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Perovskite energy funnels for efficient
light-emitting diodes

Mingjian Yuan®, Li Na Quan'?, Riccardo Comin’, Grant Walters', Randy Sabatini’, Oleksandr Voznyy',
Sjoerd Hoogland', Yongbiao Zhao'3, Eric M. Beauregard', Pongsakorn Kanjanaboos'', Zhenghong Lu3,
Dong Ha Kim?* and Edward H. Sargent™

Organometal halide perovskites exhibit large bulk crystal domain sizes, rare traps, excellent mobilities and carriers that
are free at room temperature—properties that support their excellent performance in charge-separating devices. In
devices that rely on the forward injection of electrons and holes, such as light-emitting diodes (LEDs), excellent mobilities
contribute to the efficient capture of non-equilibrium charge carriers by rare non-radiative centres. Moreover, the lack of
bound excitons weakens the competition of desired radiative (over undesired non-radiative) recombination. Here we report
a perovskite mixed material comprising a series of differently quantum-size-tuned grains that funnels photoexcitations to
the lowest-bandgap light-emitter in the mixture. The materials function as charge carrier concentrators, ensuring that
radiative recombination successfully outcompetes trapping and hence non-radiative recombination. We use the new

-1 _..-2

material to build devices that exhibit an external quantum efficiency (EQE) of 8.8% and a radiance of 80 Wsr 'm
These represent the brightest and most efficient solution-processed near-infrared LEDs to date.

version efficiencies of 20.1%' due to their superior charge
carrier mobilities and the low densities of deep trap states>™.
The materials also exhibit outstanding optical properties® (including
wide colour tunability®) that make them highly relevant to light
emission applications. Bulk and quantum dot perovskites’™ have
featured in impressive optically pumped lasers'®'2 and LEDs!*-17.
As excitons have low binding energies (9-60 meV; refs 18,19) in
CH;NH;PbI; perovskites, the charge carriers are free (instead of
forming bound excitons) at room temperature?’. The photolumines-
cence quantum yield (PLQY) of CH3;NH;PbI; perovskites therefore
depends on the excitation intensity, and reaches a higher value at
high excitation photon fluences where radiative bimolecular recombi-
nation dominates. Trap-mediated non-radiative recombination
dominates under weak excitation, resulting in relatively low PLQY?"%
In LED applications, the injected carrier density at typical
applied biases is too low to fill the trap states completely. As a
result, under normal operating conditions the actual PLQY is low
compared with high-excitation-density values?*?*. The performance
of perovskite LEDs has been severely curtailed by the low radiative
efficiency of the active medium under device operating conditions.
To improve LED performance, perovskite films are typically
engineered to be thin (~20 nm) to both confine the injected
charges and maximize the carrier density**. However, as pinholes
are unavoidable in such thin films, the average EQEs for perovskite
LEDs have, until recently, remained moderate’>?. A new strategy
was developed recently to spatially confine the injected charges
within CH;NH;PbBr; nanograins, increasing the probability of
dissociated excitons regaining their bound form. The reduced
grain size thereby increased the radiative recombination rate,
resulting in an enhanced PLQY and an impressive EQE of 8.53%
in the visible region®. Although this strategy was very successful

Perovskjte solar cells have recently reached certified power con-

in bromide perovskites, the iodide CH;NH;Pbl; possesses an
exciton binding energy that is three times lower?! and spatial confine-
ment therefore has yet to produce the much-needed increase in the
PLQY for infrared-emitting perovskites (Supplementary Fig. 25).

Further improving the efficiency of radiative recombination
under low-level injection is an important route to more efficient
perovskite LEDs?”. Two-dimensional (2D) layered perovskites?®?°
provide one means to form excitons at room temperature, with the
largest exciton binding energy reaching an impressive Ej, ~ 320 meV
(ref. 30). However, strong luminescence has so far only been
observed from these materials at liquid nitrogen temperatures.
The lack of efficient luminescence at room temperature is still
not well understood, but has been tentatively assigned to the
thermal quenching of excitons®*2.

We sought to explore whether increasing the average number of
layers (n) that make up the average dimensionally tuned perovskite
in a solid-state material could be used as a means to enhance the
PLQY. (n) is equal to the number of Pbly monolayer sheets
within a layer (Fig. la). Both E, and the bandgap of these multi-
layered quasi-2D perovskites ((#) > 1) are lower than those of 2D
perovskites (n = 1), as expected from the weaker quantum confine-
ment as the number of layers increases.

We synthesized multilayered quasi-2D perovskite compounds
by incorporating the bulky cation phenylethylammonium
(PEA = CgHgNHj;). PEA possesses a large ionic radius that does
not fit into the corner-sharing lead halide octahedral 3D framework;
it thereby causes the 3D perovskite architecture to separate into
layers®. The thickness of each unit cell of quasi-2D perovskites
will expand via the incorporation of additional CH3;NH; cations
(Fig. 1a). In this way, we achieve dimensional modulation by
adjusting the ratio of methylammonium iodide (CH;NH;I, MAI)
to PEA iodide (PEAI). This yields grains with the composition
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Figure 1| Unit cell structure, electronic bandstructure and photoluminescent properties of quasi-2D perovskites. a, Unit cell structure of
(CgHoNH3)2(CH3NH3),,_1Pby 3,41 perovskites with different (n) values, showing the evolution of dimensionality from 2D (n=1) to 3D (n = o). b, Electronic
band structure of perovskites with different (n) values, combined with the band structure of ITO, TiO,, F8, MoOs and the Au electrode. ¢, electric potential.
¢, Summary of the PLQY for perovskite films with different (n) values at a low excitation intensity (6 mW cm™). d, Evolution of the PLQY with increasing
excitation intensity for perovskites with different (n) values. The data show a steeper and earlier (lower threshold intensity) rise in PLQY for quasi-2D

perovskites compared with 2D and 3D perovskites.

PEA,(CH;NH3;),, 1 Pb, 5,1, with the average grain comprising (n)
sheets of Pbl (Supplementary Table 1).

Structure and photoluminescence of quasi-2D perovskites
We obtained the desired quasi-2D perovskite films through a
stoichiometric reaction between Pbl,, MAI and PEAI, followed by
one-step spin casting. X-ray diffraction (XRD) was used to
monitor the structural evolution from 3D to quasi-2D perovskites.
Thin-film XRD patterns revealed no significant differences among
the samples, consistent with a preferential orientation of crystallites
in each sample**. We therefore pursued low-angle Bragg reflection,
which we expected to reveal layered perovskites with their
expanded unit cell’*®. We produced a powder from each film,
thereby disturbing the preferential orientation, and found a
notable difference in the XRD patterns of unoriented quasi-2D
versus 3D perovskite samples (Supplementary Fig. 1). In the case
of quasi-2D perovskites, a series of Bragg reflections at low angles
(20 <10°) was observed, revealing the vertical growth of the unit
cell, which is indicative of lead iodide (u)-layer perovskite
sheets*. X-ray photoelectron spectroscopy (XPS) was used to deter-
mine the stoichiometry present at the surface of quasi-2D perovskite
films. XPS core-level photoemission spectra of iodine 3d and
nitrogen s are shown in Supplementary Fig. 12. The result revealed
I:Pb and N:Pb ratios that gradually increased with decreasing (1)
values. The trend is consistent with the nominal molar ratio of
the precursors.

We determined the position of the valence band maxima (VBM)
of these quasi-2D perovskites using ultraviolet photoelectron
spectroscopy (UPS). The conduction band minima (CBM) were
then indirectly calculated by subtracting the optical bandgap

(Supplementary Figs 11 and 14). The films exhibited a similar
value of VBM¥; however, the CBM gradually increases with
decreasing (n) values (Fig. 1b). This phenomenon is similar to
that observed in the quantum size effect tuning in colloidal
quantum dots®.

PL spectra were also used to track the dimensional modulation.
Lower (n) value materials exhibit the expected higher electronic
bandgap. The trends for the PL emission peak and E, (extracted from
the temperature-dependent PL data presented in the Supplementary
Information) are summarized in Supplementary Figs 2 and 3. As
expected, decreasing dimensionality results in an increase in both the
bandgap and E, due to the stronger dielectric confinement. The
trends in E,, consistent with previous results®®, further confirmed
that different grain thickness values were indeed achieved through
control over the stoichiometry of the bulk-incorporating (MA) versus
the surface-terminating (PEA) organic cations.

The PLQY as a function of (n) at a low excitation intensity
(6 mW cm ™) for different perovskites is summarized in Fig. lc.
The 3D CH;NH;Pbl; perovskite films exhibits low PLQY (~0.2%),
a fact that we attribute to a dominance of trap-mediated non-radiative
recombination, consistent with previous reports??. Similarly, the 2D
perovskite compound, PEA,Pbl, (n=1), also exhibits low photo-
luminescence in films (PLQY <0.1%), again in agreement with
previous studies?®3!,

Strikingly, quasi-2D perovskites with (n) =3 and (n) =5 show a
substantially more intense photoluminescence: their respective PLQY
values reach 10.1 and 10.6% under the same low (6 mW cm2) exci-
tation intensities for which the PLQY of 3D materials is negligible.
We also explored PL intensity as a function of the excitation intensity
for different (n) perovskite films (Fig. 1d and Supplementary Fig. 9)
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Figure 2 | Carrier funnelling in quasi-2D perovskite solids. a, Steady-state PL spectra for perovskites with different (n) values. b, TA spectra for perovskites
with different (n) values. They track the recovery of the transient bleach of the bandedge absorption as photoexcited carriers populate various states and
then ultimately transfer out of, or recombine from, those states. OD, optical density. €, The carrier transfer process in <n> = 3 perovskite. d, Carrier transfer
process in <n> =5 perovskite. e, Multi-phase perovskite materials PEA,(CHsNH3),,_1Pb,l3,+1 channel energy across an inhomogeneous energy landscape,
concentrating carriers to smallest bandgap emitters. The arrows represent the carrier transfer process.
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Figure 3 | TA and time-resolved PL spectra for quasi-2D perovskite, (n) = 3 and (n) = 5. a, TA spectra for an (n) = 3 perovskite at different timescales
show that the relative intensity of the four bleaching peaks evolves on times. b, TA spectra for an (n) = 3 perovskite that probed selected wavelengths
corresponding to the distinct bleaching lines as a function of delay time. ¢, PL for an (n) = 3 perovskite at distinct timescales. d, PL decay curve probed at
selected wavelengths for an (n) = 3 perovskite. The inset figure shows further detail: PL decay at shorter wavelengths exhibits a bi-exponential behaviour,
where the fast decay can be attributed to an intraband relaxation pathway from the carrier funnelling process. In contrast, the smallest bandgap species
exhibits a single timescale associated with recombination alone. e, TA spectra for <n> =5 perovskite at different timescales. f, TA spectra for <n>=5
perovskite at different wavelengths as a function of delay time. g, PL spectra for <n> =5 perovskite at different timescales. h, Time-resolved spectra for

<n> =5 perovskite at selected wavelengths.

and found a steeper and earlier (lower threshold intensity) rise in
PLQY for quasi-2D perovskites as a function of the excitation
intensity regime.

A possible initial explanation for the superior performance of the
quasi-2D perovskites is a great excitonic character of the photo-
charges. However, the position of the PL emission spectra of the
quasi-2D perovskites closely approaches that of the 3D (CH;NH;Pbl;)
materials. This suggests similar free (unconfined) behaviour of the

photocarriers in the principal light-emitting media in the (n) =3
and (n) =5 quasi-2D perovskite solids.

Transient dynamics

We therefore sought deeper insight into the dynamics of photocar-
riers in the quasi-2D perovskites compared with controls. Transient
absorption (TA) and time-resolved PL spectroscopy enable the
characterization of carrier transport and the recombination
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Figure 4 | EL and LED device performance of quasi-2D perovskites. a, EL spectra of perovskites with different (n) values. b, Summary of the device EQE for
perovskites with different (n) values compared with the best reported device EQE for an iodide-based 3D perovskite LED?®. The average EQE for (n) =3
perovskite LEDs is 8.42%, based on more than 30 devices. Error bars represent the standard deviation of several devices. ¢, EQE versus J characteristics of
perovskites with different (n) values. d, Summary of the device radiance versus voltage characteristics of perovskites with different (n) values.

processes at ultrafast timescales, thus providing a view into the transfer
and recombination dynamics of photogenerated charges. Time-
resolved differential absorption spectra track the recovery of the
transient bleach of the bandedge absorption as photoexcited carriers
(generated using a laser pulse with a 400 nm wavelength, 150 fs
duration and 4 uJ cm™ excitation) populate various states and
then ultimately transfer out of, or recombine from, such states.

Intriguingly, we observed four distinctive bleach peaks in the
TA spectrum for (n) = 3 quasi-2D perovskite films (Fig. 2b and
Supplementary Fig. 16). The peak positions of these transitions
are in good agreement with peaks in the steady-state absorption
spectrum (Supplementary Fig. 5). These results suggest that the
quasi-2D perovskite films are not single-phase, but rather consist
of a collection of grains exhibiting a variety of (n) values. These
observations led us to believe that typical films having an
expected value of (n) =3 contained (n)=2, 3, 4 and 5 perovskite
phases in significant proportions. The fact that the steady-state
PL spectrum of the (n)=3 perovskite film reflects the smallest
bandgap component already indicates that photoexcitation
transfer is at play in these materials. Similar phenomena were
observed in the (n)=5 quasi-2D perovskite films, where an
inhomogeneously broadened bleaching peak was observed around
700 nm. The bandgap approaches (n) independence (asymptotes)
for large (n) (refs 39,40), hence the bleach peaks become indistin-
guishable and are manifest ultimately as peak broadening in the
case of the large (n) materials.

TA spectra for (n) =3 quasi-2D perovskite films (Fig. 3a and
Supplementary Fig. 15a) further show that the relative intensities

of the four bleaching peaks evolves on distinct timescales.
Figure 3b and Supplementary Fig. 17a show the TA spectra
probed at selected wavelengths corresponding to the distinct
bleaching lines as a function of delay time.

Taken together, the data suggest a cascade*™*? on the 100 fs-100 ps
timescale from higher-energy states to lower-energy ones. After
about 100 ps, the downward funnelling of energy is substantially
complete and the remaining dynamics correspond to recombination
in the lowest-energy inclusions.

Time-resolved PL measurements (Fig. 3¢ and Supplementary
Fig. 15b) are in excellent agreement with the TA dynamics. Four
different PL peaks were observed immediately following excitation;
however, only the smallest bandgap PL emission can be observed
following a 500 ps delay, reconfirming the funnelling/cascade
picture seen in the TA results. The PL decay at shorter wavelengths
exhibits a bi-exponential behaviour; we attribute the fast decay to
an intraband relaxation pathway from the carrier funnelling
process. In contrast, the smallest bandgap species (Fig. 3d and
Supplementary Fig. 18b) exhibits a single timescale associated with
recombination alone. We observed similar trends in (n) =5 quasi-
2D pervoskite films from both TA and time-resolved PL spectra
(Fig. 3e-h and Supplementary Fig. 15¢,d).

In summary, these studies of excitation dynamics suggest that the
multiphased perovskite materials PEA,(MAI),_,Pb,I3,,; channel
energy across an inhomogeneous energy landscape, concentrating
carriers on smaller bandgap emitters. We posit that the high
PLQY under low excitation is achieved because only the subset of
trap states found inside the lowest-energy inclusions need to be
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filled and there is an increased local excitation intensity within small
bandgap grains, which is otherwise achievable only at higher exci-
tation intensities in 3D perovsKkites.

We then investigated the film morphologies of quasi-2D perovs-
kites with different (#) values. Excellent surface coverage was obtained
for all quasi-2D perovskites (Supplementary Fig. 19) and the grain
size was significantly reduced as (n) decreased (Supplementary
Fig. 7). This reduction can be attributed to the PEAI molecules
hindering crystal growth during crystal pinning®. High-resolution
transmission electron microscopy (HRTEM) was employed to
study the detailed crystalline features of these multigrain perovs-
kites. The HRTEM images locally exhibit lattice fringes with
characteristic d spacings that can be assigned to grains with differ-
ent n values (Supplementary Fig. 8).

LED structure and performance

We then pursued the realization of enhanced-performance LEDs.
Figure 4a shows the normalized electroluminescence (EL) spectra
of quasi-2D perovskites with (n) =3, 5, 10, 40, as well as 3D perovs-
kite. The EL devices are fabricated by stacking the following series of
layers: indium tin oxide (ITO) as the bottom electrode, a thin layer
of titanium dioxide (TiO,) as an electron injection layer, the emis-
sive layer (PEA,(MA),,_;Pb, I5,,,1), the hole injecting layer poly(9,9'-
dioctylfluorence) (F8) and molybdenum trioxide (MoOs)/gold (Au)
as the top electrode (Supplementary Fig. 24). By taking advantage of
the solvent engineering fabrication process*?, we were able to achieve
high-quality, ultra-smooth perovskite layers without pinholes for
different (n) values.

The EQE of quasi-2D electroluminescent perovskite devices as a
function of (n) value was also studied (Fig. 4b,c and Supplementary
Fig. 21). The radiance versus voltage characteristics of the (n) =5
perovskite are shown in Fig. 4d. A clear turn-on of light emission
can be observed at 3.8 V. A radiance of 80 W sr™' m ™ was achieved
ata current of 95 mA cm™> when driven at 7.4 V. An average EQE of
8.4% (based on more than 30 devices) was achieved at 64 mA cm >
and 6.4 V, determined on the basis of a Lambertian emission profile
(Supplementary Fig. 20). The best-performing devices reach up to
8.8%. This gives an internal quantum efficiency (IQE) of 39%,
calculated by IQE = 2n*EQE. We used the refractive index of glass
(n=1.5) in our estimation of IQE, as light is emitted isotropically
into the glass substrate from the thin perovskite layer.

These results represent the most efficient and brightest solution-
processed LED operating at near-infrared wavelengths reported so
far, with an ~2.4x increase in peak EQE and an ~3x increase in
peak radiance over the previous best-reported near-infrared perovs-
kite EL devices. These results were achieved at an operating current
density that is ~2.5x lower than in the best reports in the literature.
The EQE rises rapidly with as the applied voltage and current
density are increased, indicating that radiative bimolecular recombi-
nation dominates at higher excitation densities. Interestingly, we
observe an increasing EQE and radiance with increasing perovskite
layer thickness (Supplementary Figs 22 and 23). The EQE in (n) = 5
perovskite films rises from 0.14% for 50 nm to 8.8% for 200 nm
films, whereas the radiance increases from 1.2 to 80 W sr™' m™>.
The improved EQE in thicker films is consistent with the trend of
PLQY enhancement with increasing film thickness (Supplementary
Fig. 10). The TA spectra for the (n) =3 perovskite with different
film thicknesses further confirmed the more efficient energy transfer
process in the thicker films compared with the thinner ones
(Supplementary Fig. 4). In addition, thicker films provided a
better surface coverage that significantly reduced leakage currents,
also contributing to the improved performance.

The competition between non-radiative and radiative recombi-
nation governs the evolution of the EQE across perovskite devices
with different (n) values. However, we register a drop in the EQE
for (n) =3 despite the high PLQY. The low EQE is tentatively

ascribed to a lower carrier injection efficiency arising from the
large injection barrier between the electrode and small (n) (high
bandgap) components.

Conclusions

In summary, the low efficiency of radiative recombination in EL
devices based on CH3NH;PbI; perovskites motivated our explora-
tion of new strategies to overcome this limitation. We found that
multicomponent multilayered perovskite solids exhibit record-
high PLQY under low excitation fluences. Dynamic studies
enabled us to attribute this advance to the conveyance of excited car-
riers in a funnelling mechanism that provides carrier concen-
tration**, enabling more efficient radiative recombination and
thereby overcoming the trap-mediated non-radiative recombination
at much more practical fluences. As a direct result, the most efficient
and brightest solution-processed LED operating at near-infrared
wavelengths were produce, with an EQE of 8.8% and a correspond-
ing radiance of 80 W sr™" m™2. The concept can be applied in visible
emissions and white LEDs by tailoring the composition of
the perovskites.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Perovskite film fabrication. Different dimensionality perovskite
[(PEA),(CH3NH3;),_,Pb,I3,.,] solutions was prepared by dissolving stoichiometric
quantities of lead iodide (Pbl,), methylammonium idodide (MAI) and PEAI in a
dimethyl sulfoxide (DMSO)/y-butyrolactone (1:1 volume ratio) mixture at 70 °C for
1 h with continuous stirring. The resulting solution was then filtered through a
polytetrafluoroethylene (PTFE) filter (0.2 um). The resulting solution was spin-
coated onto the substrate via a two-step process at 1,000 r.p.m. and 5,000 r.p.m. for
10 s and 60 s, respectively. During the second spin step, 100 pl of chlorobenzene
were poured onto the substrate. The resulting films were then annealed at 70 °C for
10 min to improve crystallization.

LED fabrication. The TiO, layer was deposited via atomic layer deposition (ALD)
(Cambridge Savannah S100 ALD system) at 150 °C on oxygen-plasma-treated
patterned ITO glass. The ~10 nm TiO, films were then further treated using
aqueous solutions of TiCl, (40 mM). The series of different perovskite
[(CeH5C,H4NH;),(CH3NH3),,, Pb,I5,,,1] precursor solutions were

spin-coated onto the TiO, via the single-step solvent engineering method described
above. The hole-injecting polymer, poly (9,9'-dioctylfluorence), was dissolved

in a chlorobenzene solution (10 mg ml™") and spin-coated onto the perovskite
layer at 3,000 r.p.m for 60 s. MoO; (10 nm) and Au (100 nm) contacts were
deposited by thermal evaporation and electron-beam deposition, respectively.
Each ITO substrate (2.5 cm x 2.5 cm) was patterned with eight devices, each with
an area of 0.0614 cm”.

Atomic force microscopy measurements. The surface morphologies of the
perovskite films with different (1) values were measured using ScanAsyst in air. The
cantilever used is Scanasyst-air, a silicon tip on a nitride lever with spring constant of
~0.4 N m™". Samples were prepared in air under the same spin-coating conditions as
the devices.

XPS measurements. XPS measurements were carried out in a Thermo Scientific
K-Alpha system, with a 300 um spot size, 75 eV pass energy and energy steps of
0.05 eV. All of the data are normalized according to the intensity of Pb for
comparison between different samples.

UPS measurements. UPS characterization was carried out in an ultrahigh vacuum
chamber with a base pressure below 5 x 10~ mbar. The photon line width is
~250 meV and the minimum spot size is ~1 mm. He I photons (21.2 eV) were used
to acquire the spectra at a normal emission level. The photoelectrons were collected
by the SPHERA U7 hemispherical energy analyser with a 7-channel MCD detector
in the constant analyzer energy mode. The E;, values shown with 10 meV precision
should be rounded to the nearest 100 meV value in accordance with the overall
energy resolution.

PL and EL measurements. PL was recorded using a Horiba Fluorolog system
equipped with a single grating and a time-correlated single photon counting
detector. For steady-state PL and PL excitation measurements, the excitation source
is a monochromated Xe lamp. For time-resolved PL, we used an ultraviolet laser
diode (A =375 nm); the overall time resolution as determined from the instrument
response function is At ~ 0.13 ns. 2D time/wavelength PL maps were measured by
collecting a series of individual time-resolved PL traces at different wavelengths with
a spectrometer resolution of about 1 nm. The standard published method for
calculating PLQY (ref. 45) was implemented using a Quanta-Phi integrating sphere
coupled to the Fluorolog system with optic fibre bundles. The following settings were
used for all quantum efficiency measurements: an excitation wavelength of 440 nm,
bandpass values of 10 and 5 nm for the excitation and emission slits, respectively,
step increments of 1 nm and integration times of 0.5 s per data point. These setting
ensured that the spectra had high signal-to-noise ratios and provided excitation
intensities in the range of 1-30 mW cm 2. Excitation and emission spectra were
collected with the sample directly in the excitation beam path, the sample offset from
the beam path and the empty sphere, in accordance with the standard method. A
calibrated neutral density filter with a known transmission was placed after the
integrating sphere to measure the excitation intensity. The detector and integrating
sphere were calibrated for spectral variance with a Newport white light source. For
intensity-dependent photoluminescence measurements, the slit width on the
Fluorolog monochromator was varied and the incident intensity was determined
through measurements with an Ophir LasterStar Dual Channel Power and an energy
meter using known dispersion relations for the monochromator. The EL was
measured by applying a range of forward biases using a Keithley 2,410 Source Meter.
The emitted light is collected and focused through a lens and connected to a visible
spectrophotometer (Ocean Optics USB 2000+) using an optical fiber.

TA measurements. Femtosecond laser pulses were produced using a regeneratively
amplified Yb:KGW laser at a 5 kHz repetition rate (Light Conversion, Pharos). The
pump pulse was generated by passing a portion of the 1,030 nm probe pulse through
an optical parametric amplifier (Light Conversion, Orpheus) with the second
harmonic of the signal pulse selected for 400 nm light. Both the pump and probe
pulses were directed into an optical bench (Ultrafast, Helios), where a white-light
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continuum was generated by focusing the 1,030 nm probe pulse through a sapphire
crystal. The time delay (resolution ~350 fs) was adjusted by optically delaying the
probe pulse, with time steps increasing exponentially. A chopper was used to block
every other pump pulse and each probe pulse was measured by a charge-coupled
device (CCD) after dispersion by a grating spectrograph (Ultrafast, Helios). Samples
were prepared on a glass substrate and translated at 1 mm s~ during the
measurement. Pump fluences were kept at 4 1] cm ™. Kinetic traces were fitted to the
convolution of the instrument response and a sum of the exponential decays. Time
zero was allowed to vary with wavelength to account for the chirp of the probe.

LED characterization. Current density-voltage (J-V') characteristics were
monitored via a computer-controlled Keithley 2,400 Source Meter. Front-face EL
power output through ITO is measured using a calibrated Ophir PD300-3W silicon
photodiode (active area: 1 cm?®) with a computer-interfaced Newport Multi-
Function Optical Meter. The photodiode’s active area is aligned with the emissive
pixel and a diaphragm between the two prevents collection of waveguided EL from
the glass substrate. The measurements were performed under a nitrogen atmosphere
and in parallel with I-V measurements. Lambertian profile was used in the
calculation of EQE and total radiance*>. The peak EQE was determined as the
number of emitted photons to the number of injected electrons. The measurement
was calibrated using efficient OLED devices. The devices have been measured in two
independent labs. A minimum of thirty devices were tested for each sample type.

EQE calculation. The EQE was determined as the ratio, per unit time, of the number
of emitted photons to the number of injected electrons*®*:

Nphot(v)€

EQE(V)= -

*g+100

where, I(V') is the current passing through the device at an applied bias, V, Nynot(v)
represents the number of emitted photons collected by the photodiode and the
geometric factor, g, is the solid angle of the EL profile, assumed to be Lambertian,
subtended by the photodiode, Q2 =m/g:

@+ L*
g:

a?

where a is the diameter of the active area of the photodiode and L represent the
distance between the emitting pixel and the active area. Nypor(v) was calculated from
the photocurrent (I,;) of the photodiode in response to the measured EL at each
bias, accounting for the wavelength dependence of the responsivity, R(A), of

the photodiode.

Radiance calculation. The emitted power Pg; can be expressed as®4:

h
Py=J) EL (A)’f A
Giving radiance as:

Py (v)

L =75

where A is the active area of the pixel, h is the Planck’s constant and c is the

velocity of light.

Determination of the exciton binding energy. This method of exciton binding
energy determination can only be used by assuming that the depopulation of the
photogenerated excitons is dominated by the thermal dissociation and radiative
spontaneous emission processes*®.

The E, value was extracted from temperature-dependent PL measurements. We
assume that the measured PL arises from excitonic annihilations and that the
decrease in the PL intensity is solely due to the increase in the thermal dissociation
rate of excitons at higher temperatures*. The integrated PL intensity as a function of
temperature could then be fitted through an Arrhenius equation:

IO
1) = g mmn
where I, is the low-temperature integrated PL intensity and kg is the
Boltzmann constant.

For the temperature-dependent PL measurements, the sample was kept in a
liquid helium cryostat under vacuum. The temperature was collected from 300 to
40 K using a temperature controller. A home-built fluorescence spectrometer based
on the 521 nm Ar-ion laser line as the excitation source was used. The PL intensity
was measured in temperature steps of 20 K at the same spatial location on the
sample. The temperature was stabilized for 10 min before each measurement. The
corresponding PL raw spectra are shown in Supplementary Fig. 2a-d for (1) = o, 10,
5, 3. The corresponding integrated intensities are plotted in Supplementary Fig. 2e
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