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Abstract

The modulation bandwidth of white light emitting diodes (LEDs) is an important factor in
visible light communication (VLC) system, which is mainly limited by the down-conversion
materials. The broad spectrum and long lifetime of conventional light conversion materials
represent an obstacle to future technological developments. Here, we show that inorganic
semiconductor perovskite nanocrystals offer a promising alternative nanomaterial. Anion
exchange between different perovskite nanocrystals by post-synthesis is a highly efficient
protocol to tune the chemical composition and optoelectronic properties of lead halide

perovskite nanocrystals. The fine-tuning of the nanocrystal fluorescence is achieved by
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blending colloidal solutions of CsPb(Br/1)s lead halide perovskites with different content of
halide. The tunable optical emission and short fluorescence lifetime (< 5 ns) of the
nanocrystals are exploited to realize white LEDs with a high modulation bandwidth (0.7 GHz),
offering a potential route towards fast, energy efficient visible light communication.
KEYWORDS: perovskite, fluorescence lifetime, modulation bandwidth, anion

exchange, visible light communication

1. Introduction

Amongst semiconductor technologies, Ill-nitride light emitting diodes (LEDs) have been
significantly improved in recent years, resulting not only in the lighting revolution, but also
stimulating new and innovative applications, such as visible light communication (VLC), an
emerging technology to address the increasing bandwidth congestion for data communication.
For VLC, LEDs can be modulated on and off at a high rate that is imperceptible to the human
eye. Thus, functions of communication and lighting can be performed simultaneously. 2
Compared with radio frequency wireless communications, VLC is more secure and is not
limited by electromagnetic interference or license restrictions.® # White light sources for
lighting and communication are commonly realized by combining a GaN-based blue LED and
yellow phosphors.® However, the overall bandwidth of these white LEDs is only a few MHz,
which severely restricts the data communication capacity of VLC systems.® This low
bandwidth arises from the slow optical response of conventional cerium doped phosphors.”®
Furthermore, tuning the color rendering of these white LEDs is also challenging due to the
limited tunability of the spectral properties of phosphors.

Semiconductor lead halide perovskite (LHP) nanocrystals (NCs) offer a promising
alternative material system due to their tunable fluorescence emission by composition and/or
guantum confinement. The LHPs have a ternary crystal structure APbXs, where A is the
cation site (A = Cs, CH3NHj3 etc) and X is the halide site (X = CI, Br, and 1 or mixed).1® In
recent years all-inorganic perovskites containing a metal cation, such as cesium (Cs*) have
attracted significant attention due to high optical quantum yields and enhanced environmental

stability,>1® compared to organic-based perovskites. All-inorganic NCs have been



successfully demonstrated in optoelectronic devices. For example, the external quantum
efficiency (EQE) of perovskite LEDs (PeLEDs) based on green-emitting NCs can reach
values of up to 24.5%, 17 offering potential applications in optoelectronics,*® including lasers'®
and screen displays.?% 2!

For applications that require tunable visible light sources, LHP NCs with different
compositions have been used, e.g. blue and red fluorescence can be achieved in CsPbCl3z and
CsPbls NCs, respectively.’* > Mixing and/or changing the composition of the halide ion has
pronounced effects on structural and optical properties of the NCs.?? The diffusion and
migration of halide ions in the perovskite lattice is known to result in the ion replacement;
while thin films can be realized with halogen gases as sources to incorporate halide ions.*> %
24 Also, the controlled substitution of the cations (e.g. Sn instead of Pb) can be used to tune
the average NC size and optical properties.?® This versatility offered by all-inorganic
perovskite NCs is pivotal to the development of high quality light sources. Furthermore, the
fluorescence lifetime of perovskites NCs is only of a few nanoseconds, which is an essential
property required for applications of high-speed color converted materials in fast VLC.12 26

In this study, we realize inorganic LHP NCs with tunable optical spectrum by blending
as-synthesized green- and red-emitting colloidal CsPbX3z (X = Br, | or mixture) NCs in
solution. The controlled ion exchange and homogenization of the NC composition results in
high quality CsPb(Br:1)s NCs, which not only have a fast recombination time (~ 5 ns) but a
narrow spectral emission centered at wavelengths between those of the parent nanoparticles.
Compared the synthetic methods of CsPb(Brxlix)s reported previously,?* 2" the post-synthesis
via anion exchange process follows the Vegard’s law, offering more flexibilities in controlling
material compositions and properties beyond direct synthetic methodology. Therefore, this
post-synthesis method of perovskite nanocrystals would be a good supplement to the existing
synthetic methods. We select the composition of the NCs with quantum yield 45% to design
and realize white LEDs that combine a blue InGaN-based micro-LED with a CsPb(Br:1)s NC
film.?® We demonstrate white LEDs with a modulation bandwidth of 0.7 GHz, which is higher
than that achieved with conventional yellow phosphors about orders of magnitude.® 2 Thus,
this route could offer opportunities for VLC that requires high-performance light sources for
secure, fast and energy efficient wireless data transmission. In addition, previous reports for
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blue LED+LHPs study paid little attention to the material characterization and analysis for the
light converter. Here, the preparation of perovskite materials and post-synthesis process have
been introduced systematically. During the post-synthesis, we found that the dependence of
the PL peak energy on the Br content of CsPb(Br/l)s nanocrystals follows the Vegard’s law.
This is the first time to apply Vegard’s law in perovskite material system. Furthermore, the
optical properties of the LHPs have also been discussed. We believe these parts could help

readers further understand the perovskites properties for VLC application.

2. Experimental section

2.1 Preparation of the Cs-precursor solution (Cs-oleate). Cs-oleate was synthesized as
following method. Briefly, Cs,COz (1 mmol), 9 mL 1-octadecene (ODE) and 1.3 mL oleic
acid (OA) were added in a 25 mL flask and degassed at 120 <C for 10 min under N2 flow.
Then, the temperature increased to 150 <C, and the mixture was stirred for 20 min under
nitrogen flow. The Cs-oleate precursor kept 150 <C before use.

2.2 CsPbXs (X = Br, 1) NCs synthesis. All-inorganic cesium lead halide perovskite NCs
were synthesized as previously described.'%*° Typically, 20 mL of ODE, 2 mmol of Pbl,, 3
mL of OA and 3 mL of oleylamine (OLA) added in a 50 mL flask and degassed at 120 <C for
10 min under N2 flow. Then the mixture was stirred at 150 <C for 20 min under nitrogen flow.
A clear yellow solution of Pbl>-OA-OLA precursor was formed. The mixture was heated to
160 T and 2 mL of Cs-oleate precursor was quickly injected. After 20 s mixing, the solution
was cooled down to room temperature. For the CsPb(Broaslos)s synthesis, 2 mmol of PbX;
(the molar ratio of Pbl, to PbBr, =2 : 3) were used to form Pb(Br/I)2-OA-OLA precursor. For
purification, 2.5 mL of the original solution was centrifuged at 2500 rpm for 5 min. The
supernatant was further centrifuged at 12000 rpm for 10 min. The precipitate was collected
and dissolved in 3 mL of a mixture of n-hexane and ethyl-acetate (1:3 v/v) and centrifuged at
12000 rpm for 10 min. Finally, the precipitate was collected and dispersed in n-hexane (5 mL)
for storage in a fridge at T = 5<C. The structure, composition and synthesis processes of
perovskite nanocrystals are shown in Scheme 1. To enhance the environmental stability and

shelf life of the NCs, we used post synthesis ligand replacements with iminodiacetic acid



(IDA), following the method reported previously®!.
Scheme 1. Schematic Illustrations for the Structure/Composition and Synthesis Processes of

Perovskite Nanocrystals.
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2.3 Post-synthesis CsPb(Br:1)z NCs preparation and measurements. CsPb(Br:I)z NCs
with different composition were prepared by mixing NC solutions based on green CsPbBr3
and red CsPb(Broslos)s NCs at a given molar ratio of Br in the two solutions, then
ultrasonicated (~ 10 min) and mixed (~ 2 h) using a benchtop shaker. All processes were
carried out in a glove box to avoid exposure of the NCs to oxygen and moisture. Samples
were stored overnight in the glove box before characterization. For X-ray photoelectron
spectroscopy (XPS) studies, the NC solution was drop-cast onto a gold/mica substrate. The
XPS measurements were performed using a SPECS Phoibos 150 hemispherical analyzer and
monochromatic ~ Al-ka  (1486.7 eV) X-ray source (pressure P=1x10° mbar).
Photoluminescence (PL) and time resolved PL (TRPL) spectra of the NCs were measured
using an Edinburgh Instruments FLS980 fluorescence spectrometer equipped with a 375 nm
laser diode as the excitation source. The optical absorption spectra were measured using a
UV-vis near-infrared spectrophotometer (Varian Cary-5000).

2.4 InGaN-based blue micro-LED fabrication. An InGaN-based LED heterostructure
was grown on a c-axial sapphire (0001) substrate by metal organic chemical vapor deposition
(MOCVD).**? The details of epitaxial structure of the blue micro-LED chip shown in Fig. S6,
Supporting Information.

After the epitaxial growth, the heterostructure was processed by standard
micro-fabrication techniques into micro-LEDs with diameter of 30 pm. Firstly, the epitaxial

wafer needs to be cleaned by using 3:1 volume ratio of sulfuric acid and hydrogen peroxide



mixed solution. Then the mesa pattern with diameter of 30um was photolithographed and
etched by using inductively coupled plasma (ICP). Afterwards, indium tin oxide film (ITO)
was evaporated on the p-GaN surface using electron beam evaporation (EB), followed by the
Cr/AllTi/Au deposition as ohmic contact electrodes. To protect and isolate the LED from the
water and oxygen in the environment, the silicon dioxide protective layer was evaporated by
plasma-enhanced chemical vapor deposition (PECVD), and the sapphire substrate needs to be
thinned and polished within 150um to improve the heat dissipation performance of micro-
LED devices.

2.5 LED modulation bandwidth measurement system. The measurement system is
comprised of Agilent E5061B vector network analyzer (VNA), bias-tee, DC power supply,
photodetector (PD) and condenser lens. The test frequency range of VNA is 5 Hz ~ 3 GHz.
The mode of VNA applied is S21 parameter (the ratio of output power to input power). The
photodetector (PD) is silicon PIN detector from Newport Corporation (818-BB-21A), the 3dB
bandwidth of the PD is from DC to 1.2 GHz. The details can be referred in our previous

publications®3 34,

3. Results and discussion

Our perovskite CsPbXsz (X = Br, I or mixture) NCs are capped with a mixture of
OA/OLA/IDA and have average diameter d = (14 %x2) nm, as measured by transmission
electron microscopy (Supporting Information, Figure S1). The room temperature (T = 300K)
PL emission is centered at A = 510 nm for green CsPbBr3 NCs and at 4 = 630 nm for red
CsPb(Bro.4los)s NCs (Figure 1a). Mixing the two NC solutions results in yellow NCs with a
PL emission centered at A = 560 nm. The inset of Figure 1a shows the digital photographs of
the corresponding green, red and yellow NCs dispersed in hexane under optical illumination.
To understand the origin of the PL shift of the mixture, we measured the PL spectra and
UV-visible absorption spectra of the mixture of the CsPbBrs and CsPb(Bro.slos)s NCs in
solution (Supporting Information, Figure S2). The PL peak position shifts from 2.43 eV (4 =
510 nm) for CsPbBrsto 2.05 eV (605 nm) following the addition of CsPb(Bro.4lo.s)s NCs. We

note that no PL peak corresponding to the original parent samples used to prepare the mixture



is observed. The dependence of the PL peak energy on the Br content is comparable to the
reported emission energy for mixed halide perovskite NCs,*® which follows the simple
Vegard’s law (Figure 1b). This suggests that the PL peak of the mixture is made of
CsPb(Brxl1x)3 NCs with a Br-content, x, intermediate between that of the original solutions.
The UV-visible absorption spectra of the mixed solutions reveal that the absorption edge
shifts to shorter wavelengths with increasing x (Supporting Information, Figure S2d). In
addition, the full width half maxima (FWHM) of the PL emission of the mixture increases
from 0.09 eV to 0.11eV, which we assign to the non-uniform composition distribution of the
NCs in the solution, as observed in CsPb(Brxli-x)s NCs synthesized directly with different
halide mixtures.*®

Our results suggest that the chemical composition and optical properties of CsPbXz NCs
can be tuned by post-synthesis mixing of CsPbX3z (X = Br, I) NC solutions with different
halogen content due to an anion exchange process involving different NCs (inset of Figure
1b). The XPS studies were performed to assess the change of composition of the NCs

(Supporting Information, Figure S3).
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Figure 1 (a) Room temperature normalized photoluminescence spectra of CsPbBrs (green), CsPh(Br/1)s
Br:1=2:3 (red), and the mixture of green and red perovskite NCs dispersed in hexane with similar NC
concentration. Inset: digital photograph of the NCs dispersed in hexane under 365nm illumination. (b)
Dependence of the PL peak energy on the molar ratio of Br/l in the CsPb(Br/l)s NCs. Inset: Schematic
diagram of the anion exchange process, which takes place in mixed solution of green and red NCs.

Figure 2a shows the PL spectrum and fluorescence lifetime of the mixed NCs under



excitation with a 375 nm laser. In this experiment, two samples were considered: a NC
solution and a film obtained by spin-coating the NCs on a transparent quartz substrate. The
fluorescence lifetimes of the NC film (z ~5 ns at wavelengths corresponding to the PL peak)
is one order of magnitude shorter compared to that of the NC solution (z~22 ns). To further
understand the trap state, the PL lifetimes were calculated by fitting the PL decay curves using
the bi-exponential decay function, as shown in Table S1 (Supporting Information). The fast
radiation lifetime t1 decreases from 7.42 ns to 3.04 ns, almost half of the value for perovskite
nanocrystal solution. In general, the fast-lifetime component is related to the surface defect
state, and the slow-lifetime component is due to the electron-hole pair recombination process.
Therefore, the trap-state related recombination is more remarkable in the NC film.*” An
increase of PL lifetime with increasing wavelength across the PL line is observed for both
NCs in the film and in solution. This is because the excited light 375 nm would induce the
electron transition from valence band (VB) to high energy levels of conduction band (CB).
Some high energy-level electrons direct recombine with holes in the VB and emit photon with
shorter wavelength with a short recombination lifetime. Besides, part of electrons would have
relaxation from the high energy levels of the CB to the low energy levels, and then have the
radiative recombination with the valence-band holes, resulting in a longer wavelength
emission. The recombination lifetime is also longer compared with the direct recombination
of higher energy-level electron-hole pairs.®

To investigate further the difference in PL lifetime for the NC solutions and films, we
studied the influence of the perovskite concentration and excitation power on the fluorescence
lifetime, the TRPL studies were performed. We found that for solution with NC concentration
ranging from 0.025 mg/mL to 0.15 mg/mL, the NC concentration does not significantly affect
the fluorescence lifetime (Figure 2b and Figure S4, Supporting information). In addition, the
TRPL spectra were recorded for the NCs in film (Figure 2c) and in solution (Figure S5,
Supporting information) under different laser powers. The results show that the fluorescence
lifetime of the NC solution (0.05 mg/mL) is independent of the laser power, but the excitation
power can affect the fluorescence lifetime for the NC film, as shown in Fig. 2d. The lifetime
decreases from 7= 9.2 to 5.5 ns with increasing the laser power from 0.15 to 2.4 W, which
are the laser emission power. The 375 nm pulsed laser was used in the TRPL spectra
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measurement. The laser powers here are the emission light power in the position of test
samples collected by an optical power meter. The difference between the solution and film
indicates the existence of an additional exciton relaxation channel for the NCs in the film,
which is power-dependent. The difference between the perovskite nanocrystal solution and
film is that the nanocrystals are separated from each other in solution, but stick to each other
in NC film. Therefore, the charge transfer is easier to occur between nanocrystals in NC film,
which is accompanied by nonradiative energy transfer. When the excitation power increases,
many electrons transition and transfer to adjacent nanocrystals, promoting the nonradiative
energy transfer and resulting the decrease of radiative lifetime of the perovskite
nanocrystals.3® 40 The fluorescence lifetime of the perovskite NC film is one order of
magnitude shorter than that of the commercial phosphors, such as Yttrium aluminum garnet

(YAG),% *! confirming its potential as optical conversion material for white LEDs.
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Figure 2 (a) The PL spectrum of the perovskite NC mixture and the fluorescence lifetime as a function of



the emission wavelength for a NC solution and a NC film. (b) TRPL spectra for solutions with different
concentrations of NCs. (c) TRPL spectra of a NC film under different laser excitation powers (1 = 375 nm).
(d) The fluorescence lifetimes of the NC solution (0.05mg/mL) and film as derived from the analysis of the

TRPL spectra.

The tunability and the short-lifetime make the perovskite NCs great potential for
fabricating white LEDs. Figure 3a shows the schematic diagram and optical image of the
white LED, which is based on a blue InGaN-LED coated with a layer of NCs. Following the
fabrication of an LED chip with diameter d = 30 pum, a solution of the mixed NCs in hexane
was spin coated on the surface of the LED in a glove box. Then, the device was left in the
glove box overnight to fully evaporate the solvent (hexane). To avoid contamination and
degradation of the perovskite NC film in air, and hence to achieve optimal light extraction, the
device was coated using a protective layer of UV glue, which possesses high optical
transparency, chemical inertness, and high-temperature stability.?® 3!

Two white LEDs were fabricated using mixtures of the NCs with different ratio of Br/I.
The emission of the fabricated LEDs can be fine tuned by the composition of the perovskite
NC layer. Figure 3b shows the calculated chromatic coordinates of the hybrid LEDs plotted in
the CIE 1931 color space. When the ratio of Br in the green to red perovskites is G: R=1:2
(e.g. Br-content x = 0.65), the chromatic coordinates (x, y) of the hybrid LED changes from
(0.3107, 0.4557) to (0.2726, 0.3570) with increasing the current from | = 10 to 100 mA. The
correlated color temperature (CCT) of the hybrid white LED with G: R=1:2 changes from
6078 to 7865 K with increasing the current from 10 to 100 mA. While the Dyy, the distance
from the chromaticity coordinates of the source to the Planckian locus on the CIE
chromaticity diagram,*?#® changes from 0.071 to 0.048. In addition, the luminous efficiency
and luminous efficacy of the perovskite white LED have been compared with the
conventional YAG-coated white LED (with the same blue micro-LED chip), details can be
inferred in the supporting information. If the ratio decreases to G: R=1:4 (x = 0.6), the
chromatic coordinates (X, y) of the perovskite mixture changes from (0.3933, 0.4695) to
(0.3326, 0.367) with increasing current from | = 10 to 100 mA. The CCT of the hybrid white
LED with G: R=1:4 changes from 4229 to 5501 K with increasing the current from 10 to 100
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mA, and the Duv for the white LED shifts from 0.047 to 0.019. This is within the white
region of the CIE 1931 color space, as further illustrated by the optical photograph of the
white LED in Fig. 3c. As we can see, the emitting wavelength of the NC light conversion
layer can be tuned to adjust the color quality of the white LEDs. With the increase of the
proportion of iodine component in CsPb(Brxlix)s nanocrystals, the CCT of white LED
gradually decreases, the light color changes from cold white light to warm white light. The
cold white light source can serve as the headlight of vehicle, realizing the lighting and
communication in the traffic simultaneously. While the warm light source shows great
potential for the indoor application to offer dual function of the lighting and communication.
Therefore, due to the highly saturated colors and the intrinsic tunability nature of the

perovskite NCs, the color quality of white LEDs can be improved significantly.'® 44
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Figure 3 (a) Schematic diagram and optical image of the white LED device using the mixture perovskite
NCs s and a GaN-based blue LED chip. (b) The calculated chromaticity coordinates of the hybrid LED
plotted using a CIE 1931 color space. (¢) Room temperature (T = 300 K) luminescence spectra for hybrid
I11-Nitride/inorganic CsPbXs perovskite NC white LEDs under different injection currents for a molar ratio
of green and red NCs of 1:2. (d) Dependence of the intensity of the NC (red) and LED chip (black)
emission on the injection current for a molar ratio of green and red NCs of 1:2. The solid line corresponds

to the LED chip and the dotted line to the perovskite NCs (P_NCs). (e) Room temperature (T = 300 K)
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luminescence spectra for hybrid I11-Nitride/inorganic CsPbX3 perovskite NC white LEDs under different
injection currents for a molar ratio of green and red NC of 1:4(f) Dependence of the intensity of the NC
(red) and LED chip (black) emission on the injection current for a molar ratio of green and red nanocrystals

of 1:4. The solid line is for the LED chip and the dotted line is for the NCs.

Figure 3c shows the dependence of the luminescence of the hybrid LED with a mole ratio
of green and red NCs G: R=1:2 (x = 0.65). The electroluminescence (EL) emission of the
INnGaN/GaN MQWs is centered at 470 nm and the emission from the NC films is centered at
560 nm, which is consistent with the PL peak wavelength of the mixed NC solution (Figure
la and 2a). When the injection current is below 70 mA, the EL intensity from the MQWs and
the luminescence intensity of the NC film increase with increasing the injection current I, as
shown in Fig. 3d. However, as the current increases further, there is a drop of light emission
intensity when the current up to 80 mA.

In addition, the EL intensity integral ratio of LED chip is defined as

RLED—chip:J. E'—LED_cmp/Cﬁ EL, the EL intensity integral ratio of NC film in hybrid LED is

defined as RNC_ﬁ,m:I ELNC_ﬁ,m/cﬁ EL. The EL intensity integral ratios of LED chip and NC

film from the EL spectra show that the intensity ratio of the LED chip increases
monotonically with increasing the current, but the intensity ratio for NC films decreases
monotonically with the current increase. This behavior may be related to the heating effect. To
further verify this view, the junction temperature (Tj) of the micro-LED and the PL stability of
the nanocrystal (NC) film were measured (Supporting Information, Fig. S7a and S7b). The Tj
at 10 mA is close to room temperature, but when the injection current increases to 100 mA,
the Tj is up to 64°C. The PL intensity of the NC film decreases with the temperature
increasing. Furthermore, dangling bonds can be generated at high temperatures,®® 4> which act
as trap states for carriers, resulting in an irreversible quenching of the NC luminescence
(Supporting Information, Figure S7c¢).

Figure 3e shows the current dependent spectra of the hybrid white LEDs with a mole ratio
of green and red nanocrystals of G: R=1:4. Compared to the LEDs with G: R=1:2 in Fig. 3c,

the saturation point of the NC intensity with increasing the current occurs at a lower current (I
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=50 mA, as shown in Fig. 3f). The peak intensity of the NC film with ratio G: R=1:4 is larger
than that of G: R=1:2. In addition, the peak intensity of the white LED with G: R=1:4 is lower
than that of G: R=1:2, suggesting that the perovskite NCs with more iodine ions in the

mixture can absorb more blue light from the LED chip (Figure S2d, Supporting Information).
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Figure 4 Frequency response of the blue micro-LED chip (a) and the hybrid white LED device (b) at

different current densities (7TkA/cm?, 15kA/cm?).

The frequency response of the blue micro-LED chip and the hybrid white LEDs were
measured from 100 kHz to 1.2 GHz using a network analyzer. Figure 4a shows the frequency
response for the blue micro-LED chip: at 7 kA/cm? and 15 kA/cm?, the modulation bandwidth
f308 1S 550 MHz and 950 MHz, respectively. When using the mixed perovskite NC film as the
optical converted material of the hybrid white LED, the fags of the white LED under 7
kA/cm? and 15 kA/cm?is 400 MHz and 750 MHz, as shown in Fig. 4b. Using the frequency
response functions of the blue LED chip and light conversion material,?® 2 the theoretical
3dB modulation bandwidth of the CsPb(Br/lI)3 perovskite nanocrystals for hybrid GaN-based
white LED can be calculated to be 350 MHz at 7 kA/cm?®, 710 MHz at 15 kA/cm?®, which
coincides with the experimental measurement. These high modulation bandwidths are due to
the short fluorescence lifetime of the perovskite NC film, much shorter than that of CdSe/ZnS
quantum dots or YAG phosphors. This property combined with the high modulation
bandwidth of the blue micro-LED chip enable us to achieve the highest modulation

bandwidth for light-converted white LEDs.?® 4 Thus, these results indicate that
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perovskite-based light sources with all inorganic lead-halide-based perovskites NC films have
potential to overcome the limitation of current white light sources for future light
communication. With further improvement of the fluorescence conversion efficiency of
perovskite nanocrystals as well as the optical power of GaN-based LED chip, the bandwidth

of hybrid GaN-based white LED can be further enhanced.

4. Conclusion

In this study, we prepared different inorganic lead-halide-based perovskites NCs. Results
show that by post-synthesis treatments and blending green and red colloidal CsPbX3 (X = Br,
I) NCs in solution, the chemical composition and optical properties of CsPbX3 NCs can be
tuned due to an anion (Br, I) exchange dynamic process. This approach enables us to produce
homogenous mixtures of perovskite NCs emitting in a narrow spectral region. The
fluorescence lifetime measurements show that after spin-coating the NC solution on a
transparent quartz substrate, the lifetime of the NC film decreases. This decreases further with
increasing the excitation power or for NCs emitting at shorter wavelengths. By the design of
the appropriate spectral region of the mixed CsPb(Br/l)3 NCs (emission wavelength 560-570
nm) and short fluorescence lifetime of the NC film, a novel type of hybrid white LED with a
high modulation bandwidth was fabricated. This combines colloidal nanocrystals with a
well-established 111-V semiconductor micro-LED and can be further developed for VLC, an
emerging technology that requires high-performance visible light sources for secure, fast

energy-efficient wireless transmission.

Supporting Information

SI1. TEM image of perovskite nanocrystals; SI2. PL properties of perovskite solutions; SI3.
XPS studies; Sl4. TRPL studies of perovskite nanocrystal solution and film; SI5. TRPL
spectra of perovskite NC solution with different concentrations; SI16. TRPL spectra of NC
solution under different excitation powers; SI7. Epitaxial structure of the blue LED chip; SI8.

Stability of white LEDs.
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