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Hongyu Yang,2,3 Hongxing Dong,1,2,3,* and Long Zhang1,2

SUMMARY

Benefiting from the high modulation bandwidth (BW), low energy consumption and excellent optical per-
formance, lead halide perovskite has attracted wide attention in visible light communication (VLC). How-
ever, the ion migration which results in mobile point defects in perovskite structures is recognized as a
crucial key factor inducing the performance degradation. Here, the influence of ion migration in perov-
skite devices on the performance of VLC was systematically studied. The ion migration process is realized
by mixing CsPbBr3 and CsPbI3 quantum dots, during which, the performance of the VLC system is
reduced, but it can return to its initial state after stabilization. The on-off keying (OOK)modulation scheme
of the perovskite light-emitting diode (LED) device was carried out, achieving a data rate of 90 Mbps.

INTRODUCTION

Visible light communication (VLC), which modulates the visible light spectrum to transfer data transmission, has become popular in fulfilling

the growing demand for wireless data communication,1,2 resulted from the high transmission rate, low energy consumption and strong anti-

electromagnetic interference capability. Moreover, the VLC can provide unauthorized and secure bandwidth (BW) of up to hundreds of ter-

ahertz in visible light bands in the range of 380 nm–790 nm to alleviate congestion BW in RF radio frequency networks.3–5 These advantages

make VLC an indispensable wireless communication mode in the future intelligent era of 6G ultra-high speed ubiquitous optical network.

Meanwhile, the VLC system can be compatible with the illumination function to realize the integration of communication and illumination.

As the commonly light signal transmitters in VLC systems, the white light-emitting diodes (LEDs), which are typically created by combining

an ultraviolet (UV) LED chip with different phosphors, are one of the key factors of VLC system performance.6–9 However, a restricted factor of

the VLC application is the low BW owing to relatively long photoluminescence (PL) lifetime of conventional phosphors in the white LED.

Currently, the BW of the LED is about 3–12MHz based on YAG- and nitride-rare earth phosphors, and is about 40–200MHz based on organic

materials andCd-nanocrystals.9–12 It is noteworthy that these results are obtained together with the UV LED chips. According to the rule of the

device BW% 1/2pt (t is the PL lifetime of thematerials),13 the device BWwill be smaller (usually <10MHz) if the harmful UV light is filtered out

in the actual application.14,15

Perovskite materials have received substantial attention due to their high photoluminescence quantum yield (PLQY), tunable emission

across the entire visible region, and narrow emission linewidth below 20 nm.16–18 High PLQY is one of the crucial features of QDs and a sig-

nificant reason for their application in VLC, in which the photodetection efficiency of the receiver directly affects the receiving sensitivity of the

system. Perovskite materials with high PLQY can emit light signals effectively, enhancing the receiver’s sensitivity and stability.19,20 Further-

more, the PL lifetime of the perovskite quantum dots (QDs) can be up to subnanosecond,21,22 whichmeans that high BW can be obtained in a

perovskite-based VLC system.23,24 The white LED containing perovskite materials and UV chip was proposed to serve as light source in VLC

system by Bakr et al.,25 in which a maximum �3 dB BW up to 500 MHz is obtained.26 Moreover, the data rate modulation mode for the VLC

system based on perovskites, such as on-off keying (OOK) and orthogonal frequency division multiplexing (OFDM), are also researched.27

Although those VLC systems have shown excellent communication performance, there is a comprehensive problemof ionmigration in perov-

skite white LED devices,28–30 which has been widely acknowledged as the key factor causing the optical performance degradation of the

perovskite LED device. So far, the influence of ion migration on VLC systems in perovskite LED devices is still blank.

In this work, we focus on the light communication performance of the mixed CsPbBr3 and CsPbI3 perovskite LED device in VLC system.

Based on the effect of ion migration, a series of wavelengths ranging from green to red can be obtained. With the measurement of the BW

and data transmission rate variation during the ionmigration reaction, we demonstrated that the optical performance of VLC systemwould be
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degraded when ion migration occurs and can return to excellent performance when the system can be re-stabilized. With the UV light been

filtered out, a �3 dB BW as 50 MHz was obtained during the ion migration, which reached 80 MHz when the system returned to stability.

RESULTS AND DISCUSSION

The as-prepared CsPbBr3 and CsPbI3 QDs according to the previously reported hot-injection method with minor modifications are shown in

Figure 1A. As shown in Figure 1B, transmission electronmicroscopy (TEM) reveals that the CsPbBr3 QDs are regular cubic. The excellent crys-

tallinity and few defects can be clearly seen through high-resolution TEM (HRTEM) in the inset of Figure 1B. These excellent QD structures

ensure efficient PLQY of up to 90%. The corresponding statistical plot of crystalline grain distribution is shown in Figure S1A, which shows the

average size of 11 nm with a deviation ofG2 nm. Since the size distribution can affect the optical and electrical properties of QDs due to the

quantum size effect,31 QDs with uniform size can manifest as a perfect PL signal with narrower full width at half maximum (FWHM), which is of

great importance for the output signal amplitude flatness of the VLC system. Figure 1C shows the absorption (black) and PL (red) spectrum of

CsPbBr3 QDs. The CsPbBr3 QDs have a broad absorption band and a sharp PL emission at 515 nm with a narrow FWHM of 19 nm. Figure 1D

shows the PL dynamic of the CsPbBr3 QDs. The decay curve was fitted with the biexponential functions given in the Equation 1.32

AðtÞ = A1 exp

�� t

t1

�
+A2 exp

�� t

t2

�
(Equation 1)

Through fitting, a fast component and a slow lifetime component with t1�2.54 ns and t2�13.05 ns, respectively, are obtained. The ampli-

tude values A1 �4.74, and A2 �0.55 are considered the weighing factors. The average decay lifetime tavg. is calculated Equation 2.32

tavg: =
A1t1

2+A2t22

A1t1+A2t2
(Equation 2)

The tavg.�6.47 ns of CsPbBr3 QDs is much shorter than that of most fluorescent dyes,33–35 which implies that the CsPbBr3 QDs are ideal

high-speed luminescent material. In addition, the characterization analyses of CsPbI3 QDs in Figures S1B–S1D show that CsPbI3 QDs exhibit a

PL spectrum peak at 682 nm. This makes CsPbI3 QDs suitable as a material for studying the communication performance of ion migration in

perovskite LED system through anion exchange.36

Figure 1. Fabrication process and optical characterization of the perovskite QDs

(A) Schematic illustrations for the synthesis processes of QDs.

(B) TEM images of the CsPbBr3 QDs. Inset: HRTEM image.

(C) PL spectrum with emission peak at 515 nm and the absorption spectrum of the CsPbBr3 QDs.

(D) PL decay curves and biexponential fitting curve of the CsPbBr3 QDs with a fast and a slow lifetime of t1 �2.54 ns (�62.6%) and t2 �13.05 ns (�37.4%),

respectively.
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The ionmigration process ismainly dominated by anion exchange betweenCsPbBr3 andCsPbI3 QDs, which is vividly sketched by Figure 2A.

CsPbX3QDs have excess halide ions on the surface. Beingmore ionic in nature, passivating ligands, oleylammonium ions and anions can quickly

come off as oleylammonium halide (OLAmX) from the perovskite nanocrystal surface, the interparticle mixing of CsPbBr3 and CsPbI3 nanocrys-

tals lead to an anion exchange within the nanocrystals through the OLAmX.37 The reaction produces CsPbBrxI3-x QDs, where x depends on the

molar ratios of the two rawmaterials. Figure 2B shows the normalized PL spectra curve of CsPbBrxI3-x films after the exchange, in which the pro-

portion ofCsPbI3QDsmolar ratio increased from0% to 100%with the PL emission shifted from515 nm to 682 nm. The insets at top of each curve

correspond to the photographs of the fluorescent films, which demonstrate neglectable PL degradation after anion exchange. To illustrate the

anion exchange reaction process, the PL spectra were continuously recorded for 20 min, as shown in Figure 2C. Two original PL emission peaks

at 515 nm (CsPbBr3) and 682 nm (CsPbI3) were observed at the beginning of the reaction and gradually decreased in the first fewminutes. Over

time, both the CsPbBr3 side peak and theCsPbI3 side peak gradually shift toward longer and shorter wavelengths respectively, accompanied by

a decrease in their corresponding intensities.Meanwhile a newpeak emergeswhile the twooriginal peaks intensity decreases and eventually, all

the peaksmerge to a single peak at the end of the reaction. The reduction of red andgreen peaks and the formation of newpeaks correspond to

the interparticle mixing reaction of CsPbBr3 and CsPbI3 QDs. As further illustrated in Figure 2D, with the reaction prolonging from 1 min to

16 min, the PL intensity of the wavelength 515 nm and 682 nm decreased rapidly and almost extinction, while the PL intensity at 586 nm quickly

increased to the top. Anion exchange betweenQDs took up to several minutes to reach a steady state most likely because the halides ions had

to cruise in the solvent.36 The evolution of these PL spectra reveals that the nature of anion exchange is different from the traditional anion ex-

change process in introducing additional anions, proving that this method is convenient for making fluorescent films with different colors.

Figure 2. Ion migration process of CsPbBr3 and CsPbI3 QDs

(A) Schematic diagram of ion migration.

(B) PL spectra and photographs of the CsPbBrxI3-x QDs prepared by anion exchange with CsPbBr3 and CsPbI3 QDs in different proportions.

(C) PL spectra changes of the reaction solution (Br: I = 6: 4) during the 15 min anion exchange reaction.

(D) PL intensity changes at 515 nm, 586 nm, and 644 nm during the anion exchange reaction.
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The perovskite LED device in the VLC system is shown in the inset at top-right of Figure 3A, which consists of different perovskite QDs films

and an LED chip that emits light at 385 nm with FWHM of 15 nm. The optical performance of the LED device was performed using an inte-

grating sphere by supplying an alternating current to a direct-current bias tee which was used to drive the LED. In order to prevent the films

from being destroyed by direct contact with a high-temperature chip that operates for a long time, green and red films were placed on a thin

piece of glass above the chip. In addition, the green films are placed at top to avoid the light emitted by which being entirely absorbed by the

red films.

Figure 3A shows the emission spectrum of the laminated LED using a red mixture film (Br: I = 1: 9) and a green mixture film (Br: I = 9: 1)

driving by 80 mA current at room temperature. Three peaks are observed for the chip (385 nm), green light (527 nm), and red light (672 nm),

respectively, the emission spectra of these films with the drive current increased from 10 to 80 mA is shown in Figure 3B. By elevating the

operating current, the emission light intensities of those films climb gradually with the PL emission peak barely changed. Further, the variation

of the correlated color temperature (CCT) calculated chromatic coordinates of the laminated LEDs plotted in the CIE 1931 color space shown

in Figure 3C, the chromatic coordinates (x, y) of which change from (0.3097, 0.3867) to (0.2957, 0.3765) with increasing the current from I = 30 to

80 mA, and the CCT changes from 6320.2 K to 6950.7 K. Figure 3D shows the CCT changes of these fluorescent films over 30 min through the

CIE 1931 color space with the driving current at 50 mA. The chromatic coordinates (x, y) of the laminated LED change from (0.2964,0.3775) to

(0.2826,0.3751) with the increase of the time and the CCT changes from 6912.5 K to 7552.6 K which clearly shows that QDs have good stability

over a long period of time, therefore, the laminated LED device is very promising for the VLC system because the emission lights of the fluo-

rescent films are stable when the driving current fluctuates, which indicates that the influence of QDs instability on the communication system

can be ignored.

To investigate the effect of ion migration on communication performance based on perovskite materials, a VLC system was designed and

set up as shown in Figure S2, which includes the arbitrary waveform generator (RIGOL DG70004), spatial optical path, avalanche photodiode

(Thorlab APD210), and oscilloscope (RIGOL DS70504). A pseudorandom binary sequence data format was sent to the light source which

emitted signal light through a series of planoconvex lenses, an objective lens with a focal length of 2 cm, and two filters (550 nm long

Figure 3. The light performance of the LED device based on perovskite QDs

(A) Emission spectra of laminated fluorescent film driven at 80 mA, inset: Schematic diagram and photograph of the perovskite LED device.

(B) Emission spectra of the laminated fluorescent film under different forward currents.

(C) CIE chromaticity coordinates of laminated LED.

(D) CIE chromaticity coordinates of the color shift of the laminated LED during the continuous operation for 30 min.
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pass and 600 nm short pass) before entering the APD, so that the light of the parents QDs were filtered out to avoid their interference. The

distance between the light source and the Si-based APD was approximately 40 cm. The frequency responses of the VLC system were

measured from 1 MHz to 80 MHz using a network analyzer. Figure 4A shows the frequency response for the perovskite QDs mixture

(Br: I = 5:5). The maximum�3 dB BW of the mixture was obtained to be 21 MHz in the beginning of the anion exchange reaction, which dras-

tically dropped to 14 MHz but further increased over the next few minutes. The evolution of �3 dB BW was analyzed as shown in Figure 4B

which indicates that the modulation BW curves of the mixture decreased when the QDs with different anions first exposed to each other and

then flatten out after the ion exchange reaction finished. In addition, the time-resolved PL decays of two kinds of QDs during ion exchange

was measured as shown in Figure 4C and their fitting results are summed in Figure 4D. The radiative lifetimes gradually and sequentially in-

crease in the first few minutes then decrease and the tavg. of which reached a maximum in about 10 min after the reaction began and

decreased consistently over the next several minutes, in which the climb and the diminution of the tavg. correspond to the variation tendency

of the BW. The fast partition dynamics of halide ions between theQDs and the solution phase is responsible for the changes of PL lifetime and

BW. As an essential factor in the VLC system, the PL lifetime of perovskite QDs has a binding impact on the modulation BW of the system,37

thus the changes of �3 dB BW here imply that ion migration may have a ripple effect on the PL lifetime of QDs.

The communication performances are tested through the OOK modulation scheme38–40 which is a unipolar nonreturn-to-zero code

sequence to control the opening and closing of square wave carriers, with one amplitude set to 0 and the other amplitude set to

non-0. Figure 5A shows the BER data during the anion exchange in which the ratio of parents QDs was the same as in Figure 2C. Since

the reaction time could be affected by physical factors such as vibration and agitation, the intensity change of the middle PL peak was used

as the abscissa. A data rate of 50 Mbps was given to the light source. The BER of the system gradually decreased with the increased of PL

intensity at 586 nm, with most of the points closed to the forward error correction (FEC) limit of 3.8 3 10�3. After the reaction was

completed, the BER of the system reached 2 3 10�4, which ensured the reliability of data transmission in the VLC system. Eye diagrams

correspond to Figure 5A are shown in Figures S3A–S3C, which suggest that the perovskite QDs can transmit a data rate of more than 50

Mbps even during the anion exchange reaction. Therefore, the perovskite-based VLC system can maintain stable operation at high data

rates even when ion migration occurs.

Figure 4. The optical communication performance of the perovskite QDs mixture

(A) Modulation BW of the mixture during the ion exchange.

(B) The maximum -3dB BW changes at the time from 1 min to 23 min.

(C) Time-resolved PL decays of the mixture during the ion exchange.

(D) The PL lifetime change at the time from 1 min to 23 min.
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Since the BWperformance of the perovskite solution can be deteriorated by the effects existing in the solution such as reflection, refraction,

and self-absorption phenomena, the frequency responses for the perovskite fluorescent film (Br: I = 5: 5) along the driving current increasedwere

measuredas shown inFigure5B,whichwere feeblewith thecurrentbelow30mA,while reachedabout80MHzandshowedslightfluctuationafter

the current reached 57 mA. This indicates that the system will show excellent stability when the driving current reaches normal level. Figure 5C

shows the BERs at different data rates in free space at the light source injection current of 60mA. The highest achievable data rate was recorded

more than 90 Mbps, with a measured BER of 1.93 10 �3, below the FEC limit. The corresponding eye diagram with the data rate of 90 Mbps is

shown in Figure 5D, the eye is open and clear. Figure 5D presents the eye diagrams of the system data rates of 50, 70, 90, and 130Mbps, respec-

tively. The eye diagrams with data rate below 70 Mbps are open and clear, which is attributed to the high BW of the fluorescent film.

Conclusions

This study investigated how the optical performance of the perovskite-based VLC system is affected by the ionmigration. Green CsPbBr3 and

redCsPbI3QDswere synthesized first following the hot-injectionmethod. By simplymixing these highly luminescentCsPbBr3 andCsPbI3QDs

with different molar ratios, stable and efficient luminescence with various emission peaks (from 515 to 682 nm) were obtained based on the

effect of ion migration. Time-dependent PL studies revealed three different emission peaks during the evolution—a green side peak, a red

side peak, and a new intermediate peak. Meanwhile, the BW were strictly tracked to probe the optical performance variation of the VLC

system, duringwhich the structure conversion of perovskiteQDs can lead to a ripple effect on the system, which is attributed to the BWdegra-

dation. By employing the OOKmodulation scheme, we verified that the VLC system based on the fluorescent films reached high modulation

BW and transmitted signal steadily. These results will support the development of high stability VLC applications.

Limitations of the study

This research examines the dynamic process and communication behavior of lead halide perovskite ion exchange. The reaction is significantly

influencedby external factors such as temperature and environmental conditions, therefore requiring a high level ofmeasurement accuracy to

reproduce consistent result.

Figure 5. The optical communication performance of the perovskite LED device

(A) Bit error rate (BER) variation with the PL intensity of the mixture at 586 nm during the reaction.

(B) Modulation BW of laminated fluorescent films under different forward currents.

(C) BER of laminated fluorescent films under different data rates.

(D) The corresponding eye diagrams at different data rates.
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RESOURCE AVAILABILITY

Lead contact

Further inquiries and request for data, strains and resources should be directed to the lead contact Jingzhou Li lijingzhou@ucas.ac.cn.

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data: All data reported in this paper will be shared by the lead contact upon request.

Code: This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Preparation of CsPbX3 (X = Br and I) perovskite QDs

CsPbBr3 perovskite QDs were fabricated using the hot-injection method.41–44 The precursor solution was prepared by the following

synthesis method. The mixture composed of 7.5 mL of 1-Octadecene (ODE), 0.88 mL of oleic acid (OA), and 200 mg of CsCO3 powder

was prepared in a 25 mL three-neck flask and then stirred and degassed at 110�C for 1 hour under a nitrogen flow. It is important to

note that the precursor solution, which can be stored for at least a month, should be heated to 110�C before use. Similar to the prep-

aration method of the precursor, the reaction solution was synthesized by mixing 70 mg of PbBr2 powder, 5 mL of ODE, 0.5 mL of OA,

and 0.5 mL of oleylamine (OAM) into a three-necked flask, which was kept at 110�C under nitrogen and stirred for one hour. The mixed

reaction solution was clear and free of powder. At this point, the injection begins. After the reaction solution was heated to 170�C, the
precursor solution was injected into the reaction solution with a syringe. After 5 seconds of reaction, the three flask was cooled to

room temperature by means of an ice water bath. Next, we started impurities, the solution was transferred to a 5 mL centrifuge

tube by a pipette and centrifuged at 12100 revolutions per minute for 5 minutes to remove the supernatant, then added 2 mL toluene

to the centrifuge tube, shook for one minute and centrifuged it again. At this time, the supernatant obtained was the CsPbBr3 perov-

skite QDs with toluene as the solvent.

Themethod of synthesizing CsPbI3 perovskite QDs is almost the same as that of synthesizing CsPbBr3 perovskite QDs. The only difference

was the using of 1.91310-4 mol PbI2 powder instead of PbBr2 powder in synthesizing the reaction solution.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Lead(II) bromide, 99.999%, anhydrous, trace metals basis J&K 10031-22-8

1-Octadecene, 90%, tech. J&K 112-88-9

Oleic acid aladdin 112-80-1

Oleylamine aladdin 112-90-3

Lead iodide aladdin 10101-63-0

Cesium carbonate, for synthesis, J&K 534-17-8

Other

Arbitrary waveform generator RIGOL DG70004

Oscilloscope RIGOL DS70504

Avalanche photodiode Thorlab APD210

Vector Network Analyzer Keysight E5061B

Universal Streak Camera HAMAMATSU C10910

PLQY XIPUGUANGDIAN XPQY-EQE-Adv
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Preparation of the fluorescent film

We add 15 mL toluene and 3 g polymethyl methacrylate (PMMA) granules into a 30 mL glass bottle, then stir the mixture at 110�C for 1 hour

until the granules are utterly dissolved. 200 mL solution of the prepared CsPbBr3 perovskite QDs solution was injected into the PMMA solution

and stirred for 30 min. With the using of a pipette gun, five microliters of the mixed solution were placed on the quartz glass sheet. After

5 minutes of evaporation, the fluorescent film was formed.
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