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Abstract: In the visible range, 2D nanoplatelets have brought significant benefits compared to their
0D counterpart with an inherently anisotropic emission, a narrower PL signal and new degrees of
freedom to design heterostructures. Compared to the properties of cadmium chalcogenide
nanoplatelets in the visible, similar research is still mostly lacking in the infrared, in spite of existing
synthetic paths to obtain narrow band gap semiconductors under 2D colloidal form. Here, we focus
on 2D HgTe nanoplatelets and show how their photoluminescence can be stabilized through the
proper choice of surface chemistry. We then demonstrate two important steps toward bright infrared
LEDs which are (i) the coupling to a plasmonic grating to control the magnitude and spatial direction
of the PL signal and (ii) the observation of electroluminescence at 1300 nm, which is near telecom

wavelength.
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The introduction of quantum confinement in semiconductor materials enables a continuous tuning of their
optical features. This property, combined with bright emission has generated a lot of interest and has led to
their first mass market application as light down-converters for displays.>? Here, the spectral linewidth of the
emission appears as a critical parameter. In nanocrystal (NC) populations, the narrowness of the
luminescence signal is first driven by the particle size distribution (i.e. inhomogeneous broadening). This is
in turn strongly related to the growth mechanism of the particles and the consecutive selective precipitation
process used to sort the particles according to their size. Among the broad family of NCs, 2D nanoplatelets®
(NPLs) present the narrowest photoluminescence (PL) signal. Actually, this property is not much related to
the particle dimensionality, but rather to the specific growth mechanism that enables atomic precision along
the NPL thickness. Beyond their spectral linewidth, anisotropically shaped particles also raise interest to
achieve macroscopically polarized and directional emission. The latter point appears critical for the integration
of NCs in light emitting diodes (LEDs). Random orientation of the emitter combined with the optical index
mismatch between air and the emitting medium leads to most (=80 %) of the emitted photons are not
propagating toward the far-field but rather being guided in the substrate. This generates optical losses and
Joule heating which further degrades performances. With cadmium-based NPLs, attempts to achieve
macroscopic optical properties*® from NPL films have been driven by self-assembly approaches, where the
careful tuning of the film preparation enables control of the NPLs’ orientation, which allows the film to benefit
from the polarization arising from the particle shape.'®2 However, when it comes to infrared wavelengths,
far less work has been devoted to macroscopic optical properties and device integration lags even further
behind.*3

Infrared 2D colloidal materials are driven by narrow band gap semiconductors such as lead**¢ and
mercury!’-2° chalcogenides. These two classes of materials have very different growth mechanisms. In the
case of PbS, the growth of the 2D particles results from the oriented attachment of small pre-formed
nanocrystals?!. For mercury chalcogenides??, no direct growth process of 2D NPLs has been reported. Their
synthesis currently requires a two-step procedure: first cadmium chalcogenides NPLs are grown and then a
cation exchange??* is performed to replace the native Cd?* ions with Hg?*. For HgTe, when this procedure
is conducted slowly enough, the 2D shape of the native CdTe NPLs is preserved. Moreover since the
selection rules are the same?*, the absorption spectra are similar but redshifted, with an HgTe NPLs band
edge located around 900 nm compared to 500 nm for CdTe NPLs. Tenney et al?® further established that the
photoluminescence (PL) spectrum quickly evolves from a band edge driven emission for fresh samples to a
lower energy state as the sample aged, due to either the continued growth of small HgTe quantum dots or
an imperfect surface passivation.

Here, we investigate the mechanism at the origin of this spectral shift and propose a strategy to stabilize the
emission from HgTe NPLs over time which further enables their integration into devices. We then developed
a strategy to achieve macroscopically directional emission through the coupling of the HgTe NPLs film to a
metallic plasmonic grating. In this case, the directional emission arises from the plasmon dispersion rather
than the properties of the individual NPL. Finally, we also demonstrate the integration of such NPLs as the
emitting material for near infrared LEDs.

To obtain HgTe NPLs, we start by growing CdTe NPLs. Since PL is the targeted property, we focus here on
NPLs with rather small lateral extensions, see Figure S1. Smaller NPLs are less likely to include defects and
also have a better colloidal stability, which is a critical property for their following integration in devices with
vertical geometry such as diode stacks. The CdTe NPLs are grown using a protocol adapted from Anand et
al’®. They are made of 3 monolayers of CdTe (3 layers of tellurium sandwiched between 4 layers of cadmium)
and present a first excitonic peak at 500 nm, giving a yellowish color to the solution. We then expose the
CdTe NPLs to an Hg precursor enabling a full cation exchange.?2* By doing so, the absorption is strongly
redshifted and now presents a first absorption peak at 836 nm, see Figure 1a. This value is blue shifted in
comparison to previous works most probably due to the lateral quantum confinement that appears in small
lateral extension NPLs. Indeed, transmission electron microscopy (TEM, see Figure 1b) reveals the 2D
shape of NPLs and at least one dimension smaller than material Bohr radius (40 nm for HgTe). The
absorption spectrum presents a tail below the band edge energy that we attribute to scattering from large
scale aggregates.
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Figure 1 Spectroscopic and structural properties of HgTe NPLs. a. Absorption and photoluminescence
of fresh NPLs in solution. b. TEM image of HgTe NPLs. c. Absorption and photoluminescence of NPLs in a
film. d. Transient absorption map (i.e. change of absorption spectra as a function of time) for a film excited at
350 nm. The energy of the exciton is highlighted by a white arrow.

While fresh particles present a limited Stokes-shift (50 nm) between the absorption and the PL signals
(Figure 1a), we observe that, in a film, the PL is strongly redshifted, see Figure 1c. The exact nature of this
redshift remains a bit controversial since it has been attributed to the presence of parasitic HgTe quantum
dots?® or to doping?’ and trap states may also be invoked. Tenney et al?® have previously observed a strong
shift of the PL signal associated with a transition from the band-edge to a lower energy emissive state.
However, chemical impurity doping is also reported to produce similar sub-band-gap emission?’. To clarify
this question, we have tracked the carrier dynamics using transient absorption (TA), see Figure 1d. Within
10 ps, the feature associated with the band edge disappears and is replaced by a broad feature that
continuously shifts toward low energies at least up to the ns regime (the measurement at longer delays is
limited by the delay track). Usually deep trap emission, which has a low oscillator strength, does not have a
detectable TA signal, see the TA map from CdTe NPLs in Figure S2. This low energy feature is neither
observed on fresh HgTe NPL (Figure S3), suggesting a non-intrinsic nature for the sub band gap feature
observed on aged NPLs.

Moreover, the spectral migration on a hanosecond time-scale apparent in the data is also inconsistent with
deep trap emission observed in other nanocrystal systems. In particular, transfer from the excitonic state to
the traps responsible for deep trap emission is <100 ps?8, while transfer among heterogeneous nanocrystals
via FRET, occurs on a timescale of =1 ns?°. This last dynamic is similar to the observed spectral migration
and is consistent with the work by Tenney et al?® that proposed to connect this feature to the presence of
small HgTe NCs coming as side product of the cation exchange reaction. Regarding the nature of the
coupling, a first possibility would have been charge transfer in the film. In this case, the charge transfer



duration will be given by 7,,, = %With e the proton charge, R the hopping length, u the carrier mobility

and kpT the thermal energy. Since no ligand exchange is performed, the mobility is expected to be low (10°
cm?V-1st with long capping ligand®’), meaning that a 3 nm (corresponding to the thickness a NPL capped
with Cig alkyl chain) charge transfer is expected to last 600 ns at room temperature. This time scale is much
longer than the dynamics observed by TA. We can then conclude that transfer mechanism from the NPL to
bound small NCs occurs through energy transfer such as FRET?! process for which transfer duration of the
order of a few ps has been reported for hybrid NPL/NC systems?®,

We additionally notice a drop of the PL magnitude under illumination, see Figure 2a. We attribute this to the
fact that the blue light used to excite the PL can also provide enough energy to break the bonds between the
ligands and the NPL surface, leaving the surface unpassivated. Inspired by works on HgTe NCs*3 and CdSe
NPLs**, we propose a modification of the surface chemistry where the initial oleylamine capping the NPLs is
replaced by halides. The butylamine copassivates through hydrogen bound the monolayer of halide on the
HgTe NPL surface. Besides, it can also solubilize the excess of HgBr, which could have crystallize as
monolayers, due to its layered crystal structure, on top of the HgTe-Br NPLs**3%, By doing so, the surface
chemistry of the HgTe NPLs also matches the surface chemistry of the ZnO layer that is later used as the
electron transport layer in diodes. Without this ligand exchange, the deposition of ZnO on HgTe NPLs tends
to quench their PL. The ligand exchange procedure can be tracked using infrared spectroscopy, see Figure
2b. In particular, we observe a drastic reduction of the absorbance relative to the C-H bond resonance
confirming that free ligands are removed and that the ligand length is reduced (switch from Cig to C4 chain).
This step also enables charge conduction through the film which is essential for the design of light emitting
diodes. After such treatment, the PL is more stable, see Figure 2c, with only a limited drop over a time scale
compatible with PL measurements. A redshift is also observed, which exact magnitude may depend on the
samples use (i.e. irradiance used to excite sample or driving bias in LED). This behavior can be associated
with a partial delocalization of the wavefunctions over the halides and to out-of-plane strain induced by the
ligands, which may lead to an increase of the thickness and thus a decrease of quantum confinement®. Such
observations have already been done on colloidal suspension of CdSe and HgTe NPLs%.
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Figure 2 Benefit of surface chemistry modification on luminescence properties. a. PL spectra for an
unprocessed HgTe NPLs film for various durations of continuous excitation by a 405 nm laser. b. Infrared
absorption spectra before and after the surface chemistry modification. The curves have been shifted for the
sake of clarity, but the scale is unchanged. c. PL spectra for a HgTe NPLs film after ligand exchange for
various durations of continuous excitation by a 405 nm laser at low power.

Now that we have developed a method to obtain a more stable PL from HgTe NPLs, we can consider
integrating this material into photonic and optoelectronic devices. A first question that we aim to address is
the demonstration of macroscopically oriented emission from an HgTe NPL array. So far most of the current
strategies to demonstrate directional emission from a NPL film relies on their self-assembly*® into an
ensemble where they align, typically along the substrate due to their relatively large lateral extension. Here,
we adopt a completely different approach, where the directionality of emission arises from the coupling to a



plasmonic grating, see a schematic in Figure 3a. In this case, the direction of emission results from the
dispersion of the plasmon®’, that can be easily tuned through the grating’s geometrical factor. In this sense,
our approach is closer to the one proposed by Sergeev et al.*®*° using HgTe quantum dots or the one
proposed for wider band gap materials.*® We design a metallic grating made of 300 nm wide gold digits, see
Figure S4. The period (p) of the grating is driving its optical resonance wavelength through the expression
p=A/n, where n is the film’s refractive index taken equal to 2 for a HgTe NC film still capped with organic
ligands*'. To maintain PL signal, the deposition of HgTe NPLs is the final step (i.e. after the NPL grating get
fabricated), it minimizes exposure of the active layer to non-solvent and annealing steps.

oultside grlating L
on grating
1.54 -

u.)
Relative PL (a.u.)
o

o
(6)}
1
T

Gold grating 0.0
substrate A 71000 1200 1400 1600
Wavelength (nm)

O Photoluminescence (a.

High ]
144
12 3 ~ 12+
2 s
— o 8 404
S S = 1,0_
> g o8
) g 2]
[0} C ‘6
c = — 064
£ [)
oy s 2 |
L 0.4+
o

2 ]
o 024
0.9 ]

Low 00+ , . .

- 1000 1100 1200 1300 1400
d. Wavelength (nm)

Figure 3 Luminescence from HgTe NPLs coupled to a plasmonic grating. a. Schematic of an HgTe
NPLs film deposited on a plasmonic metallic grating. b. Photoluminescence image of the HgTe film on
substrate and on grating of various periods. c. Relative PL spectra outside of and on a grating (p=800 nm).
d. Photoluminescence dispersion map in TM polarization (p=800 nm). e. Relative PL spectra along three
directions of emission (p=800 nm). @ is defined as the angle with the normal to the sample.

On top of the grating, the PL signal (Figure 3b) appears enhanced. The mechanisms at the origin of the
enhancement have been previously discussed*. It consists of (i) the enhancement of the absorption at the
excitation wavelength (633 nm here) through a plasmon magnified electric field and (i) an increase in
emission from the presence of gold that prevents the emitted light from being guided into the substrate due
to the latter’s large optical index. The enhancement here reaches 60 % according to the spectra measured
on and away from the grating, see Figure 3c. In addition to the modulation of the signal’s amplitude, we have
also tracked the orientation of the signal by measuring the dispersion map, see Figure 3d and S6. The signal
appears to be composed of two contributions: a non-dispersive background and some brighter tilted lines on
top. We also observe that the PL signal is non dispersive on a bare substrate (Figure S5). That is, NPLs in
the film do not show directional emission from anisotropic alignment. The tilted lines are then the result of the
coupling to the surface plasmon’s dispersion through the metallic grating, see Figure S7, while the isotropic
background is attributed to NPLs that remain uncoupled due to the thickness of the film. From this dispersion
map, we can extract the spectra along various directions, see Figure 3e. Emission occurs mostly at low angle
with respect to the normal, which is the targeted configuration for efficient electroluminescence.
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Figure 4 Electroluminescence from HgTe NPL. a. Schematic of the HgTe NPL-based diode. b PL and EL
spectra. c. Electroluminescence and voltage as a function of the current density.

In the last part of the paper, we explore the design of electroluminescent (EL) devices for HgTe NPLs. We
use a diode stack*? that has been proven efficient for NPL-based LEDs**#4. Here the hole injection is done
through a PEDOT:PSS layer and the electron transport layer is made of ZnO coupled to a low work function
silver electrode. Light extraction occurs on the substrate side thanks to a tin doped indium oxide (ITO) layer,
see a schematic of the LED in Figure 4a. The EL spectrum mostly overlaps with the PL from the HgTe NPLs,
as shown in Figure 4b. Thus, we can exclude that any other layer from the diode stack might be responsible
for the EL signal. The diode presents a bias threshold at around 0.9 V which corresponds to sub-band gap
operation for this material with emission at =1 eV, see Figure 4c. It is worth pointing that the LED containing
unprocessed NPLs (without the above-mentioned ligand exchange procedure) do not present any EL signal,
see Figure S8.

Currently the main limitation comes from the weak EL efficiency that we estimate at around 0.015%, which
is two orders of magnitude lower than the value obtained with HgTe spheroid NCs.334° This certainly entails
to the need for core-shell heterostructures with better preservation of the PL efficiency once the NPLs are
integrated within a device. Another next stage of this research will deal with the coupling of the directive
emission from the grating electrode with the diode stack requested for EL, however the transfer is not straight
forward since the dielectric and optical environment of the active layer is deeply modified in the diode.

To summarize, we have shown, using transient absorption, that PL from HgTe NPL films is dominated by
sub band gap emissive states. However, an optimized surface chemistry modification enables a higher
stability under illumination. Whereas approaches to obtain polarized and directive emission from NPL array
focus on self-assembly, we propose a complementary method by coupling the film to a metallic plasmonic
grating. We demonstrate a 60% increase of the PL signal as well as directional control of the emission.
Finally, we demonstrated electroluminescence from this material with sub band gap operation. Future efforts
will have to be focused on improving PL efficiency and stability through the synthesis of heterostructures.

METHODS

Chemicals: octadecene (ODE) (Sigma-Aldrich, 90%), cadmium acetate anhydrous (Cd(Ac)z) (Sigma-
Aldrich, 99.995%), cadmium oxide (CdO) (Strem 99.99%), dodecanethiol (DDT) (Sigma-Aldrich, 98%),1,2-
ethanedithiol (EDT) (Fluka, 98%), mercury acetate (Hg(Ac)2) (Merck, 99%), mercury chloride (HgCl,) (Strem
Chemicals, 99%), mercury bromide (HgBr») (Alfa Aesar), mercury iodide (Hgl.) (Touzart & Matignon), myristic
acid (Sigma-Aldrich 99%), propionic acid (Sigma-Aldrich 99%), tellurium powder (Te) (Sigma-Aldrich
99.99%), oleic acid (OA), decanoic acid (Sigma-Aldrich, 98%) (Sigma-Aldrich 90%), butylamine (Alpha,
99%), oleylamine (OLA) (Acros, 80-90%), trioctylphosphine (TOP) (Alpha Aesar, 90%), tetrachloroethylene



(TCE) (VWR) toluene (VWR, 99.5%), n-hexane (VWR, 99%), ethanol (VWR, 96%). All chemicals are used
as received. Mercury compounds are highly toxic. Handle them with special care.

1 M TOPTe precursor: 2.54 g of Te powder are mixed with 20 mL of TOP in a three-neck flask. The flask is
kept under vacuum at room temperature for 5 min before the temperature was raised to 100 °C. Degassing
is conducted at this temperature for 20 min. Then, the atmosphere is switched to N, and the temperature is
raised to 275 °C. The solution is stirred until a clear orange coloration is obtained. The flask is afterwards
cooled down to room temperature and the color turns to yellow. Finally, this solution is transferred to a
nitrogen-filled glove box for storage.

Cadmium decanoate (Cd(Decanoate)2): In a 100 mL three-neck flask, 2 g of CdO (15.7 mmol) and 6.9 g
(40 mmol) of decanoic acid are mixed and heated at 210 °C for 1 h under argon atmosphere. When the entire
solid is dissolved and a colorless solution is obtained, the heating is stopped and acetone is added to
precipitate cadmium decanoate. The powder is centrifugated and washed at least 3 times with acetone then
set under vacuum over the night.

CdTe NPL synthesis: In a 50 mL three-neck flask, 233 mg of Cd(decanoate),, 80 pL of OA and 10 mL of
ODE are mixed and degassed at 90 °C for 1 h. Under argon flow, the temperature is set to 210 °C. At 185°C,
100 pL of TOPTe 1M in 500 pL of ODE is added to the mixture. When the color turns orange (after a few
seconds), 70 uL of propionic acid diluted in 500 pL ODE are added. After 15 min at 210 °C, the mixture is
cooled to room T. The NPLs are centrifugated twice with 15 mL of hexane and 20 mL of ethanol then
redispersed in 5 mL of hexane.

Hg oleate (0.08M) (Hg(OA)2): In a 50 mL three neck flask, 500 mg of Hg(OAc) is mixed with 20 mL of OA.
The mixture is heated at 80°C for 30 min. The solution is cooled down to room temperature and put under
vacuum for 30 min to extract the remaining acetic acid. The solution is stored in a vial and can be used for 2-
3 weeks, then metallic mercury is observed bottom of the vial.

Hg cation exchange procedure: In a glass tube, add 1 mL of CdTe (20 umol of Cd) redispersed in 6 mL of
TCE. The tubes are stored in a fridge until the temperature reaches 5°C. Then, 200 pL of Hg(OA). (0.08 M
in OA) and 400 pL of Hg(Ac). (0.1 M in OLAm) are added. The reaction is carried out until the absorption
features stabilize. The NPLs are then precipitated by adding few drops of ethanol and centrifugated at 12000
rpm for 1 min. The NPLs are finally suspended in 500 pL of toluene (final concentration of around 10 mg.mL"

l).

X-ray Diffraction: X-ray diffraction (XRD) sample is obtained by drop-casting the solution of nanocrystals on
a Si wafer. The diffractometer is a Philips X’Pert, based on the emission of the Cu Ky (A=0.154 nm) line
operated at 40 kV and 40 mA current.

TEM: A drop of diluted NCs solution was drop-casted onto a copper grid covered with an amorphous carbon
film. The grid was degassed overnight under secondary vacuum. Imaging was conducted on a Titan Themis
200 microscope (FEI/Thermo Fischer Scientific) equipped with a geometric aberration corrector on the probe.
The microscope was also equipped with the "Super-X" systems for EDX analysis with a detection angle of
0.9 steradian. The observations were made at 200 kV with a probe current of about 35 pA and a half-angle
of convergence of 17 mrad. HAADF-STEM images were acquired with a camera length of 110 mm
(inner/outer collection angles were respectively 69 and 200 mrad).

Absorption spectroscopy: UV-visible spectra were obtained by a Cary5000 spectrometer.

Photoluminescence spectroscopy: Photoluminescence spectra on film and in solution have been collected
using a Flame NIR Spectrometer equipped with an InGaAs detector from Ocean optics. The excitation has
been conducted using a blue laser diode (405 nm).



Angle resolved photoluminescence measurements. Wide field photoluminescence images and
dispersion relations have been obtained by pumping the samples with a tungsten filament in Koéhler
configuration (with a bandpass filter to select wavelengths between 400 nm and 800 nm). In other words, the
sample is excited over a wide field, with a diameter approximately equal to 1 mm for the experiments with a
10X objective and 250 microns for the experiments with a 50X objective In other words, the sample is excited
over a wide field, with a diameter approximately equal to 3 mm for the experiments with a 10X objective
(Figure 3b) and 500 microns for the experiments with a 50X objective (Figure 3c,d an d e).We verified that
the excitation power, on the order of 100-1000 W/cm?, was low enough to have a PL signal in the unsaturated
regime. To obtain photoluminescent images, the PL signal is separated from the optical pump with a dichroic
mirror and a long-pass colored glass filter and sent to a NIRvana 640ST InGaAs camera from Princeton
Instruments via a Telan lens and an SP2356 Acton spectrometer (also from Princeton Instruments) in imaging
mode. To obtain dispersion relations, the Acton spectrometer is used in monochromator mode and a Bertrand
lens is added in the optical path to image the reciprocal space (i.e. the back focal plane of the objective).

FTIR spectroscopy: Infrared spectroscopy is conducted using a Vertex 70 Michelson interferometer from
Bruker. The instrument is coupled to an attenuated total reflection setup. The beam splitter is made of XT-Br
crystal and the detection is made using a DTGS (Deuterated Triglycine Sulfate) detector.

Transient absorption Measurements were performed by splitting the 800 nm fundamental of a 5 kHz, 60 fs
Ti: sapphire laser into pump and probe branches. The pump branch was directed through an OPA to generate
700 nm pump pulses and chopped to 2.5 kHz; the probe branch was optically delayed using a variable delay
stage with retroreflector and then focused into a 5 mm thick sapphire plate to generate a supercontinuum in
the near-infrared. The pump and probe pulses were spatially-overlapped at the sample position and spectra
were collected by differencing pump-on and pump-off spectra.

Grating fabrication: In a cleanroom, Si/SiO; substrates (400 nm oxide layer) are thoroughly washed by first
spraying them with acetone then sonicating them in an acetone bath for 5 min. Acetone is sprayed a second
time followed by IPA, which is dried with N.. The substrates are then put into an O, plasma cleaner for 7
minutes at 30 W. Once the substrates are cleaned, PMMA is deposited on top to prepare them for E-beam
lithography. Roughly 300 nm of PMMA are deposited by spin-coating a pre-prepared solution of PMMA in
anisole at 4000 rpm for 30s, followed by 3 minutes of annealing at 175°C on a heating plate. Thus prepared,
the substrates are put into a Zeiss Supra 40 SEM with Raith ELPHYS Quantum device and e-beam
lithography is performed according to the grating design. The operating bias is set to 20 kV, the aperture to
10 ym, and the dose to 160 uC/cm2 The PMMA is then developed in an MIBK:IPA solution (1:3) for 60s, then
washed with IPA and dried with N,. The developed substrates are cleaned in an O, plasma cleaner for 3
minutes at 30 W. Using a VINCI thermal evaporator, 5 nm of Ti followed by 50 nm of Au are deposited. The
PMMA is lifted-off by putting the substrates in acetone for 1 day. Once cleaned a last time for 3 minutes in
an O, plasma cleaner at 30 W, the substrates are ready for film deposition.

Input for electromagnetic simulation: For the air and Si substrate, the real parts of the refractive indices
are set to 1 and 3.5, respectively, and the imaginary parts are both set to 0. For the natural SiO- layer,
refractive index is set to 1.5. For gold, the dielectric function from Drude model ¢(E) = 1 — 2.29 x 107/
[E(E+i130)], with E the photon energy in meV, is used. For the NPL film, we set the refractive index equal to
1.65, while the spectral dependence of the imaginary part of the optical index is taken from the film absorption
spectrum (Figure 1c), while matching the exciton feature at 0.1.

Simulations: Optical properties of the structure are simulated with COMSOL Multiphysics, 2D Frequency
Domain Interface using RF module. Periodicity is set for boundary conditions at the side edges. A periodic
port to generate incoming electromagnetic wave is placed above the structure (i.e., in the region defined as
air). Above the air and below the Si substrate, two perfectly matched layers are added to absorb outgoing
waves and minimize possible nonphysical reflections due to limited size. Physical-controlled mesh is enabled
with extremely fine element size. The dissipated power per unit volume in the metals and nanocrystals can
be calculated using the formula P = —0.5w|F|*Im(¢), where F is the electric field, w is the angular frequency
of the incident wave, and Im(¢) is the imaginary part of the material permittivity. The absorption within a



material is calculated by integrating the dissipated power over the volume of the material, then dividing it by
the incident power defined in the port.

Materials for LED: PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate, Al 4083, M121,
Ossila), , PMMA (polymethyl metacrylate, Arkema), , epoxy-glue (Ossila), zinc acetate dihydrate (<97%, Alfa
Aesar), tetramethylammonium hydroxide pentahydrate (TMAOH, 98%, Alfa Aesar), dimethyl sulfoxide
(DMSO, 299.9%, Sigma-Aldrich), ethyl acetate (VMR), ethanol absolute anhydrous (VMR), octane (VWR,
technical), toluene (VWR 99.5%) and acetone (VWR). All the materials were used as received.

Synthesis of ZnO nanoparticles: The procedure is taken from ref 4. In flask A, 3 mmol of zinc acetate are
dissolved in 30 mL of DMSO by vigorous stirring. At the same time, 5.5 mmol of TMAOH are dissolved with
10 mL of ethanol in flask B. Then the contents of the two flasks are mixed and stirred for 24 hours under
ambient conditions. The reaction mixture turns whitish during the first few seconds and becomes clear soon
after. ZnO particles are precipitated by ethyl acetate and redisperse in ethanol. 160 uL of 2-ethanolamine are
added to stabilize the nanoparticles before they are precipitated and redispersed with ethyl acetate and
ethanol respectively again. Finally, the ZnO nanoparticles in ethanol are filtered using a 0.22 um PTFE filter.

ITO substrate patterning: ITO substrates (30 Q/sq) are cut into 15 mm x 15 mm pieces and cleaned by
sonication in acetone for 5 min. After sonication, the substrates are rinsed with acetone and isopropanol
before being dried completely with N, flow. The substrates are further cleaned with O, plasma for 5 min to
remove organic residuals on the surface. After cleaning, TI-Prime and AZ 5214E photoresist are sequentially
spin-coated on the surface of ITO substrates at the rate of 4000 rpm for 30 s and baked at 110 °C for 120 s
and 90 s, respectively. In the next stage, a mask aligner is used to expose the substrates to UV light for 20 s
through a lithography mask (1 mm width). A photoresist is then developed using AZ 726 developer for 20 s
before rinsing with deionized water and drying with N> flux. After another 5-minutes plasma cleaning, the
substrates are etched in a 25% HCI (in water) bath for 10 min at 40 °C before they are dipped immediately
in deionized water. Finally, the lift-off is conducted in an acetone bath. Before being used, the patterned ITO
substrates are cleaned with acetone and isopropanol first and put under plasma for 10 min.

LED Fabrication: PEDOT:PSS solution (filtered through 0.45 pum filter) is spin-coated on a patterned ITO
glass electrode at 4000 rpm for 60 s and annealed at 140 °C for 10 min in air. NPLs (in toluene (10 mg.mL"
1)) are spin-coated at 2000 rpm for 45s. The obtained film is swiftly dipped in a solution of solution of HgBr-
(0.1 M in methanol) for 5 min and dried before a second dipping of 15 s inside a solution of butylamine in
methanol (10%) for 15s. Three successive NPLs deposition and ligand exchange are carried out before
depositing ZnO nanoparticles by spin-coating at 2000 rpm for 45 s. Finally, 80 nm of Ag is deposited on top
of the ZnO using a shadow mask by thermal evaporation. The thickness of NPL and ZnO layers are around
300 nm and 70 nm respectively, as obtained by profilometry. The devices are encapsulated inside the glove
box with a piece of glass by epoxy-glue. The size of the pixel is 1 mm? which is the overlap of ITO and Ag
electrodes.

LED characterization: EL spectra are collected by a Flame NIR Spectrometer equipped with an InGaAs
detector from Ocean optics while passing a constant current with a Keithley 2400. The EQE of the device is
determined according to the method from Ref . For the characterization, we collected current-voltage-radiance
characteristics with a Keithley K2400B sourcemeter unit and a PM100A powermeter coupled with the S122C Ge
detector from Thorlabs. Considering the Lambertian emission of the LED device, the flux leaving the device in the

direction of the detector can be described as Fey; = f:/z 2mLy cosfsinfdl = mL,, with Lycosé the flux per solid angle

of light leaving the device in the forward direction. Since the solid angle from the photodetector to the light source is

0= f—zl ~ 1.7 with S; the area of the detector and [ the distance between the light source and detector, then L, = % =
2 2
Pdsi and Feyt = ”Pge‘l , With P 4., the optical power measured by the detector. The number of photons emitted per
1 1

. . F, Pgetl?2
second to the forward direction can then be calculated by Np :%:%
1

electroluminescence, h the Planck’s constant and c the speed of light. The number of electrons injected per second can

, with A the wavelength of



be obtained by Np = é with I the current flowing in the device. Thus, the EQE can be calculated as EQE = % =

e

T[Pdetlzz.e ﬂ.'Pdetlz

. The irradiance of the device is R = "t =

sihcl Sy 5152

, with S, the area of the pixel (1mm?).

SUPPORTING INFORMATION

Supporting Information include details about (i) material properties of CdTe NPLs and impact of the halide
treatment. (ii) Experimental and modelling of the dispersion of the HgTe NPL film and (iii) additional
measurement relative to electroluminescence.
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