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Abstract

While organic light-emitting diodes (OLEDSs) covering all colors of the visible spectrum have
been demonstrated, suitable organic emitter materials in the near-infrared (nIR) beyond
800 nm are still lacking. Here, we demonstrate the first OLED based on single-walled carbon
nanotubes (SWCNTSs) as the emitter. By using a multi-layer stacked architecture with
matching charge blocking and charge transport layers, we achieve narrow band
electroluminescence at wavelengths between 1000 nm and 1200 nm, with spectral features
characteristic of excitonic and trionic emission of the (6,5) SWCNTSs used. We investigate the
OLED performance in detail and find that local conduction hot-spots lead to pronounced trion
emission. Analysis of the emissive dipole orientation shows a strong horizontal alignment of
the SWCNTSs with an average inclination angle of 12.9° with respect to the plane, leading to
an exceptionally high outcoupling efficiency of 49 %. Our SWCNT-based OLEDSs represent a

highly attractive platform for emission across the entire nIR.
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Due to the exceptional chemical tunability of organic materials, efficient OLEDs covering the
entire visible part of the spectrum and even the very near-infrared, up to 800 nm,*? have
been demonstrated. While current OLED technology has successfully entered the display and
lighting industry,®* OLEDs emitting further in the nIR — at wavelengths beyond 800 nm —
would facilitate a range of new applications, in particular in bio-imaging and skin treatment as
well as in optical data communication and night-vision devices. However, very few organic
materials emit in this spectral range and the ones that do typically suffer from poor emission
efficiency.l®! Previous work focused on either small molecules,®° polymers,[*? polymer
nanocrystalst*!! or solution processed quantum dots™?. While these approaches certainly hold
promise, important challenges remain. Some nIR emitting devices contain heavy metals, show
undesirable emission in the visible or are not suitable for fabrication on flexible substrates. To
overcome these limitations, we propose to use semiconducting single-walled carbon
nanotubes (SWCNTSs) as nIR emitters.[*®!

SWCNTs exhibit intriguing optoelectronic properties, such as exceptional
photostability and a diameter-dependent exciton energy, which gives rise to wide tunability of
the emission wavelength.*¥ In addition, they offer excellent mechanical flexibility and
compatibility with solution processing. Polymer-sorted SWCNTs have been used as strong
nIR absorbers for efficiency enhancement in solar cells by harvesting.[!>!] Recently,
SWCNTSs have also been employed to electrically generate light, ranging from single-photon
emission™™ to exciton-polaritons in light-emitting field-effect transistors at extreme current
densities.[*®l In OLEDs, however, SWCNTs have so far only been used as transparent
electrodes!*®2% or as charge transport and charge blocking layers[24-261,

Here, we demonstrate nlIR-emitting OLEDs based on solution-processed
semiconducting SWCNTSs as the active emitter material, combined with matching charge-

blocking materials and doped charge transport layers. For an optimized stack architecture, the
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emission is exclusively in the nIR (>1000 nm) and shows a very narrow linewidth (<50 nm
full width at half maximum (FWHM)). The one-dimensional nature of the nanotubes leads to
nearly complete horizontal orientation of the transition dipole moments, resulting in a 60 %
increase of light outcoupling efficiency relative to an isotropically oriented emitter. The
devices reach an external quantum efficiency (EQE) of 0.014 %, which in the future may be
improved by modifications to the nanotubes. Interestingly, the electroluminescence (EL) is
not always exclusively excitonic but instead local inhomogeneities can also lead to further
red-shifted trion emission.

In a first step, monochiral (6,5) SWCNTs were purified by selective polymer-
wrapping with PFO-BPy using a high-speed shear force mixer (see Methods and Ref. 2] for
details). A bare film of the purified material shows the characteristic absorption and
photoluminescence (PL) spectrum of (6,5) SWCNTs with an excitonic peak at 1010 nm
(Figure 1a). As different selection procedures can yield different types of SWCNTSs, 28 we
furthermore verified the purity of our samples by recording a 2D PL emission-excitation map
(Supporting Information, Figure S1a). This confirmed exclusive emission from (6,5)
SWCNTSs with no indication of further emitting SWCNTs. A topography image of a spin-
coated network reveals a high density and planar orientation of the nanotubes (Figure S1b).

The multi-layer bottom-emitting stack architecture of the SWCNT OLEDs used in this
study is schematically illustrated in Figure 1b. The PEDOT:PSS hole transport layer (HTL)
and the SWCNT emissive layer (EML) were deposited from solution while the low molecular
weight hole blocking layer (HBL), the n-doped electron transport layer (ETL) and the cathode
were deposited by thermal evaporation under high vacuum (see Methods). The thickness of
the ETL was optimized for maximum outcoupling efficiency using a transfer-matrix based
simulation algorithm.?®! Due the long emission wavelength compared to conventional OLEDs,
this resulted in a relatively thick ETL (130 nm). n-doping was applied to realize this thickness

without causing a significant increase in operating voltage.*¥ Considering the simplified
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energy level scheme of the OLED stack in Figure 1c, we expect that charges and excitons will
be very efficiently trapped on the (6,5) SWCNTs (Exomo = —5.08 eV, ELumo = —4.01 eV
LUMO)BY. The selection method by which our monochiral SWCNTSs are enriched leads to a
single insulating polymer layer (PFO-BPy) around each nanotube through which charges can
readily tunnel. Within the SWCNT network both electrons and holes are highly mobile, even
across nanotube-nanotube junctions.[8:32

We fabricated a series of OLEDs with SWCNT-layers of three different thicknesses (5,
16 and 39 nm). For all thicknesses, OLEDs showed diode-like J-V characteristics and reached
high current densities (180-320 mA cm~2 at 5 V) as expected from the high conductivity of
the SWCNTSs and the use of doped charge transport layers (Figure 2a).1%¥ The intensity of EL,
as recorded by a calibrated Ge photodiode, is shown in Figure 2b. The highest optical output
power and lowest turn-on voltage were measured for the OLED with the 39 nm thick SWCNT
layer. This device reaches 900 pW cm™2 at 300 mA cm2 and turns on at 2.1 V. Figure 2¢
shows the corresponding external quantum efficiency (EQE) as a function of current density.
We observe a maximum EQE of 0.014 % for the device with 39 nm thick SWCNT layer. The
EQE is mainly limited by the PL quantum yield (PLQY) of the used SWCNT layer, which
was 0.11 %. The different loss channels in the OLED are discussed in more detail later.

The EL spectra of the SWCNT OLEDs across the visible and nIR are given in
Figure 2d. For OLEDs with a 39 nm-thick nanotube layer, we observed two emission peaks in
the nIR and no detectable emission in the visible range. The emission peak at 1010 nm is
associated with excitonic emission from (6,5) SWCNTs and shows a narrow spectral width
(FWHM, 41 nm), consistent with PL measurements. Interestingly, an additional peak at
1177 nm with a FWHM of 58 nm was detected, which did not appear in the PL measurements
(c.f. Figure 1b). Both, the peak position and the width of this peak suggest that it originates
from the emission of trions, i.e. a charged excited state comprising one electron and two holes

or vice versa.® In our OLEDs, we most likely observe positively charged trions owing to
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residual p-doping of the SWCNTs (due to remaining oxygen) as well as hole accumulation at
the SWCNT/BAIq interface (due to the low conductivity of of BAlq compared to the other
layers in the stack).This interpretation is also supported by the increase in the intensity of this
peak relative to the exciton peak for devices with thinner SWCNT layers. For these devices
the local charge carrier density in the SWCNT layer is expected to be larger (for the same
current density), and thus the probability of trion generation increases. Additionally, however,
devices with thin SWCNT layers show substantial emission in the visible part of the spectrum
with two peaks at 430 and 570 nm. We attribute these peaks to charge recombination in the
adjacent blocking/transport layers and exciplex formation at the interfaces. An EML thickness
of >30 nm is thus desirable to generate pure nIR light at >1000 nm.

Trionic emission generally occurs due to excess charges in the emitter material and
therefore typically increases with current density. This trend was indeed observed in our
devices (Figure 3a), which further corroborates that emission is from a trion state rather than
from a low-energy excitonic defect or trap state. (Any low-energy excitonic traps would be
saturated at higher current densities and thus the relative emission intensity from these would
decrease with respect to the main exciton peak.) Similar trion emission was previously
observed from SWCNT based light-emitting field effect transistors (LEFETS) and its presence
was explained by the high current densities in LEFETs (up to tens of A cm™2)..34 Surprisingly,
however, the trion emission is even more pronounced in our OLEDs despite the generally
lower current density (<0.4 A cm2). We thus hypothesize that trion emission in our OLEDSs is
due to local hot spots of high charge density. A microscopic investigation of the EL across the
pixel indeed showed spots with brighter emission than the surrounding (Figure 3b and
Figure S3). Note that the small part of the pixel shown in Figure 3b is not representative for
the entire pixel (c.f., Supporting Information Figure S3). As the EL intensity is to first
approximation proportional to the local current density, this observation implies the presence

of small regions of elevated current. These hot spots are also observed in co-located PL
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images (Figure S3); we thus assume that they are associated with bundles of SWCNTSs.
Aggregates of nanotubes provide an increased density of states. In addition, they may enhance
charge injection as well as charge transport through the SWCNT layer and thus carry more
current than the surrounding parts.®® Using hyperspectral imaging, we found that the
emission spectrum in the background area is dominated by exciton emission while the
emission spectrum at the hot spot is characteristic of trion emission (Figure 3c).

Next, we investigated the orientation of the emissive dipoles in the EML. Since light
emitted from horizontally oriented dipoles can be extracted from an OLED more efficiently
than light from vertically oriented dipoles, much recent work in the OLED community has
focused on preferentially aligning the emissive dipoles in the EML horizontally, i.e. parallel
to the substrate.[*8-38 The extremely high aspect ratio of the carbon nanotubes (average length
1.8 um, diameter 0.747 nm) should lead to strong alignment of the emission dipoles parallel
to the substrate. To investigate if this is indeed the case, we performed angle-resolved
emission measurements as described in Refs. %40 Figure 4a shows the angular resolved
transverse magnetic polarized emission spectrum of an OLED with 39 nm thick EML. These
data were fitted to transfer matrix simulations of the emission, using the anisotropy factor a,
i.e. the fraction of vertically oriented dipoles in the film, as the fit parameter. The best
agreement between the experimental spectra and the transfer matrix simulations was obtained
for a= 0.05 (Figure 4b). A simulation that assumes isotropic orientation (a =1/3) clearly
deviates from the experimental data (Figure 4c), whereas a simulation assuming perfect
horizontal orientation of the transition dipole moments (a = 0) resembles the experimental
data nearly as well as the best fit (Figure 4d). The obtained anisotropy factor of 0.05
corresponds to an average inclination angle of 12.9° with respect to the surface. Since the
transition dipole moments of both excitons and trions in SWCNTSs are parallel to the tube axis,

this result is in agreement with the flat orientation of the SWCNTs.[*4
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Based on an anisotropy factor of 0.05 and using the experimentally measured EL
spectrum of our OLEDs in forward direction, our transfer matrix calculation predicts that the
outcoupling efficiency for our devices is 49 %, which is 60 % higher than for isotropically
oriented emissive dipoles. The predominant remaining optical loss channels are thus coupling
to substrate modes, wave-guiding in the organic layers and excitation of lossy surface
plasmon modes. Considering a PLQY of 0.11 %, an outcoupling efficiency of 49 % and a
singlet fraction of 0.25, and assuming perfect charge balance, the maximum achievable EQE
is estimated to 0.014 %. The best devices in this study approach this value at low current
density (see Figure 2c). While the exchange energy for triplets in (6,5) SWNT is about
120 meV, the allowed conversion of dark triplets into bright trions may provide an additional
route toward radiative relaxation.*! For all devices, the EQE rolls off very significantly at
higher brightness levels. Besides potential annihilation processes,*? Auger quenching! is
likely responsible for this strong efficiency roll-off.

In conclusion, we demonstrated the first OLEDs that employ SWCNTSs as emitters to
generate electroluminescence exclusively in the nIR (> 1000 nm). Doping facilitated the
realization of the thick ETL required for efficient light extraction at nIR wavelengths.
Although the EQE of these first devices is limited to 0.014 %, SWCNT OLEDs offer several
intriguing advantages: SWCNTSs are free of heavy metals and could be fabricated on flexible
substrates, for example, leading to wearable devices for applications in skin treatment.
Furthermore, the robustness of SWCNTSs in terms of photostability and thermal stability[*!
will be beneficial for long-term stability. In the future, we expect that the EQE can be
increased dramatically by using chemically modified SWCNTSs, which were shown to offer
much higher brightness by harvesting dark excitons.[**#4l The use of advanced deposition
methods, such as aerosol jet printing!®!, will likely lead to more homogeneous SWCNT films
and thus more evenly distributed EL and reduced trion emission, thus further improving

spectral purity. In addition, by using SWCNTs with different diameters and chirality!?®! or
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through chemical modification,[*®! OLEDs with emission across the entire nIR could be

realized.

5. Experimental Section

SWCNT selection: Selective polymer-wrapping was used to prepare monochiral dispersions of
(6,5) SWCNTSs.2 First, 0.5 g/L PFO-BPy (poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6’-
{2,2’-bipyridine})], American Dye Source, Mw = 34 kg/mol) was dissolved in 140 mL
toluene and then 0.38 g/L CoMoCAT® raw material (773735, Lot #14J017Al, Sigma
Aldrich) was added. Next, high-speed shear force mixing (Silverson L5M-A) was applied at
maximum speed (10,230 rpm) for 72 h at constant temperature of 20 °C. After dispersion, the
mixture was centrifuged at 50,000 g for 60 min (Beckman Coulter Avanti J26XP centrifuge),
with an intermediate supernatant extraction after 30 min. The high purity (6,5) SWCNTs
dispersion in the supernatant were further enriched by pelleting via ultracentrifugation at
284,600 g. Different amount of these pellets were then redispersed in toluene for spin-coating.
Device Fabrication: A 40 nm thick layer of poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) was spin-coated onto a 1.1 mm thick glass substrate with a 90 nm
thick pre-patterned indium tin oxide (ITO) anode. After annealing at 120 °C for 20 min, the
SWCNT layer was spin-coated at 2000 rpm and baked for 30 min at 120 °C in a dry nitrogen
environment. By varying the SWCNT concentration, 5, 16 and 39 nm thick EML layers were
obtained. Subsequently, samples were transferred to a high vacuum thermal evaporation
system operating at a base pressure of 210" mbar (Angstrom EvoVac). 10 nm bis(2-methyl-
8-quinolinolate)-4(phenylphenolato)-aluminium(lll) (BAlg) and 130 nm Cs-doped 4,7-
diphenyl-1,10-phenanthroline (BPhen) were evaporated as HBL and ETL, respectively. The
devices were completed with a 100 nm thick aluminum electrode and subsequently
encapsulated under nitrogen atmosphere with a glass lid and getter. The active device area

was 16.1 mm?.
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Device Characterization: Current-voltage-brightness characteristics were recorded with a
source-measurement unit (Keithley, SMU2400) and a calibrated Ge photodetector (Thorlabs,
PDABS0B-EC) with a dichroic 900 nm long-pass filter. The EQE was calculated from the
forward emission intensity and spectrum, assuming a Lambertian emission pattern.

To measure EL spectra, OLEDs were placed 15 cm away from the entrance of an
optical fiber. For nIR measurements, the EL collected by the fiber was coupled into an Acton
SpectraPro SP2358 spectrometer (grating 150 lines/mm) and a liquid-nitrogen-cooled InGaAs
line camera (Princeton Instruments OMAYV). A fiber spectrometer with silicon CCD detector
(Ocean Optics USB4000-UV-VIS) was used to record EL spectra in the visible. The two
types of spectra were stitched by overlaying them in the 850 to 1050 nm region as shown in
Fig. S2. For angular spectroscopy, an additional polarization filter was used to transmit only
the transverse magnetic polarization and the OLED was mounted on a rotation stage. EL
spectra were taken in 5° steps. In order to ensure there was no substantial degradation of the
OLEDs during the measurement, the spectrum at 0° was re-measured after the angle-sweep.
The peak intensity was found to be within 95% of the original intensity.

Micrographs and hyperspectral images were recorded with a home-build microscope setup
equipped with a dichroic long-pass filter (cut-off wavelength, 850nm), a spectrograph
(Princeton Instruments IsoPlane) and a thermoelectrically cooled 640x512 InGaAs array

camera (Princeton Instruments, NIRvana:640ST).

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. a) Absorption and photoluminescence (PL) spectra of the (6,5) SWCNTSs used as
emitter material. The inset shows the molecular structure of a (6,5) SWCNT. b) Schematic

illustration and c) proposed energy level diagram for the OLED stack used in this work.
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Figure 2. Characteristics of OLEDs with SWCNT emissive layers of different thickness. a)
Current density and b) nIR irradiance as function of bias voltage. From red to green the
emissive layer thickness decreases. c¢) External quantum efficiency versus current density. d)

Electroluminescence spectra of the OLEDs emitted in forward direction, at a current density

of 62 mA cm 2.
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Figure 3. Characteristics of exciton and trion emission. a) Current-dependent EL spectrum
(normalized to the exciton emission peak) for an OLED with a 39 nm thick SWCNT layer. b)
Real-space micrograph of the EL signal from the same OLED at 62 mA cm 2 revealing the
presence of an emission hot-spot. ¢) Hyperspectral image along the line marked in b).

Excitonic emission is observed along the entire line while bright trion emission dominates in

the region of the hot-spot.
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Figure 4. Orientation of SWCNT emissive dipoles. a) Angle-resolved TM-polarized EL
spectrum of an OLED with 39 nm thick SWCNT layer, measured at 124 mA cm™2 current
density. b) Best fit to the experimental data is obtained for an anisotropy factor of 0.05,
corresponding to an average inclination angle of emissive dipoles with respect to the substrate
of 12.9°. ¢) and d) Simulated emission intensity for isotropic and exclusively horizontal

transition dipole orientation, respectively.

17



WILEY-VCH

The first organic light-emitting diode with semiconducting single-walled carbon
nanotubes as the emitter is demonstrated. Excitonic and trionic emission of the employed
(6,5) nanotubes gives narrow band electroluminescence between 1000 nm and 1200 nm. The
emissive dipole orientation shows strong horizontal alignment of the nanotubes leading to an
exceptionally high outcoupling efficiency of 49 %.

Keyword: OLED, single-walled carbon nanotube, near infrared, trion, emitter orientation
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Figure S1. a) PL-excitation map for a thin film of the (6,5) SWCNTSs used in this work. b)
Atomic force microscope topography image of a thin film of (6,5) SWCNTs, showing the

nanotube network with strong horizontal orientation.
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Figure S2. Emission spectra of the OLEDs produced in this work across the visible to near
infrared region. Spectra are corrected for detection efficiency and stitched by normalizing

them to each other in the region between 850 nm and 1050 nm.
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Figure S3. a) Image of the EL emitted by a single ~4mm x 4 mm OLED pixel. b)

Corresponding PL signal for homogeneous excitation. Scale bar: 1 mm.
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