDs are shown in
Figure 4 and Table 3. PFO:F8BT-based OLEDs demonstrated the maximum LE of 1.24 c¢d A,
PE of 0.4 Im W' and brightness of 1950 cd m™ with white-green spectrum at maximum of 530
nm, full width at half maximum (FWHM) of 105nm, and CIE coordinates located at (x, y) = (0.383,
y = 0.514). This data is well aligned with literature *>°. Using tPDI2N-EH instead of F8BT with
PFO shifts the EL to red, which agrees well with the PL of tPDI2N-EH. The PFO:tPDI>N-EH-
based OLEDs exhibit a narrow peak of EL with the maximum emission at 635 nm and FWHM of
60 nm with the CIE coordinates of (x, y) = (0.672, 0.321). Moreover, using tPDI2N-EH decreases
the turn-on voltage to 2.6 V due to the lower LUMO energy level and easy injection of electrons

from the contacts to the active layer.
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Figure 4. (a) Normalized electroluminescence (EL) and (b) color coordinates spectra, (c) current-
voltage-luminance characteristics of PFO:F8BT (ratio 19:1) and PFO:tPDI2N-EH (ratio 2:18)

blends.

Table 3. Summary of device performance for OLEDs based on PFO:F8BT and PFO:tPDI2N-EH-

blend films spin-coated on glass.

Emitting layer ratiol  Von EQEmax LEmax PEmax Lmax
[V]? [%]3 [cd AT [Im WP [cd m2]°

PFO:F8BT 191 7.3 0.406 1.24 0.376 1951.6

PFO:tPDI2N-EH  2:18 2.6 0.057 0.046 0.031 435.4

1PFO:F8BT or PFO:tPDI2N-EH ratio

2Turn on voltage was determined at the brightness of 1 cd m
3EQE - external quantum efficiency

4LE - luminous efficiency

°PE - power efficiency

®_max - maximum of luminous

2.3 OLED:s - slot-die coated devices

The roll-to-roll compatibility of organic and inorganic layers of OLED devices is an important
consideration for large-scale fabrication methods ’. Thus, we aimed to repeat our best spin-coated
devices with a slot-die coating technique. A FOM Nano Roll Coater (slot-die head with 13 mm
shim width) was used to coat both the PEDOT:PSS interlayer and PFO:tPDI2N-EH (2:18) EML

onto a PET/ITO substrate/anode base. The PEDOT:PSS interlayer was slot-die coated with the



coating speed of 0.1 mm™!, dispensing rate of 12 uL min™', and substrate temperature of 50 °C. The
layer was thermally annealed at 100 °C for 15 min prior to the deposition of the EML. The
PFO:tPDI:N-EH (2:18) solutions were coated from toluene at 30 mg mL™! with the coating speed
of 0.3 mm!, dispensing rate of 30 pL min™' at room temperature. The films were then dried in air
at 100 °C for 30 minutes. A LiF/Ag electrode was thermally deposited using a thermal evaporation
system through a shadow mask under a base pressure of ~2 x 10 torr (this top electrode was used
for consistency in comparing to the spin-coated OLEDs). The device area was 160 mm? as defined
by the overlapping area of the ITO films and top electrodes. The optical absorption spectra of the
roll-to-roll coated devices (in comparison to the spin-coated ones) can be found in the ESI (Figure
S2).

The current-voltage-luminance characteristics and LE versus current density of OLED devices
with the PEDOT:PSS and PFO:tPDI2N-EH layers roll-to-roll coated on PET are shown in Figure
5 and electrophysical parameters are summarized in Table 4. The OLEDs had a turn-on voltage of
6.6 V and maximum brightness of 1.1 cd m™, demonstrating a fully functioning large area, roll-to-
roll compatible coated device. Thus, this work shows that large-area OLEDs can be fabricated
using slot-die coating techniques. The synthesis of new PDIs with high quantum yield and narrow
peak luminescence of films, and optimized roll-to-roll coating of OLED layers is a viable pathway
towards developing high-performance OLEDs for large-scale manufacturing.
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Films 5. (a) Current-voltage-luminance characteristics and (b) luminous efficiency (lumin. eff.)
versus current density (LE-J, cd A™') of PFO:tPDI2N-EH roll-to-roll coated on PET. (c) Photo of

electroluminescent of PFO:tPDI>2N-EH OLEDs on PET.

Table 4. Summary of device performance for spin-cast and slot-die coating OLEDs based on

PFO:tPDI2N-EH-blend films.

Emitting layer substrate Von  EQEmax LEmax PEmax L max
[V]? [%]® [cd AY* [ImW1P  [ed m?]®

PFO: tPDI2N-EH! PET/ITO’ 6.6 0.000147 0.000718 0.000054 1.1

PFO:tPDI2N-EH ratio is 2:18

2Turn on voltage was determined at the brightness of 1 cd m

3EQE - external quantum efficiency

ALE - luminous efficiency

°PE - power efficiency

8 max - maximum of luminous

"The EML prepared from a solvent of toluene by roll-to-roll coated with active are 160

mm?

Conclusion

We have presented electrically pumped, solution processed red OLEDs based on a N-annulated
perylene diimide dimer as the emitting material. Use of the polyfluorene based polymer PFO as
an additive for the red-emitter tPDI2N-EH resulted in large performance boosts with an optimal
PFO:tPDL2N-EH ratio of 2:18 identified. The best efficiencies of PFO:tPDI2N-EH-based OLEDs
exhibited a maximum LE of 0.05 cd A!, power efficiency (PE) of 0.03 Im W' and external
quantum efficiency (EQE) of 0.06%, and are among the best for PDI-based OLEDs. Proof-of-
concept large-scale fabrication of OLEDs was demonstrated by roll-to-roll compatible coating of
both the PEDOT:PSS hole injection layer and PFO:tPDI2N-EH emitting layer of OLEDs with
large area (160 mm?) on plastic substrates. This work highlights the potential of N-annulated

perylene diimide based materials to deliver commercially relevant advanced lighting devices.
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1. Materials and Methods

Materials: All chemicals/solvents were purchased from Millipore-Sigma and used without
further purification. tPDI2N-EH was made as previously reported (Small Methods, 2018, 2,

180081). PFO and F8BT was purchased from Ossila.

UV-Visible Spectroscopy (UV-Vis): All optical absorption measurements were recorded using
Agilent Technologies Cary 60 UV-Vis spectrometer at room temperature. Films were spin-cast
onto Corning glass micro slides. Prior to use, glass slides were cleaned with soap and water,
acetone and isopropanol, and followed by UV/ozone treatment using a Novascan UV/ozone

cleaning system.

Atomic Force Microscopy (AFM): AFM measurements were performed by using a TT2- AFM
(AFM Workshop) in tapping mode and WSxM software with a resonance frequency of 300 kHz,
a force constant of 40 N/m and a reflective back side aluminum coating (Tap300Al-G,
BudgetSensors). Samples for AFM measurements were the same ones that were used to collect

the respective device parameters.

OLED Device Fabrication and Testing (spin-coated): OLED devices were fabricated on ITO-
coated glass substrates (sheet resistance of 10 Ohm Sq-1), which were first cleaned by sequentially
ultra-sonicating detergent and de-ionized water, acetone and isopropanol before use. ITO
substrates were first pretreated under UV-ozone for 30 minutes. PEDOT:PSS were spin-coated

onto the ITO-coated glass substrates at 3,000 rpm for 60s and annealed in air at 120°C.

F8:F8BT:

S2



For deposition of the F8:F8BT active layer, the blend solution of F8:F8BT (ratio 19:1 at total
concentration of 15 mg mL-1) dissolved in toluene was spin-cast at 2,000 rpm on top of the

PEDOT:PSS layer in air.

F8:tPDI2N-EH:

For deposition of the F8:tPDI2N-EH active layer, the blend solution of F8:tPDI2N-EH (different
ratio at at total concentration of 15 mg mL-1) dissolved in toluene was spin-cast on top of the

PEDOT:PSS layer in air.

Finally, the LiF (1 nm)/Ag (200 nm) electrode was deposited using a thermal evaporation system
through a shadow mask under a base pressure of ~2 x 10—6 torr. The device area was 9 mm?2 as

defined by the overlapping area of the ITO films and top electrodes.

Current density-voltage (J-V) characteristics were measured using a Keithley 2612B source-

meter combined with calibrated Si-photodiode and spectrometer.

S3



2. Characteristics of OLEDs
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Figure S1. (a) Normalized electroluminescence (EL) and (b) color coordinates spectra of

PFO:tPDI)N-EH-based OLEDs with different ratio of PFO and tPDI,N-EH.
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Figure S2. Optical absorption of OLEDs based on PFO:tPDILN-EH with ratio of 2:18, spin-cast

on glass/ITO/PEDOT:PSS and roll-to-roll coated on PET/ITO/PEDOT:PSS.
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