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Bright colloidal quantum dot light-emitting diodes
enabled by efficient chlorination

Xiyan Li'®, Yong-Biao Zhao'?>, Fengjia Fan"3*, Larissa Levina', Min Liu'4, Rafael Quintero-Bermudez',
Xiwen Gong @', Li Na Quan®?, James Zhangming Fan', Zhenyu Yang ®', Sjoerd Hoogland',
Oleksandr Voznyy ®'*, Zheng-Hong Lu®©?2* and Edward H. Sargent®™

The external quantum efficiencies of state-of-the-art colloidal quantum dot light-emitting diodes (QLEDs) are now approach-
ing the limit set by the out-coupling efficiency. However, the brightness of these devices is constrained by the use of poorly
conducting emitting layers, a consequence of the present-day reliance on long-chain organic capping ligands. Here, we report
how conductive and passivating halides can be implemented in Zn chalcogenide-shelled colloidal quantum dots to enable high-
brightness green QLEDs. We use a surface management reagent, thionyl chloride (SOCL,), to chlorinate the carboxylic group of
oleic acid and graft the surfaces of the colloidal quantum dots with passivating chloride anions. This results in devices with an
improved mobility that retain high external quantum efficiencies in the high-injection-current region and also feature a reduced
turn-on voltage of 2.5V. The treated QLEDs operate with a brightness of 460,000 cd m-2, significantly exceeding that of all

previously reported solution-processed LEDs.

liquid-crystal displays (LCDs) that rely on backlit panels. LEDs

that are based on colloidal quantum dots (CQDs), QLEDs, pro-
vide improved colour purity and wavelength tunability compared
with organic LEDs'”. For these reasons, continuous efforts have
been devoted to improving QLED performance towards the goal of
enhanced display and lighting solutions®*.

Impressive peak external quantum efficiencies (EQEs) of 12%”’,
16.5%'° and 20%* have been achieved in blue, green and red QLEDs,
respectively. Instead of employing a single CQD monolayer'!, most
recent architectures employ several dot layers, with the dots capped
using organic ligands that reduce current leakage and suppress exci-
ton quenching at the interfaces with charge transfer layers. These
organic ligands also provide excellent passivation for high EQEs at
low currents; however, because of the ligands’ insulating nature, the
EQE typically deteriorates at higher brightness*'>"*. Replacing long
insulating organic ligands with conductive, passivating inorganic
ligands has long been pursued to increase charge carrier mobility.
This has worked well in the adjacent fields of CQD photovoltaics
and field-effect transistor devices', with advances coming from
halides''®, pseudo-halides'” and metal complexes'®.

To fabricate efficient and bright QLEDs, it is imperative to com-
bine excellent transport with optimized excitonic confinement'**.
This can be achieved by growing a passivating and confining shell
that prevents exciton dissociation in conductive CQD solids and
maintains efficient radiative recombination. The ZnS shell provides
symmetric conduction and valence band offsets for the CdSe core,
better confining the excitons and balancing the electron and hole
mobilities'**".

However, a complete exchange with short, transport-compatible
inorganic ligands, without compromising the quantum efficiency,

Light—emitting diodes (LEDs) provide superior contrast over

has yet to be developed for ZnS-shelled CQDs*. Previously
explored ligand exchange approaches have employed anion replace-
ment reactions (Fig. 1)'”'%*. The driving force of this class of reac-
tion arises from the difference in ligand binding energies before
and after the exchange and is therefore significantly determined by
the composition of the surface of the CQD'. Because of the dis-
tinct surface chemistry and large size of ZnS-shelled CQDs, it is
challenging to implement ligand exchange through the anion
replacement strategy.

For these reasons, QLEDs with simultaneously conductive and
bright emitting layers have yet to be demonstrated. Here we devel-
oped a robust place exchange strategy, one that instead employs a
chlorination reagent (SOCL,, Fig. 1), that chlorinates and removes
oleic acid ligands and then grafts conductive chloride ligands onto
the CQD surface. The driving force for the chlorination reaction,
which originates from the capacity of SOCI, to react with the car-
boxylic group of oleic acid, is sufficient to exchange ZnS-shelled
CQDs and retain the desired excitonic confinement.

The ligand exchange thereby facilitates charge carrier transport,
balancing the spatial distribution of electrons and holes, and thus
reducing Auger recombination losses. The photoluminescence
quantum yield (PLQY) of the resulting films remains high thanks to
the sufficient retention of excitonic confinement.

Results and discussion

Material synthesis and photophysical properties. To achieve
efficient QLEDs, we first sought to maximize the PLQY value in
CQD solid films. We tested two kinds of CQDs with type I exci-
tonic confinement: gradient-alloyed CdSeZnS core-shell (C-S) and
CdSeZnS-ZnS core-shell-shell (C-S-S) CQDs. The double-shelled
CQDs are obtained by growing an additional ZnS shell on the first
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Fig. 1| Chlorination ligand exchange mechanism. Chemical equations for
conventional anion replacement (top) and efficient chlorination processes
(bottom). X represents halides, pseudo-halides, sulfides, metal complexes
and so on. Blue spheres and R denote CQD and aliphatic hydrocarbon
groups, respectively. The red text highlights the major difference between
the two reactions.

shell (see Methods for synthesis details)**. The sizes of the C-S
and C-S-S CQDs, measured using transmission electron micros-
copy (TEM) images, are 6nm and 12nm, respectively, indicating
a ZnS shell thickness of 3nm (Fig. 2a and Supplementary Fig. 1a).
The blueshift of PL peak (514 nm, Supplementary Fig. 2) indicates
a degree of interfacial alloying. The reduced linewidth (full width
at half maximum (FWHM) 26 nm) reveals that the alloying process
introduced a composition gradient that decreases the inhomogene-
ity among CQDs.

The PLQY of the C-S-S CQD solution (75%) is not dramatically
different from that of the C-S CQD solution (70%), consistent with
the slightly longer PL lifetime (21 ns versus 17ns) (Supplementary
Fig. 3). However, the difference in PLQY is increased when these
same CQDs are deposited onto glass substrates. The dramatic
drop in PLQY (from 70% to 45%) and shortening in PL decay life-
time in C-S CQD films are attributed to exciton dissociation and
trap recombination assisted by Forster resonance energy transfer
(FRET) (Supplementary Fig. 4, Supplementary Table 1)*°'. The
extra ZnS shell reduces exciton migration and mitigates PL quench-
ing, preserving high PLQY (63%) and long PL decay lifetime in
films (Supplementary Fig. 5).

Efficient chlorination of CQD films. Next we sought to improve
the conductivity of the C-S-S CQD films by replacing the insulat-
ing long-chain organic ligands with short and conductive halides™.
Published solution-phase inorganic ligand exchanges' failed to
provide stable colloids for ZnS-shelled CQDs, we ascribe this to
strong binding betwen Zn and oleic acid and the large CQD size
after shelling (Supplementary Fig. 6). We therefore focused on
developing a solid-state in-place exchange, an approach that pro-
vides increased flexibility in the choice of reactive species for ligand
exchange. However, we found that a conventional approach based on
quaternary ammonium halides could not quantitatively remove the
organic ligands'®****. Following exchange, the CQD films remained
soluble in nonpolar solvents, and a strong C-H signal from oleic
acid was detected (Supplementary Fig. 7). Chlorotrimethylsilane
and propyltrichlorosilane were recently introduced as alternative
treatments that are capable of replacing the organic ligands on the
surface of CdSe-based dots with chloride anions*>*’. However, in
earlier publications, these exchanges greatly quenched the PL in
solid films. This may be due to excessive shell etching caused by
hydrogen chloride (a product of reaction between chlorolsilanes
and trace amounts of moisture’), precluding their use in QLEDs.
We reasoned that a more efficient chlorination reagent that is
widely used in organic synthetic chemistry, SOCL,*>*, which is com-
pact in size and capable of reacting with the carboxylic group of
oleic acid, could readily penetrate through the films and potentially
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Fig. 2 | Characterization of C-S-S-Cl CQDs. a,b, TEM images of C-S-S (a)
and C-S-S-Cl (b) CQDs. Scale bars, 10 nm. ¢, Histograms of the interdot
spacings extracted from a and b. d, FTIR spectra of CQD films showing the
removal of organic ligands following efficient chlorination.

remove oleic acid even if applied at low concentration. The con-
centration (0.014 M, see the Supplementary Information) was much
lower than that required of tetrabutylammonium chloride (0.14 M,
Supplementary Figs. 6,7)"” and propyltrichlorosilane (0.5M) used
in previous reports®. This would reduce the generation of hydrogen
chloride and circumvent excessive etching of the shell (see Methods
for experimental details). This reaction yields CQDs that are
passivated by chloride anions, and free acyl chloride and sulfur
dioxide (Fig. 1), which are readily removed during the subsequent
washing step.

TEM images of the C-S-S CQDs after efficient chlorination,
hereafter referred to as C-S-S-Cl (Fig. 2b), reveal that the inter-
dot distance is shortened after the chlorination (from ~13.5nm
to ~11nm, Fig. 2c). This agrees well with the Fourier-transform
infrared spectroscopy (FTIR) spectra (Fig. 2d). The characteristic
signals attributed to oleic acid, that is, C-H,, stretching signals at
2,922cm™ and 2,852cm™, and O=CO- vibrations at 1,545cm™!
and 1,403 cm™ are eliminated in exchanged films®*. X-ray photoelec-
tron spectra (Supplementary Fig. 8) further confirm that the CQD
surface is grafted with chloride atomic ligands (Cl 2p, 199.5eV)
whereas the carboxyl groups (C 1s, at 289.2eV) are removed”’, sup-
porting the reaction scheme presented in Fig. 1.

More importantly, the PLQY is maintained (60+2%) after
chlorination and no redshift in PL wavelength is observed
(Supplementary Fig. 9a), indicating that the excitons remain well
confined. Furthermore, the PL decay dynamics of C-S-S-CI CQDs
remain unchanged when the ZnO/ITO substrate is used in place of
glass (Supplementary Fig. 5), showing that CQDs do not become
charged®. In contrast, even in C-S CQD films on a glass substrate,
a significant PLQY decrease (from 45% to 30%) accompanied
by a 6nm redshift is observed following chlorination exchange
(Supplementary Fig. 9b, Supplementary Table 1). This suggests
that FRET-assisted trapping and exciton dissociation become more
severe after the exchange.

Device fabrication and characterization. To ascertain whether
these bright C-S-S-Cl films show improved transport properties,
we fabricated devices with electron-only and hole-only injection,
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Fig. 3 | Conductivity and QLED architecture characterization. a, /- V characteristics of electron- and hole-only devices based on C-S-S and C-S-S-Cl
CQPDs. b,c, Cross-sectional SEM image (b; scale bar: 60 nm) and energy diagram (c) of the different layers of C-S-S-CI QLEDs. d, J-L-V characteristics of

the C-S-S and C-S-S-CI QLEDs, respectively.

allowing us to measure current density-bias (J-V) characteris-
tics (Fig. 3a) for each type of carrier independently. After chlori-
nation-based place-exchange, both the electron and hole currents
increased. By fitting the J-V curve using a space-charge limited
current (SCLC) model (Supplementary Figs. 10-12)*, we further
confirmed that the mobility in the C-S-S-Cl film also increased
(Supplementary Table 2, see fitting details in the Supplementary
Information). Electron and hole currents are more balanced at
high bias in both devices (Fig. 3a), as was also observed in previ-
ous reports™'>”. We propose that the hopping transport mobility
in disordered semiconductors depends strongly on injection level
because the density of transport-associated states varies with depth
relative to the bandedge*’. In the case of CQDs, this site energy
disorder is dominated by CQD size dispersity; moreover, the con-
duction band and valence band dispersions are not necessarily the
same” resulting in unbalanced mobilities at low injection levels.
This disorder-induced imbalance can be suppressed at high bias as
electron and hole mobilities are each enhanced to a different extent.

Encouraged by the above results, we fabricated C-S-Sand C-S-S-
CICQD-based QLEDsusinganinverted devicestructure®. The cross-
sectional SEM image, together with the energy diagram of different
layers of the C-S-S-Cl QLED, is illustrated in Fig. 3b,c. Solution-
processed ZnO nanoparticles (35nm, Supplementary Fig. 13)
and thermally evaporated 4,4’-bis(N-carbazolyl)-1,1"-biphenyl
(CBP, 55nm) were used as electron- and hole-transporting layers
(ETL and HTL, the electron affinity and ionization potential were
obtained according to published methods**), respectively. The
thickness of the emissive CQD layer was 45-50nm (4-5 layers of
QDs). Atomic force microscope (AFM) images confirm that all
the layers were pinhole free (Supplementary Figs. 13,14), and the
root mean squared roughness of the C-S-S-Cl layer on ZnO film is
3.2nm, which is slightly higher than that of the C-S-S layer (2.2nm,
see the Supplementary Information for ultraviolet photoelectron
spectroscopy (UPS) data (Supplementary Figs. 15,16)).

The chloride exchange results in a substantial performance
improvement over the pristine C-S-S CQD devices. As a result
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Fig. 4 | EQE characterization of QLED devices. a-c, EQE as a function of the current density (a), luminance (b) and bias (¢) of the C-S-S and C-S-S-Cl
QLEDs, respectively. The blue shaded bar in a highlights the EQE roll-off current densities.

NATURE PHOTONICS | VOL 12 | MARCH 2018 | 159-164 | www.nature.com/naturephotonics

161

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://www.nature.com/naturephotonics

ARTICLES

NATURE PHOTONICS

a b

— / \ 16 V —~T /

3 =}

S 1 12V S 16V
> >

zt 8V z 12V
C f

§ //\ 3

£ \\ £

- 8V
6V oV
4V i 4V
3V 3V

400 500 600 700 800 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Fig. 5 | Electroluminescence spectra under different biases. a, C-S-S-Cl
QLED devices. b, C-S-S QLED devices.

of the improved mobility, the C-S-S-Cl QLED shows higher cur-
rent densities at given biases throughout the range measured. The
turn-on voltage—defined where the brightness reaches 1cdm—=2—
is decreased from 3.5V to 2.5V (Fig. 3d, Supplementary Table 3).
The turn-on voltage of the control device is lower than the value
reported recently (~5.2V) using similar C-S-S CQDs, indicating
that the control devices are properly optimized”'. The driving bias
to achieve a benchmark luminance (L) of 1,000cdm~2 was also
reduced from 4.9V to 3.9 V. The lowering in bias is helpful to miti-
gate the quantum-confined Stark effect, a fact that also contributes
to the higher EQE in C-S-S-Cl devices at a given brightness”.

We observed that the EQE increases with increasing the bias up
to 7.5V in both devices, as observed in previous reports™*"*’. This
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can be qualitatively understood by considering recombination R(r)
in QLEDs, which consists of three components: trap-assisted non-
radiative Shockley-Read-Hall (An), radiative (Bn*) and Auger (Cn?)
recombination (where A, B and C are the related coefficients)®.
These components show linear, quadratic and cubic dependence on
the carrier concentration n (equation (1)), respectively. As a result,
recombination at the lowest bias is dominated by trap state recom-
bination, at a medium bias by radiative recombination, and at a high
bias by Auger recombination:
R(n)=An+Bn*+Cn’ (1)

To achieve high brightness, it is essential to maintain a high EQE
at even higher bias and therefore higher current density. Similar to
typical QLED devices reported previously, EQE roll-off becomes
significant in the C-S-S QLED as the injected current density
exceeds 350 mA cm ™ (Fig. 4a). In contrast, there is no obvious EQE
roll-off up to 1,000mAcm™ in the C-S-S-Cl QLEDs (Fig. 4a).
Similarly, the EQE starts to roll off at 85,000cdm™ in the C-S-S
QLED, but remains nearly constant in the C-S-S-Cl QLED up to
its maximum luminance of 460,000 cd m~ (Fig. 4b).

In earlier reports, EQE roll-off has been attributed to three pos-
sible causes: Joule heating, the quantum-confined Stark effect>'* and
Auger recombination”. We observed a slight redshift in the elec-
troluminescence peak in C-S-S devices at a bias of 16 V (Fig. 5b),
whereas it is less obvious in C-S-S-Cl devices (Fig. 5a), indicating
that reduced Joule heating in Cl passivated devices may contrib-
ute to the improved maximum brightness. The quantum-confined
Stark effect was excluded as the main cause since EQE roll-off in
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Fig. 6 | Optoelectronic simulations of charge carrier distributions and recombination rates inside the active layers. a,b, The charge carrier distribution
inside the 45-nm-thick CQD active layers with low (@) and high (b) mobilities, respectively, at an equivalent injection current in a QLED. ¢,d, The
corresponding recombination rates and the resultant IQE values (note the logarithmic scale). SRH, Shockley-Read-Hall recombination through trap states.
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C-S-S-CI QLEDs takes place at a much higher bias than in the con-
trol devices with identical confining potentials within each CQD
(Fig. 4c). We therefore conclude that the reduced Auger recombina-
tion—its ratio lowered due to the increased mobility and a more
balanced injection in the new devices—is the main cause of the
reduced EQE roll-off in C-S-S-Cl devices.

Device modelling. This hypothesis is supported by more detailed
optoelectronic device modelling (Fig. 6). A positive effect of
increased mobility on reducing Auger recombination losses (see
Methods for simulation details) is observed. Simulation results
indicate that due to relatively high injection barriers (0.2-0.3eV),
electron and hole concentrations are depleted near the ETL and
HTL, respectively, and accumulate at the opposite side of the device
(Fig. 6a,b, and Fig. 3c). An improvement in mobility by an order
of magnitude results in a more balanced distribution of electrons
and holes throughout the thickness of the active layer (Fig. 6b). In
the low-conductivity case, most charge carriers recombine near
the edges, with a major portion lost through Auger recombination.
In contrast, with higher mobility, radiative recombination occurs
throughout the entire thickness of the layer. Higher mobility leads
to a slightly increased trap recombination (Shockley-Read-Hall
recombination in the plot), as this can now compete more efficiently
with radiative recombination. The radiative-to-Auger recombina-
tion ratio has been improved so that a higher internal quantum effi-
ciency (IQE) (Fig. 6¢,d) can be obtained.

In our C-S-S-ClI device, an EQE of ~6% was obtained at a
high current injection current density of 1,000mA cm™, provid-
ing improved high-current performance compared with the best-
reported QLEDs (Fig. 4a, Supplementary Table 4). As a result, a
maximum brightness of 460,000 cd m~* is demonstrated in C-S-S-
Cl QLEDs (Fig. 3d). This is the highest value reported in an LED
that employs solution-processed emitting layers (Supplementary
Tables 4 and 5)*,

Conclusion

We developed an efficient chlorination process that efficiently
replaces organic ligands with inorganic single-atomic-layer surface
ligands. When we combine efficient chlorination with judiciously
engineered excitonic confinement, we obtained CQD films with
simultaneously high conductivity and high quantum efficiency. This
facilitates charge carrier injection and mitigates the accumulation of
electrons and holes near the ETL and HTL. Auger recombination was
therefore suppressed at high injection current densities. As a result,
the turn-on voltage of chlorinated QLEDs was reduced from 3.5V to
2.5V, and the roll-off current threshold was increased, resulting in a
maximum brightness of 460,000cd m——a value two times higher
than previously reported LEDs that employ solution-processed emit-
ting layers. This strategy can be extended to QLEDs with different
emission wavelengths to mitigate efficiency roll-off at high injection
current densities and enable light sources with high brightness. It
also represents a step towards electrically pumped CQD lasers®.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41566-018-0105-8.

Received: 30 May 2017; Accepted: 17 January 2018;
Published online: 26 February 2018
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Methods

Materials. Cadmium oxide (CdO, > 99.99%), zinc acetate dihydrate
(Zn(AC),:2H,0, 99.99%), sulfur powder (S, >99.5%), selenium powder

(Se, >99.99%), oleylamine (OLA, 80-90%), octadecene (ODE, 90%),

oleic acid (OA, 90%), tri-octylphosphine (TOP, 90%), thionyl chloride

(SOCL,), tetramethylammonium hydroxide (TMAH), 2-ethanolamine,
tetrabutylammonium iodide (TBAI), tetrabutylammonium bromide (TBAB) and
tetrabutylammonium chloride (TBAC), as well as all solvents used, were purchased
from Sigma Aldrich without further purification.

Synthesis of the Zn-OLA complex. Under a vaccum, 2.45g Zn(AC),-2H,0 was
dissolved in 40 ml of OLA at 170°C to obtain a clear solution, and then cooled to
room temperature and stored in air for use.

Preparation of CdSeZnS C-S and CdSeZnS-Zn$S C-S-S CQDs. The procedures
for synthesis of green-emitting C-S and C-S-S CQDs were taken from the
literature with some modifications**. To synthesize C-S CQDs 0.2 mmol of CdO
and 4mmol of Zn(AC), were mixed with 5ml of OA in a 100 ml flask and degassed
for 30 min at 150 °C. Then 15 ml of ODE was injected into the reaction flask under
N, and heated to 300°C to get a clear solution of Cd(OA), and Zn(OA),; 0.2 mmol
of Se and 4mmol of S dissolved in 2 ml of TOP were quickly injected into the

flask at 300 °C. The reaction was kept at 300 °C for 10 min. To synthesize C-S-S
CQDs the temperature of the above reaction solution was brought down to 290°C,
1.5ml as-prepared Zn-OLA diluted in 10.5ml ODE was mixed with 0.03 g sulfur
dissolved in 2ml OLA, and then the mixture was injected into the flask at a speed
of 14mlh™ using a syringe pump to grow the ZnS shell. After finishing injection,
the solution was annealed for 10 min at 290 °C, following by an injection of 4ml
OA. The products were purified by adding acetone, centrifuging at 6,000 r.p.m.
(the rotor has diameters of around 10 cm at the top and 20 cm at the bottom) and
redispersing in toluene for 3 cycles.

Preparation of ZnO nanoparticles. Colloidal ZnO nanocrystals were synthesized
by following a published method with some modifications’. Zn(AC),-2H,0
(3mmol) dissolved in 30 ml of DMSO solution was mixed with 10 ml of ethanol
solution containing TMAH (5.5 mmol) and stirred for 24h under ambient
conditions. ZnO nanocrystals were then precipitated by adding ethyl acetate

and centrifugation at 7,000 r.p.m. for 4 min. The precipitation was redispersed in
ethanol and stored in the fridge, 160 ul of 2-ethanolamine was added to stabilize
the solution. The ZnO nanocrystals were further washed with ethyl acetate and
redispersed in ethanol, they are filtered before use.

Device fabrication. The ITO/glass substrates were ultrasonically cleaned with
deionized water, acetone and 2-propanol for 60 min, respectively. The ZnO
nanoparticle solution was then spin-coated onto the ITO/glass substrates at

3,000 r.p.m. for 30s and baked at 120°C for 30 min. CQD dispersions in toluene
(15mgml™) were spin-coated onto the ZnO layer at 3,000 rpm for 30s. The film
was then soaked with the SOCl,/acetonitrile solution for 30 (the volume ratio of
SOCI, to acetonitrile is 1:1000, according to the calculation, the average amount

NATURE PHOTONICS | www.nature.com/naturephotonics

of SOCI, on each CQDs is about 4.66 X 10° molecules per dot, see details in the
Supplementary Information), following by two toluene rinses and subsequent
baking at 120 °C for 30 min. CBP and MoO,/Al electrodes were deposited using a
thermal evaporation system through shadow masks under a high vacuum
(<107*Pa). The active device areas were fixed as 3.14 mm?. All devices were
measured in the air without any encapsulation.

Material characterization. Transmission electron microscopy (TEM) images
were taken on a JEOL 2010, with an acceleration voltage of 200kV. PL spectra
and decay dynamics data were collected on a Horiba Flurolog time-correlated
single photon counting (TCSPC) system, equipped with an iHR 320
monochromator and a PPO-900 detector. A Quanta-Phi integrating sphere was
used for PLQY measurements of both the films and solutions. The morphology of
the film was measured using Scan Asyst on a Bruker Catalyst in air. FT-IR spectra
were obtained from a Nicolet 8700. XPS measurements were performed using

a Thermo Scientific K-Alpha system with electron-gun compensation to avoid
sample charging with a 50V pass energy and a binding energy step

0f 0.03-0.05eV. The J-L-V characteristics of the QLEDs were measured

under ambient conditions using an HP 4140B source meter. The absolute
electroluminescence spectra were taken using an Ocean Optics USB4000
spectrometer that connected to a calibrated integrating sphere. An integration
time of 10 ms was used for the USB4000 spectrometer to avoid saturation of the
CCD (charge-coupled device). The luminance values were calculated from the
absolute electroluminescence spectra assuming a Lambertian distribution of

the emission profile.

Optoelectronic simulations. Calculations were carried out using the SCAPS
1D modelling suite”’. Experimental bandgaps, band alignments, (imbalanced)
mobilities, and active layer thicknesses were used (Supplementary Table 6, Fig. 3¢).
We note that asymmetries in the injection barriers and mobilities in the active
layer can be cancelled out by adjusting the workfunctions of the respective
electrodes, resulting in nearly symmetric carrier distribution profiles. The
analogous adjustments are also part of experimental device optimization. For
a fair comparison, simulations with low and high mobilities were optimized
independently to achieve the most symmetric carrier distribution and only
then compared. Simulations results are presented at biases well past the flat-
band condition, but still at relatively low currents to maintain good numerical
convergence. At higher injection currents, carrier imbalance and Auger
recombination near the contacts will keep increasing.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon reasonable
request.
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