Nanoelectronics and Its
New Materials -
A NEW ERA OF NANOSCIENCE

Nanoelectronics and Its New Materials —

A NEW ERA OF
NANOSCIENCE

W WILEY
Seei

Seeing beyond

Nanotechnology has become the driving
force behind breakthroughs in engineering,
materials science, physics, chemistry, and
biological sciences. In this compendium, we
delve into a wide range of novel
applications that highlight recent advances
in electronics research and fundamental
nanoscience. From surface analysis and
defect detection to tailored optical
functionality and transparent nanowire
electrodes, this eBook covers key topics that
will revolutionize the future of electronics.

To get your hands on this valuable resource
and unleash the power of nanotechnology,
simply download the eBook now. Stay
ahead of the curve and embrace the future
of electronics with nanoscience as your
guide.

WILEY



https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3A080bd665-5b59-49eb-aab6-6033f4f17216&url=https%3A%2F%2Fcontent.knowledgehub.wiley.com%2Fnanoelectronics-and-its-new-materials-a-new-era-of-nanoscience%2F&pubDoi=10.1002/adfm.202306170&viewOrigin=offlinePdf

RESEARCH ARTICLE

W) Check for updates

FUNCTIONAL

www.afm-journal.de

Introducing MR-TADF Emitters into Light-Emitting
Electrochemical Cells for Narrowband and Efficient

Emission

Shi Tang, John Marques dos Santos, Joan Rafols-Ribé, Jia Wang, Eli Zysman-Colman,*

and Ludvig Edman*

1. Introduction

Organic semiconductors that emit by the process of multi-resonance

thermally activated delayed fluorescence (MR-TADF) can deliver narrowband
and efficient electroluminescence while being processable from solvents and
metal-free. This renders them attractive for use as the emitter in sustainable
light-emitting electrochemical cells (LECs), but so far reports of narrowband
and efficient MR-TADF emission from LEC devices are absent. Here, this issue
is addressed through careful and systematic material selection and device
development. Specifically, the authors show that the detrimental aggregation
tendency of an archetypal rigid and planar carbazole-based MR-TADF emitter
can be inhibited by its dispersion into a compatible carbazole-based blend host
and an ionic-liquid electrolyte, and it is further demonstrated that the tuning of
this active material results in a desired balanced p- and n-type electrochemical
doping, a high solid-state photoluminescence quantum yield of 91%, and
singlet and triplet trapping on the MR-TADF guest emitter. The introduction
of this designed metal-free active MR-TADF material into a LEC, employing
air-stabile electrodes, results in bright blue electroluminescence of 500 cd
m~2, which is delivered at a high external quantum efficiency of 3.8% and
shows a narrow emission profile with a full-width-at-half-maximum of 31 nm.
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The discovery and development of organic
semiconductors that emit by the process
of thermally activated delayed fluorescence
(TADF) was paradigm shifting since such
compounds can harvest both triplets and
singlet excitons for the generation of effi-
cient electroluminescence while being free
from expensive and scarce metals.l!] This
first generation of TADF emitters exhib-
ited very broad emission spectra, with
a typical full width at half maximum
(FWHM) of 70—100 nm[! because of sig-
nificant structural motions in the emis-
sive first excited singlet state (S;) and
a strong vibronic coupling between S,
and the singlet ground state (S,). Such
a broad emission spectrum is an unde-
sirable feature for applications where a
pure color or a distinct emission wave-
length is desired, for example, full-color
displaysP®! and light-treatment devices.[*]

In this context, the contributions
from Hatakeyama and co-workers of organic semiconductors
that deliver efficient and narrowband electroluminescence by
a process and materials design termed multi-resonance TADF
(MR-TADF) are noteworthy.’] An MR-TADF emitter is typically
a rigid heteroatom-doped nanographene, with its HOMO and
LUMO localized on adjacent atoms.°! This type of spatial sep-
aration of the frontier orbitals can result in short-range charge-
transfer excited states that possess a small energy gap between
the first excited triplet state (T;) and S; (AEg;), which in turn re-
sults in that the triplet excitons can be thermally upconverted to
the emissive S, state at ambient temperature by reverse intersys-
tem crossing (RISC). Simultaneously, the molecular rigidity of
typical MR-TADF compounds suppresses structural relaxations
in the S, state and weakens the vibronic coupling between the S,
and S, states resulting in narrowband emission.

The practical relevance of MR-TADF compounds was first
demonstrated in vacuum-processed organic light-emitting
diodes (OLEDs), which showed high maximum external quan-
tum efficiency (EQE,,,,) that can even exceed 40%!”) and an
extremely narrow FWHM that can be less than 20 nm.®l For
many applications, device fabrication by printing and coating is
preferred because it can be more cost-effective and sustainable

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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than by vacuum deposition.?! Although the characteristic rigid
molecular structure of MR-TADF compounds can pose chal-
lenges in this context, for instance in regards to their solubility in
common ink solvents, a number of recent reports!'®! have shown
that OLEDs using solution-processable MR-TADF compounds
can deliver high EQE and narrowband electroluminescence.
However, the more generic problem with OLEDs is that they
commonly comprise a multitude of highly exact thin organic
semiconductor layers, which render their complete printing and
coating fabrication challenging.

The light-emitting electrochemical cell (LEC) is an alternative
emissive thin-film device technology,'!! which is similar in ap-
pearance to the OLED, but is distinguished by its much simpler
and robust device structure that facilitates for a demonstrated
printing and coating fabrication of complete LEC devices under
ambient air.’*“12] This fabrication opportunity is enabled by the
existence of mobile ions in the active material, which redistribute
in a complex manner for the in situ formation of a p-n junction
during the initial LEC operation.['*] A number of reports on the
employment of TADF emitters in LEC devices can be found in the
scientific literature, and although these devices, in some cases,
deliver promising emission efficiency, they also invariably fea-
ture broad emission spectra.['*] Karaman et al. recently reported
on the synthesis of two cationic MR-TADF compounds, which
comprised a DiKTal"®! core endowed with a chemically grafted
imidazolium cation that is charge-compensated by a mobile PF~
anion.['®! They introduced a neat thin film of one, or a blend, of
these two ionic compounds as the active material in an LEC de-
vice, which produced electroluminescence. The drawbacks were
that the peak luminance and the EQE were modest at 15 ¢d m™2
and <0.01%, respectively, and notably that the emission spec-
trum was broad with a FWHM of >100 nm.[*¢]

Here, we report on the development of the first MR-TADF LEC
that delivers bright and narrowband emission at 500 cd m~2 and
a FWHM of 31 nm, respectively, at a high EQE, ., of 3.8%. The
peak emission wavelength of the blue-emitting MR-TADF LEC
is 489 nm and the CIE coordinates are (0.11, 0.35). The care-
fully tuned active material comprises a neutral carbazole-based
MR-TADF emitter and an ionic liquid dispersed into a carbazole-
based majority blend host. The concept-demonstrating device
performance was enabled by the systematic design and tuning
of the solution-processed host:guest active-material film, which
exhibits significant electrochemical p-type and n-type doping ca-
pacity for both the host and guest compounds, efficient host-to-
guest-transfer of both singlet and triplet excitons, a high solid-
state photoluminescence quantum yield (PLQY) 0f91%, and sim-
ilarly sized traps for electron and hole transport.

2. Results and Discussion

Figure 1la shows the molecular structure of the employed
MR-TADF emitter: a boron- and nitrogen-containing
nanographene termed 2,6-bis(3,6-di-tert-butyl-9 H-carbazol-9-
yl)boron (DtBuCzB).'I The four flexible and hydrophobic
tert-butyl substituents on the two carbazole units impart a de-
sired high solubility of the otherwise rigid molecule in common
organic solvents, as exemplified by a measured high solubil-
ity of 40 g L' in chlorobenzene. DtBuCzB was synthesized
according to a protocol from the literature,'”l and its molec-
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ular structure and purity were verified with a combination of
'H NMR and C NMR spectroscopy and high-performance
liquid chromatography (HPLC) (Figures S1-S3, Supporting
Information).

Figure 1b displays the absorption spectrum (dashed black line)
and the PL spectrum (solid black line) of a dilute chlorobenzene
solution of DtBuCzB ([1 X 10~ M]), as well as the PL spectrum
of a neat DtBuCzB film (solid red line). The corresponding val-
ues for the PLQY and the FWHM of the PL spectrum (FWHM,, )
are presented in the inset. The solution of DtBuCzB in chloroben-
zene exhibits very sharp and narrowband absorption and PL spec-
tra (FWHM,,, = 24 nm, FWHM,,, = 25 nm), a high PLQY of
92%, and a very small Stokes shift (i.e., the difference between
the absorption and PL peaks) of 20 nm.

This set of photophysical features is in agreement with
monomolecular MR-TADF emission. The optically active con-
jugated core structure of DtBuCzB is very rigid and therefore
remains essentially invariant during the S-S, transition. This
is reflected in the narrowband absorption and PL spectra and
the small Stokes shift. The same rigidity of the core structure
also suppresses the nonradiative deactivation of the excited state,
which is a prerequisite for a high PLQY.

The transfer of DtBuCzB into a neat solid film results in a red-
shifted PL spectrum (compare solid black line with dashed red
line in Figure 1b), a marked broadening of the FWHM,, from 25
to 60 nm, and a significant lowering of the PLQY from 92% to
22%. This behavior is rationalized by the propensity of the rigid
and flat DtBuCzB molecules to aggregate and that these aggre-
gates in the neat film form poorly emissive excimers with a low-
ered energy gap.'®) A functional solution to this type of undesired
emitter aggregation in the active material of electroluminescent
devices is to disperse the emitter into a second compatible ma-
jority “host” organic semiconductor, which also can perform the
duty of electronic transport.

Figure 1c shows the molecular structure of two identified
prospective host compounds: 2,6-di(9H-carbazol-9-yl)pyridine
(PYD2Cz) and 2,6-bis(3-(carbazol-9-yl)phenyl)pyridine
(26DCzPPy). Their selection was based on three different
criteria: i) they comprise (two) carbazole units to render them
compatible with the carbazole-based DtBuCzB guest compound
(see Figure 1a), so that the minority guest can be well dispersed
into the majority host matrix in the solid statel'*"); ii) they
feature high solubility in common hydrophobic solvents, notably
40 g L7! in chlorobenzene, so that the host:guest blend can be
solution-processed into uniform thin films; iii) they both feature
higher triplet energy than that of the DtBuCzB guest emitter to
enable facile host-to-guest Dexter energy transfer and efficient
guest emission (see Figure 1d).['71]

Figure 1e presents the PL spectra of thin films of the PYD2Cz
single host (solid black squares), the 26DCzPPy single host (open
blue circles), and the PYD2Cz:26DCzPPy blend host (mass ratio
= 50:50, solid red triangles). The observation that the PL spec-
trum of the PYD2Cz:26DCzPPy blend host (PL,., = 386 nm) is
a superposition of, and not red shifted with respect to, the PL
spectra of the PYD2Cz single host (PL,., = 375 nm) and the
26DCzPPy single host (PL,., = 390 nm) suggests that the blend
host does not form exciplexes. Figure 1e also shows the absorp-
tion spectrum of the dilute DtBuCzB-in-chlorobenzene solution
(dashed black line).
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Figure 1. a) The molecular structure of the DtBuCzB emitter. b) The absorption spectrum (dashed black line, left y-axis) and the PL spectrum (solid
black line, right y-axis) of DtBuCzB in dilute chlorobenzene solution. The DtBuCzB solute concentration is 1x 107> m. The PL spectrum of a DtBuCzB
neat film is presented by the solid red line. The corresponding values for the PLQY and the FWHM are presented in the inset. c) The molecular structure
of the two host compounds: PYD2Cz and 26DCzPPy. d) The triplet energies of the host and guest compounds. €) The PL spectra of thin films of the
neat host compounds and the blend host (solid lines), and the absorption spectrum of the dilute DtBuCzB-in-chlorobenzene solution (dashed black
line). f) The PL spectrum of the blend-host:guest film as a function of the DtBuCzB guest concentration, with the arrow indicating increasing guest
concentration. The PL spectrum of the dilute DtBuCzB-in-chlorobenzene solution is included as a reference (dashed black line). g) The PLQY (left y-axis)
and the FWHM of the PL spectrum (right y-axis) of the blend-host:guest film as a function of guest concentration. h) The temperature-dependent PL
intensity transients of the blend-host:guest film, with the arrow indicating increasing temperature. All spectra were normalized to the peak intensity
value.
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The evolution of the PL spectrum of the blend-host:guest film
with increasing guest concentration is depicted in Figure 1f,
with the arrow indicating increasing DtBuCzB guest concentra-
tion. The PL spectrum of the dilute DtBuCzB guest emitter in
chlorobenzene solution (dashed black line) is included as a refer-
ence of well-dispersed guest behavior. The associated changes in
the PLQY and FWHM,,; with increasing guest concentration are
shown in Figure 1g, while Figure S4, Supporting Information,
and Table 1 show the corresponding spectra and data for the two
single-host:guest systems. We first note that the absence of host
emission (at ~#390 nm, see Figure le) implies that the host-to-
guest energy transfer is complete in all investigated host:guest
films, although the overlap between the PL spectrum of the host
and the absorption spectrum of the dispersed DtBuCzB guest is
moderate (see Figure 1e). We further call attention to the fact that
all of the solid host:guest films with a guest concentration of <2.5
mass% feature narrowband and efficient PL, with a FWHM,,| of
~30 nm and a PLQY >90%. The conclusion is thus that the three
carbazole-based host systems are capable of suppressing the ag-
gregation of the DtBuCzB guest emitter up to a guest concentra-
tion of 2.5 mass%.

Table 1 further shows that the PLQY is consistently markedly
higher under inert N, atmosphere than under ambient air. This
observation is in line with the fact that a significant fraction of
the photoexcited singlet excitons are converted to the triplet state
by intersystem crossing (ISC), where they are quenched by O,
molecules (if present), before being back-converted to the emis-
sive singlet state by RISC. This type of ISC/RISC loop, as man-
ifested in a distinctly lower PLQY under air than under inert
N,, is a well-documented characteristic of a TADF emitter.!?’]
The TADF capacity of the solid blend-host:guest film was further
verified by the temperature-dependent PL transients, depicted
in Figure 1h. The PL transients are found to essentially com-
prise two components, one fast component with a radiative life-
time of 6.6 ns, and one slow component with a radiative lifetime
of 39 ps, and the intensity of the slow transient was observed
to increase with temperature, as indicated by the arrow. This
temperature-induced increase of the slow component is assigned
to a thermally activated upconversion of excitons from the none-
missive T, state to the emissive S; state by RISC, which corrob-
orates the TADF nature of the emission of DtBuCzB in the host
environment.

The functional operation of a LEC is dependent on that the
organic semiconductor(s) in the active material can be electro-
chemically p-type and n-type doped. This in situ doping capac-
ity can conveniently be evaluated by cyclic voltammetry (CV).
Figure 2a—c presents CV traces recorded of the DtBuCzB emit-
ter (Figure 2a), the PYD2Cz single host (Figure 2b), and the
26DCzPPy single host (Figure 2c) in both dilute DMF solution
(dashed black line) and as a neat film (solid red line). The CV
traces feature partially reversible oxidation and reduction reac-
tions, which we assign to electrochemical p-type doping and n-
type doping, respectively, of the investigated organic semiconduc-
tor, in line with earlier literature.l1*17.21]

The onset potentials for the electrochemical doping reactions
were established with the procedure detailed in the Experimen-
tal Section, and the derived onset potentials are indicated by the
vertical dotted lines in Figure 2a—c. These onset potentials (vs
the Fc/Fc* reference potential, Vi ., ) can be translated into
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Figure 2. CV traces of a) the MR-TADF guest emitter DtBuCzB, b) the host compound PYD2Cz, and c) the host compound 26DCzPPy, in the form of a
neat solid film (solid red line) and as dissolved in DMF solution (dashed black line). The solute concentration in DMF is 1g L™, the electrolyte is 0.1 m
THABF,, and the scan rate is 0.05 V s~'. The vertical dotted lines indicate the derived onset potentials for electrochemical oxidation and reduction. d)
The electron-energy diagram of the host and guest compounds in the LEC active material, as derived from the CV data.

the HOMO and LUMO energies, respectively, with the equation,
HOMO/LUMO = —¢:(4.8 V + Vi, ), where eis the elementary
charge. Figure 2d shows the CV-derived electron-energy diagram
for the host:guest systems, which reveals that both the electron
and the hole will be trapped on the DtBuCzB guest emitter, re-
gardless of whether PYD2Cz or 26DCzPPy is employed as the
single host or PYD2Cz:26DCzPPy is the blend host.

The “trap depth” for electron/hole transport in the host:guest
system is defined to be the absolute energy difference between
the LUMO/HOMO of the host and the LUMO/HOMO of the
guest. It has been shown by combined simulations and experi-
ments that a balanced electron and hole trap depth and a balanced
electron and hole mobility of the host will position the emissive
p-n junction in the center of the active material of LEC devices,[?!
and that such a centered p-n junction can enable highly efficient
light emission.[?2>23] Figure 2d shows that the most balanced trap
depth is obtained with the blend-host:guest system, which fea-
tures an electron trap depth of 0.3 eV and a hole trap depth of
0.2 eV.

The LEC devices were fabricated using the following architec-
ture: indium-tin-oxide (ITO)/poly(3,4-ethylenedioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS)/active-material/Al (see
Figure S5, Supporting Information, for an electron-energy
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diagram of the device structure). The primary role of the PE-
DOT:PSS layer is to flatten the ITO surface and, thereby, to
suppress the probability for formation of short circuits between
the two electrodes. The active material was spin-cast from a
chlorobenzene ink, which in addition to the organic semicon-
ductor(s) comprised a tetrahexylammonium tetrafluoroborate
(THABF,) ionic liquid as the electrolyte in an optimized concen-
tration of 6.7 mass%. The presented LEC data were recorded on
pristine devices, which were driven by a constant current den-
sity of 7.7 mA cm~2, with ITO/PEDOT:PSS biased as the positive
anode.

Figure 3a,b show the luminance transients (black line, left y-
axis) and the voltage transients (red line, right y-axis) for the
guest-only LEC and the blend-host:guest LEC, respectively. The
latter comprises a PYD2Cz:26DCzPPy:DtBuCzB:THABF, active
material in an optimized mass ratio of 45.4:45.4:2.5:6.7. Table S1,
Supporting Information, presents device metrics recorded dur-
ing the blend-host optimization, whereas Figure 3c,d displays
the corresponding luminance and voltage transients for the two
single-host:guest LECs. All four different LECs exhibit an in-
creasing luminance and a decreasing voltage during the initial
constant-current operation. This behavior is consistent with the
fact that the THA cations and BF, anions in the active material
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Figure 3. a—d) The temporal evolution of the luminance (black line, left y-axis) and the voltage (red line, right y-axis) of a) the MR-TADF guest-only
LEC, b) the optimized blend-host:guest LEC, c) the PYD2Cz single-host:guest LEC, and d) the 26DCzPPy single-host:guest LEC. e) The steady-state
EL spectrum of the blend-host:guest LEC as a function of the guest concentration, with the arrow indicating increasing guest concentration and the
inset identifying the absolute value for the guest concentration in the active material. f) The EQE (solid black squares, left y-axis) and the FWHM of the
EL spectrum (open red circles, right y-axis) of the blend-host:guest LEC as a function of guest concentration. g) The steady-state EL spectrum of the
optimized blend-host:guest LEC as a function of viewing angle, with the arrow indicating increasing viewing angle and the inset showing the derived
values for the FWHM. h) A polar presentation of the steady-state luminous intensity as a function of viewing angle. The red dashed line presents the
luminous intensity of an ideal Lambertian emitter. All of the ITO/PEDOT:PSS/active-material /Al LEC devices were driven by a constant current density
of 7.7 mA cm™2, and the presented data are from the best performing device out of 4 to 8 investigated. The standard deviation around the mean value
(for the peak luminance, the external quantum efficiency, and the operational lifetime) is less than 10%.
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are mobile, and, in response to the applied voltage, are first form-
ing injection-facilitating electric double layers at the electrode in-
terfaces, and thereafter enable transport-improving electrochem-
ical doping of the organic semiconductor(s) by electrostatic com-
pensation. The latter process eventually results in the in situ for-
mation of a p-n junction doping structure in the active material,
which is concomitant with the fact that the electron and hole re-
combination to excitons is essentially perfect.'324]

The guest-only LEC in Figure 3a features a relatively bright
and efficient peak luminance of 120 cd m~2 at an EQE of 0.52%,
in particular in consideration of its modest solid-state PLQY of
22%. The drawback is that its EL spectrum is markedly broad-
ened (FWHMy; = 60 nm) and red-shifted (EL,,, = 515 nm) in
comparison to the demonstrated potential for narrowband and
blue emission of a well dispersed DtBuCzB emitter (as shown in
Figure 1b, solid black line). This implies that the light-emission
performance of the guest-only LEC is detrimentally affected by
aggregation of the flat and rigid DtBuCzB molecules in the ac-
tive material, despite the motion of bulky ions during the initial
electrochemical doping process.?!

Importantly, the optimized blend-host:guest LEC, depicted in
Figure 3b, delivers a highly appealing LEC performance in the
form of simultaneously narrowband, bright, and efficient light
emission. More specifically, the presented blend-host:guest LEC
device emits blue light, with a narrow FWHMy, of 31 nm, a
peak wavelength of 489 nm, and CIE coordinates of (0.11, 0.35),
which is delivered at a strong luminance of 493 ¢cd m~2 and a
high EQE,,, of 3.8%. The latter corresponds to a respectable cur-
rent conversion efficacy of 6.3 cd A™!, despite the device being
void of outcoupling structures. The dependence of the peak lumi-
nance and the EQE,_,, on the driving current density is presented
in Figure S6a, Supporting Information. We further note that the
turn-on time to a luminance of 100 cd m~2 is 16 s for the pristine
blend-host:guest LEC device (and that the turn-on time drops rad-
ically with increasing current density, see Figure S6b, Supporting
Information), which implies that the bulky ionic-liquid ions in
the active material are rather mobile.[2]

Figure 3e,f and Table 1 disclose that the sharpest EL spec-
trum with a FWHM,; of 28 nm is obtained at the lowest guest
concentration of 0.5 mass%, but that associated penalties are a
sub-optimized EQE of 2.6% and a shortened operational stabil-
ity (see Table 1). The optimum guest concentration of 2.5 mass%
was thus identified as a compromise between the goals of nar-
row EL spectrum, high emission efficiency, and reasonable oper-
ational lifetime. Figure 3g,h further shows that both the emission
spectrum and the perceived luminance of the optimized blend-
host:guest LEC device, as often desired, are highly invariant of
the viewing angle.

However, Figure S7, Supporting Information, presents a
combined simulation and measurement study of the angle-
dependent EL spectrum of a blend-host:guest LEC equipped with
a thicker active material, which establishes that the steady-state
p-n junction is positioned close to (in average only ~17% of the
interelectrode gap away from) the Al cathode at steady state. This
translates to that the excitons are formed at a distance of 15—
30 nm away from the Al cathode in the 120 nm thick devices
presented in Figure 3. Such a positioning of the emissive p-n
junction next to a metal (Al) electrode is undesirable from an
efficiency viewpoint, since metals in general are strong exciton
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quenchers and since an off-centered p-n junction also will be con-
comitant with a high concentration of exciton-quenching (elec-
tron) polarons in the thin (n-type) doped region in between the
p-n junction and the electrode.?’]

This finding suggests that the hole mobility is higher than the
electron mobility for the blend host, and that further improve-
ments of the device performance can be achieved with a more
balanced host mobility that, in turn, should force a more centered
p-n junction.??®! Finally, the fact that the operational lifetime is
observed to increase monotonically with increasing guest con-
centration up to 10 mass% implies that exciton—exciton quench-
ing interactions are a significant stability-limiting reaction. This
observation is also important in that it suggests that a shortening
of the emissive lifetime of the MR-TADF guest emitter will pro-
vide a route toward an improvement of the device stability and
efficiency.

To put our results into perspective, we conclude with a brief
summary and discussion of the state-of-the-art in narrowband
and efficient emission from LEC devices. The progress in this
field has to date primarily been achieved through the utilization
of various types of quantum dots as the LEC emitter.[?®! Leger and
co-workers pioneered the use of CdSe/ZnS core/shell quantum
dots in a LEC device, and reported narrowband orange-yellow
electroluminescence with a FWHM of 31 nm at a modest EQE
of ~0.1%.1%%¢] Watkins et al. subsequently employed CdSe/CdS
core/shell quantum dots of a wide range of different emission
colors as the emissive species in LEC devices, which produced
narrowband electroluminescence with a FWHM of 25-39 nm at
a respectable current conversion efficacy of 0.4-1.9 cd A~1.[28]
Finally, Slinker and colleagues recently reported a novel pro-
cedure for the fabrication of devices that comprise perovskite
nanocrystals as the active material sandwiched between a PE-
DOT:PSS hole injection layer and a LiF electron injection layer,
and which featured very narrow FWHM of ~20 and 18 nm and
high EQE, . of 8.3% and 4.3% for sky-blue and green devices,
respectively.?8<2] These preceding achievements of narrowband
and efficient light emission are both innovative and important,
but unfortunately suffer from their reliance on toxic Cd or Pb
as critical constituents within the emitting compound. Thus, our
contribution that it is possible to simultaneously deliver efficient
and narrowband emission from an LEC device comprising a
metal-free MR-TADF compound as the emitter is relevant not
only from a conceptual viewpoint but also from a sustainability
perspective.

3. Conclusions

We report on the rational development and pioneering demon-
stration of a MR-TADF LEC device that delivers narrowband
and efficient light emission. This was achieved by dispers-
ing a carbazole-based MR-TADF emitter and an ionic-liquid
electrolyte into a compatible and functional carbazole blend
host for the suppression of emitter aggregation and phase
separation. The desired result is a metal-free active material
that features a high solid-state PLQY, significant and balanced
electrochemical doping capacity, and singlet and triplet trap-
ping on the MR-TADF guest emitter. The inclusion of this
solution-processed active material in between two air-stabile
electrodes enabled the attainment of bright blue electrolumi-
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nescence of 500 cd m=2 at a high external quantum effi-

ciency of 3.8% and a narrow full-width-at-half-maximum of
31 nm.

4. Experimental Section

The MR-TADF guest emitter DtBuCzB was synthesized according to a
literature protocol.['73%] The TH and *C NMR spectra shown in Figures
S1 and S2, Supporting Information, were recorded on a Bruker Advance
spectrometer (400 MHz for 'H and either and 126 MHz for 1*C). The 'H
and '*C NMR spectra were referenced with respect to TMS (8 = 0 ppm)
and residual solvent peaks. The HPLC analysis shown in Figure S3, Sup-
porting Information, was conducted on a Shimadzu LC-40 HPLC equipped
with a Shim-pack GIST 3 um C18 reverse phase analytical column. The host
compounds, 2,6-di(9H-carbazol-9-yl)pyridine (PYD2Cz, Lumtec) and 2,6-
bis (3-(carbazol-9-yl)phenyl) pyridine (26DCzPPy, Lumtec), and the elec-
trolyte, the ionic liquid tetrahexylammonium tetrafluoroborate (THABF,,
Sigma-Aldrich), were used as received. Master solutions were prepared by
dissolving each compound separately in chlorobenzene at a concentration
of 40 g L™', and thereafter by stirring the solutions at 70 °C for >6 h on a
magnetic hot plate.

The thin films for the optical measurements were spin-coated from the
neat or mixed master solutions onto carefully cleaned quartz substrates.
The absorption and the photoluminescence (PL) spectra and the PLQY
were measured with an integrating sphere connected to a spectrometer
(€9920-02G, Hamamatsu Photonics). The PL intensity transients were
recorded under vacuum, using a pulsed laser (wavelength = 375 nm, fre-
quency = 500 Hz, pulse width = 100 ns) as the excitation source and a
spectrometer (FLS1000, Edinburgh) for the detection. The CV measure-
ment was carried out with a computer-controlled potentiostat (Autolab
PGSTAT302, driven by the GPES software). For the film CV, the working
electrode comprised the material-under-study drop-cast on a Au-covered
glass substrate, while the solution CV used a Pd disc (diameter = 5 mm)
as the working electrode. A Pt rod was the counter electrode, a Ag wire
was the quasi-reference electrode, and 0.1 m THABF, (Sigma-Aldrich) in
anhydrous CH;CN (film CV) or dimethylformamide (solution CV) was the
electrolyte. Directly after each CV scan, a calibration scan was run with a
small amount of ferrocene added to the electrolyte solution. All CV poten-
tials are reported versus the ferrocene/ferrocenium ion (Fc/Fc*) reference
potential. The reduction/oxidation onset potentials are defined as the in-
tersection of the baseline with the tangent of the current at its half peak.
The CV sample preparation and measurement were performed in a N,-
filled glove box ([O,] < 2 ppm, [H,0] < 1 ppm).

The device fabrication was initiated by a careful cleaning of the indium-
tin-oxide (ITO) coated glass substrates (20 Q sq~', Thin Film Devices).
A poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
ink (Clevios P VP Al 4083, Heraeus) was spin-coated on the ITO at
4000 rpm for 60's, and the coated film thereafter dried at 120 °C for 30 min.
The active-material ink was prepared by blending the master solutions in
a desired mass ratio, followed by stirring at 70 °C for >2 h on the magnetic
hot plate. The active-material ink was spin-coated on the dry PEDOT:PSS
layer at 2000 rpm for 60 s, and the coated film thereafter dried at 70 °C
for 2 h. The dry thickness of the PEDOT:PSS and the active-material layers
was 40 and 120 nm, respectively, as measured with a profilometer (Dek-
Tak XT, Bruker). Finally, a set of 100 nm thick Al cathodes were deposited
on top of the active material by thermal vacuum evaporation at p 5 x
107® mbar. The 0.85 x 0.15 cm? emission area was defined by the overlap
between the ITO anode and the Al cathode. The LEC devices were mea-
sured with a computer-controlled source-measure unit (Agilent U2722A)
and a calibrated photodiode, equipped with an eye-response filter (Hama-
matsu Photonics), and connected to a data acquisition card (National In-
struments USB-6009) via a current-to-voltage amplifier. The EL spectrum
was measured with a calibrated spectrometer (USB2000+, Ocean Optics).
All of the above presented measurement procedures, with the exception
of the deposition of PEDOT:PSS, were carried out in two interconnected
N,-filled glove box ([O,] < 2 ppm, [H,0] < 1 ppm).
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The angle-resolved EL intensity and spectrum were measured with a
custom-built, automated spectrogoniometer setup. The angle-dependent
measurements were conducted under ambient air, and the devices were
therefore encapsulated by attaching a 24 x 24 mm? glass cover slide
(Menzel GmbH, GER) onto the Al cathode side with UV-curable epoxy
(E132-60 mL, Ossila). The epoxy was cured by exposure to UV light (/e
= 365 nm, power density = 80 mW X mm™2, UV-Exposure Box 1, Gie-
Tec) for 15 min. The devices were driven by a constant current density of
7.5 mAcm2,

The optical simulation was performed with the commercial software
Setfos (version 5.2, Fluxim AG, Switzerland). The measured and simu-
lated LECs featured an active material thickness of 170 nm. The active
material was modeled as a transparent layer with a wavelength- and
doping-independent refractive index of n = 1.8. The emissive dipoles were
simulated by a delta function positioned in the center of p-n junction
region. The intrinsic emission spectrum of the emissive dipoles was set
equal to the measured PL spectrum of the blend-host:guest film. The posi-
tion of the emissive dipoles, that is, the center position of the emissive p-n
junction, within the active material was determined by minimizing the root
mean square error between the simulated and the measured s-polarized
angle-dependent EL data, using a previously published procedure.[3]

Statistical Analysis:  The photoluminescence and electroluminescence
spectra are normalized with respect to the peak intensity. The device per-
formance, as displayed in the figures and as detailed in the tables, are from
the best performing device out of 4 to 8 investigated in each category. The
standard deviation around the mean value (for the peak luminance, the ex-
ternal quantum efficiency, and the operational lifetime) is less than 10%.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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