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Enhanced Charging/Discharging Process in Perovskite
Active Light Source for High-Speed Visible-Light
Communication

Haoyue Zhang, Yuru Tang, Chen Chen,* Meiqin Xiao, Jonghee Yang, Wei Zhang,*
Chaochao Qin,* Ting Xiang, Long Xu, and Ping Chen*

Metal halide perovskites are promising light source materials for visible light
communication (VLC) due to their excellent photoelectric properties and small
resistance-capacitance time constant. However, previous reports mainly used
perovskites as the passive light sources, which not only makes it susceptible
to posterior excitation light sources, but also complex in the integration
process. Herein, the quasi-2D PEA2Csn-1PbnBr3n+1 perovskite light–emitting
diodes (PeLEDs) as an active light source in VLC link is demonstrated. It is
found that the charging/discharging process of PeLEDs is an important factor
governing the -3 dB bandwidth (f-3 dB) of the VLC. To improve this,
3-sulfopropyl methacrylate potassium salt (SMPS) molecules are introduced
into perovskite to simultaneously passivate deep and shallow energy level
defects at grain boundaries. Additionally, the multiple quantum wells
structures of PEA2Csn-1PbnBr3n+1 are modified to be flat. At the optimal SMPS
concentration, the maximum external quantum efficiency of PeLEDs reaches
21.5%. Meanwhile, the VLC achieves 3.2 MHz f-3 dB with data transmission of
18.6 Mbps, which is the highest f-3 dB in PeLEDs with the same active area.
Hence, it provides a versatile method to improve the performance of VLC
links based on active light sources and advances toward the goal of
high-speed, energy-efficient and secure free communication.

1. Introduction

Visible light communication (VLC) is a wireless communication
technology that enables information transmission by using
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a light source with a fast on-off switching
feature as a data source.[1–3] Light–emitting
diodes (LEDs) are generally recognized as
the most effective light sources for VLC,[1]

because they not only satisfy the require-
ments of high brightness and low power
consumption, but also possess high reac-
tion sensitivity and preeminent modulation
performance. Until now, LEDs applied
into the VLC utilize various semicon-
ducting materials including inorganics,[4]

organics,[2] and colloid quantum dots
(QDs).[3] Among the LEDs employing vari-
ous emitter materials, recently metal halide
perovskite (MHP)-based LEDs (PeLEDs)
have emerged due to its excellent opti-
cal properties, demonstrating high color
purity,[5] full-color luminescence[6] and
high luminance efficiency.[7] More impor-
tantly, PeLEDs exhibit a small resistance-
capacitance (RC) time constant[8,9] due
to the low defect density[7,10] and high
carrier mobility[5,11] of the MHP. This
allows them to render a very fast charg-
ing/discharging process for ultra-fast
data transmission speeds. Therefore,

the PeLEDs highlight an exciting path toward the next generation
of VLC.

The use of MHP in VLC has greatly gained attention, but
so far, it has been mainly used as a passive light source. The
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MHP passive light sources were referential to the phosphors
ones, where the emissive layer is used as the color converter and
stimulated by the posterior LEDs. For example, Zang et al.[12]

introduced green DDAB-CsPbBr3/SiO2 and red InAgZnS QDs
composite material as a color conversion layer to synthesize
white light on a blue LEDs chip with −3 dB bandwidth (f−3 dB)
of 1.5 MHz. Tian et al.[13] used a blue GaN micro-LEDs exciting
yellow emitting CsPbBr1.8I1.2 YQDs for a high f−3 dB of 73 MHz
white VLC. Fu et al.[14] prepared CsPb(Brx/I1-x)3 nanocrystals
(NCs)- and CsPbI3 NCs-PMMA films with the f−3 dB of 347 and
822 MHz, respectively. Osman M. Bakr et al.[15] treated CsPbBr3
NCs with red phosphor light, and combined it into white light
system which showed f−3 dB of 491 MHz. Despite the high
f−3 dB of passive light sources, some drawbacks are introduced.
First, the light output by passive light is usually white when
the posterior excitation light is not fully absorbed by perovskite
films. Thus, the light cannot fully represent the VLC capacity of
perovskites.[14] In addition, the complex integration process of
passive light increases the cost of devices.[16]

One of the feasible routes to solve the issues above is op-
erating the PeLEDs as an active light source directly driven by
high-frequency pulse voltage bias. However, the f−3 dB of passive
light source platform (serval hundreds MHz) still outperforms
that of active light source (kHz–MHz). The primary reason for
lower f−3 dB of PeLEDs could be attributed to the tricky control
over the perovskite defect density in the thin film system (can
surge over 1019 cm−3), [17] particularly stemming from the nature
of solution processing. This subsequently hinders the fast and
frequent charging/discharging process of PeLEDs governing the
f−3 dB in VLC. Thus, due to the lack of a thorough understanding
of defect control and effective strategies for improving the charg-
ing/discharging process in PeLEDs, their applications for active
light source have not been extensively explored so far.

In this study, we develop high−performance PeLEDs employ-
ing a surface-engineered quasi-2D PEA2Csn-1PbnBr3n+1 MHP as
an active light source for VLC. The dual-passivation 3-sulfopropyl
methacrylate potassium salt (SMPS) are incorporated into quasi-
2D PEA2Csn-1PbnBr3n+1 MHP, which comprehensively passivate
the deep- and shallow-level defects in perovskite through their
concurrent binding actions based on Lewis acid-base interaction
and cation-vacancy: binding of S═O with uncoordinated Pb2+ and
filling the Cs+ vacancy with K+. In addition to the defect sup-
pression, homogenization of quasi-2D phase distributions with
suppression of small n phases is realized by SMPS, which flat-
tens the MQWs structure, reduces the energetic disorders, and
thereby manifests more efficient charge transport. Consequently,
the device performances are improved with respective maximum
external quantum efficiency (EQEmax) and maximum lumines-
cence (Lmax) of ≈21.5% and ≈29 860 cd m−2.

We found that the SMPS-incorporation strategy is also bene-
ficial to realize fast and frequent charging/discharging process
under high-frequency pulse voltage operation, which greatly im-
proves the VLC performance by directly using the PeLEDs as
an active light source. Specifically, over twofold improvement of
f−3 dB, reaching 3.2 MHz, is achieved by the PeLEDs employing
SMPS-modified perovskite emission layer, which is, to the best
of our knowledge, the highest f−3 dB of PeLEDs reported so far
(among those with active areas ranging to 1–10 mm2). By using
an orthogonal frequency division multiplexing (OFDM) modu-

lation with adaptive bit loading, the achievable data rate reaches
18.6 Mbps in VLC system. This study systematically visualizes
the impact of defect passivation on the VLC performances em-
ploying PeLEDs active light source. The comprehensive defect
passivation strategy demonstrated in this work provides practical
insights for the development of high-speed, energy-efficient and
wearable VLC systems in the future.

2. Results and Discussion

The SMPS (Figure 1a) are dissolved in the perovskite precursor
solution as an additive. Sulfonyl group (O═S═O)[18] and potas-
sium ions (K+)[19] in SMPS molecules play an important role in
passivation perovskite defects to improve luminescence and com-
munication capacities of PeLEDs. Under the same bias voltage,
the SMPS-modified device shows the higher bright green Elec-
troluminescence (EL) (peak centered at 512 nm) compared to the
control device without involving notable spectral shift (Figure S1,
Supporting Information). The current density–luminescence–
voltage (J–L–V) curves of the SMPS-modified and the control
device are shown in Figure 1b,c, and the parameters are sum-
marized in Table S1 (Supporting Information). The J–V charac-
teristics indicate that the current density of the SMPS-modified
device is improved compared to the control device. The SMPS-
modified devices show Lmax of ≈29 860 cd m−2 and EQEmax of up
to 21.5%. These are substantially higher than those for the con-
trol devices (Lmax, ≈9109 cd m−2, EQEmax, 10.2%). Note that there
are considerable EQE roll-offs in the PeLEDs, stemming from the
quasi-2D MHPs structure (Figure 1c). It has been known that
quasi-2D MHPs are deemed to suffer from substantial Auger
recombination by excessive local accumulation of excited-state
carriers.[20] This in turn causes notable luminescence quench-
ing and EQE roll-off, particularly at the high charge injection
regime.

In addition, we compare the EL half-lifetime (T50-EL) of the
PeLEDs measured under DC and high-frequency pulse voltage
operation conditions of 100 kHz and 3 MHz, respectively. As
shown in Figure 1d and Figure S2 (Supporting Information), at
the relatively low frequency of 100 kHz, the stability of PeLEDs
is significantly improved compared with DC operation. This is
due to the suppressed Joule heating and charge accumulation.[21]

Further increasing the frequency to 3 MHz starts to compromise
the PeLEDs stability. This can be ascribed to the rebuilding of
Joule heating in the device, attributed to the insufficient time to
cool (relax) the temperature elevated at the last pulse-operation
cycle. Even so, the decays of T50-EL under 3 MHz are still slower
than those of DC conditions, indicating great potentials of our
PeLEDs for the VLC applications with fast and frequent charg-
ing/discharging process.

Figure 1e indicates VLC link using PeLEDs as an active light
source. The detailed experimental setup is shown in Figure S3
(Supporting Information). The electrical-optical-electrical (EOE)
frequency response is shown in Figure 1f for obtaining the f−3 dB.
Compared with the control devices, over twofold enhancements
of the f−3 dB, from 1.5 to 3.2 MHz, are observed from the SMPS-
modified devices.

To explore the mechanism enabling substantial increase of
f−3 dB in the SMPS-modified devices, we investigate the transient
EL (Tr-EL) of the PeLEDs under 6.0 V, 100 kHz square voltage
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Figure 1. a) Structure of quasi-2D perovskite and chemical structures of SMPS. J–L–V characteristics of PeLEDs including b) J–V, L–V and c) EQE-J char-
acteristics. d) EL half-lifetime (T50-EL) of the PeLEDs measured under DC and high frequency pulse voltage operation conditions of 3 MHz, respectively.
e) Schematic diagram VLC system based on active PeLEDs light source. f) EOE frequency response of the control and the SMPS-modified PeLEDs. Tr-EL
of the control and the SMPS-modified PeLEDs under 6.0 V, g) 100 kHz square pulse and h) 10 kHz square pulse. i) The f−3 dB and rise time of the control
and the SMPS-modified PeLEDs vary with voltage, and there are three for each device. The f−3 dB and rise time data are divided by their maximum values,
respectively.

pulse with duty circle of 50%, as shown in Figure 1g. For the
SMPS-modified devices, upon turn-on state, the Tr-EL shows a
sharp rise and reaches to a saturation level. When the pulse is
turned off, the Tr-EL intensity is dropped rapidly to an off-state.
Collectively, the augmented luminance with fast on/off dynam-
ics of SMPS-modified PeLEDs result in a remarkable intensity
difference (Egap) between the turn-on and turn-off states. Such
remarkable Egap indicates an evident difference between 0 and
1 signals during the communication, which is critical for high
f−3 dB.[16] In contrast, the control device exhibits slow Tr-EL rise
and fall dynamics that significantly limits the maximum Tr-EL
intensity. This subsequently results in relatively smaller Egap that
compromises a poor signal-to-noise ratio (SNR), making difficult
to distinguish the 0 and 1 signals and thus, limiting the f−3 dB of
VLC.

We further explore the Tr-EL on/off dynamics by using a
10 kHz-pulsed bias (Figure 1h), quantifying the 10-to-90% rise
and fall times (ton and toff, respectively)[22] of the PeLEDs. The
SMPS-modified devices exhibit ≈2.5- and threefolds faster turn-
on and off rates with a respective ton and toff of 7.84 μs and 697 ns,
compared to the control devices (ton and toff of 19.8 and 2.1 μs,
respectively). The faster Tr-EL on/off dynamics of the SMPS-
modified device is attributed to faster charging/discharging pro-
cess. We further explore the dependence of f−3 dB and ton on
the DC voltages, as shown in Figure 1i. It is noted that ton de-
creases but f−3 dB increases with increasing a DC bias, higher
bias not only increases the amount of injected carriers enhanc-
ing luminance but also accelerates charge injection kinetics (i.e.,
faster drift velocity).[16] We observed that the SMPS-modified
devices exhibit shorter ton and larger f−3 dB, attributed to faster
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Figure 2. a) TEM image of the SMPS-modified films. The inset ➀ and ➁ show the FFT images and SAED patterns of the films. b) The STEM image and
the STEM-EDS mappings show the distribution of Cs, Pb and Br elements in the SMPS-modified films. c) STEM-EDS mappings show the distribution
of S and K element in the SMPS-modified films. d) Schematic illustration of the dual-passivation by SMPS at perovskite grain boundaries. e) FTIR
spectroscopy of SMPS and SMPS-modified thin films. XPS f) Pb 4f, and g) Br 3d core-level spectra for control and SMPS-modified thin films.

charging/discharging process by reduced defect density. The en-
ergy bands of the perovskite thin films are investigated by ul-
traviolet photo-electron spectroscopy (UPS) and UV–vis absorp-
tion. As shown in Figure S4 and Table S2 (Supporting Infor-
mation), the conduction band (CB) of the SMPS-modified film
slightly declines from −2.96 to −3.01 eV while the valence band
(VB) of both films undergoes negligible redshift from −5.32 to
−5.35 eV. Such little changes in the VB and CB rule out the im-
pact of energy band alignments, solely attributing the improved
PeLEDs performances to the comprehensive defect passivation
by SMPS.

The passivation effects of SMPS on the trap densities of per-
ovskite are investigated in Figure 2. The transmission electron
microscopy (TEM) is used to characterize the crystal structure
of SMPS-modified perovskite. As depicted in Figure 2a, the
SMPS-modified perovskite crystallites exhibit a highly crystal-

lized cubic structure. Moreover, the fast Fourier transform (FFT)
images show the lattice fringes with d spacing of 5.9 Å (the inset
① of Figure 2a), which is consistent with the reported lattice
constants of PEA2Csn-1PbnBr3n+1.[23,24] The crystal structural is
further revealed by selected-area electron diffraction (SAED), as
shown in the inset ②, where diffraction spots are assigned to
(100) and (200) planes.[25] These observations are in good agree-
ment with the X-ray diffraction (XRD) patterns in Figure S5
(Supporting Information). To gain better insights into the spatial
distribution of SMPS around the perovskites, energy-dispersive
X-ray spectroscopy (EDS) elemental mapping are performed
to the SMPS-modified perovskite crystallites in scanning TEM
(STEM) measurement. As shown in Figure 2b,c, it is observed
that Cs, Pb, and Br elements are concentrated on the perovskite
interiors, whereas the S and K signals mainly surround the
edges of the perovskite crystallites. This verifies that the SMPS
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molecules mainly passivate the perovskite surfaces and are
thereby located at the grain boundaries.

At the grain boundaries of quasi-2D MHP, a dual-surface
passivation mechanism of SMPS molecules is considered, as
schematically depicted in Figure 2d. First, SMPS can passivate
deep level surface defects originating from undercoordinated
Pb2+ ions at the grain boundaries.[26] Both sulfoxide (SO3), car-
bonyl (C═O) groups in SMPS molecules, containing lone pairs
of electrons, are feasible to form moderate dative bonds with the
undercoordinated Pb2+, thereby passivating the defects.[27] Sec-
ond, SMPS can also passivate shallow level traps originating from
Cs+ vacancies, caused by the rapid crystallization and growth
process.[28] The smaller ionic radii of potassium ions (K+) than
that of Cs+ −1.38 and 1.67 Å, respectively – allows them to accu-
mulate at the grain boundaries to passivate these defects by filling
the vacancies.[29]

Experimentally, the dual-passivation action of SMPS upon in-
corporation into MHP is confirmed by the Fourier transform in-
frared (FTIR) (Figure 2e) and X-ray photoelectron spectroscopy
(XPS) (Figure 2f,g). The full spectroscopies of the FTIR are pro-
vided in Figure S6a (Supporting Information). Figure 2e and
Figure S6b (Supporting Information) show the stretching mode
of sulfonyl (≈1058 cm−1; 𝝊(S═O)) and carbonyl (≈1720 cm−1;
𝝊(C═O)) bonds, respectively. Upon incorporation into MHP, the
sulfonyl peak exhibits a shift to the lower wavenumber of 1045
cm−1, evidencing the coordination action of SO3 with the under-
coordinated Pb2+.[30] In contrast, the shift of carbonyl peak is not
observed upon the SMPS incorporation, suggesting the contri-
bution of C═O to Pb2+ passivation is negligible. This observation
suggests the S═O has a stronger electron-withdrawing capacity
compared to the C═O, leading to more effective passivation of
the Pb2+ vacancies by S═O.[18] Figure 2f exhibits Pb 4f core-level
XPS spectra of the MHP films, showing a significantly shift to
lower binding energy. This confirms the Lewis acid-based interac-
tion between the S═O and uncoordinated Pb2+. Such shift toward
lower binding energy is also observed for the Br 3d spectrum in
Figure 2g, which may come from the variation of the Pb2+…Br−

interactions[27] and/or the K+…Br− interactions.[31] Therefore,
XPS measurement of the control films with KBr (Figure S7, Sup-
porting Information) is further conducted to demonstrate the
contribution of K+. For the films with KBr, the Lewis passivation
of Pb2+ is ruled out but only with K+ passivation. The Br 3d peak
also shifts to the low binding energy, indicating K+ does replace
the vacancy of Cs+ and has an effect on Br−. These results con-
firm that SMPS molecules can effectively passivate the deep and
shallow level defects of perovskite through Lewis passivation of
Pb2+ by S═O and occupying vacancy of Cs+ by K+.

To characterize the trap density of states (tDOS) in shal-
low and deep level, the thermal admittance spectroscopy
(TAS) technique is employed. The tDOS can be calculated
by capacitance-frequency (C–F) measurements (Figure S8,
Supporting Information) through Equation (1)[32]:

NT

(
E
𝜔

)
=

Vbi

qW

dCp

d𝜔
𝜔

kBT
(1)

where width of the space charge region (W) and built-in poten-
tial (Vbi) are extracted from the capacitance–voltage (C–V) curve
(Figure S9, Supporting Information). C, 𝜔, and kBT are capac-

itors, frequency, and thermal energy, respectively. Compared to
control device, the SMPS-modified device shows one or two or-
ders of magnitude lower tDOS in the shallow-trap region (0.30–
0.40 eV)[33] by Cs+ vacancies and the deep-trap region (0.50–
0.55 eV)[34] by undercoordinated Pb2+, respectively, as shown in
Figure 3a. The space charge-limited current (SCLC) technique[35]

is further provided for defect density by Equation (2):

ntrap =
2VTFL𝜀r𝜀0

eL2
(2)

where onset voltage (VTFL) is the trap filling limit voltage, e is the
electronic charge, L is the thickness of perovskite films, 𝜖r and
𝜖0 are the relative permittivity and vacuum permittivity. For hole-
only devices with SMPS-modified perovskite layer (Figure 3b),
the VTFL of devices is significantly reduced from ≈1.6 to 0.8 V, in-
dicating the trap density (ntrap) of holes is reduced from ≈3.35 ×
1018 to 1.59× 1018 cm−3 (Table S3, Supporting Information). Sim-
ilarly, we can see the ntrap of electrons (Figure S10, Supporting
Information) is reduced from ≈2.95 × 1018 to 1.31 × 1018 cm−3.
Therefore, both ntrap of electrons and holes are reduced by SMPS.

We further perform time-resolved photoluminescence (TRPL)
measurement in Figure 3c, which can be fitted by the following
three-exponential functions (3)[36]:

I (t) = I0 + A1exp
(
−t∕𝜏1

)
+ A2exp

(
−t∕𝜏2

)
+ A3exp

(
−t∕𝜏3

)
(3)

where A1, A2, and A3 are amplitudes, and 𝜏1, 𝜏2, and 𝜏3 are
fast, medium and slow decay lifetimes constants. The fitting pa-
rameters are extracted in Table S4 (Supporting Information).
Obviously, the SMPS-modified film show longer PL average life-
time ( 𝜏ave =

A1𝜏1+A2𝜏2+A3𝜏3

A1+A2+A3
) of 11.62 ns, compared with 3.36 ns

for control film, attributed to the suppression of nonradiative re-
combination process by dual-surface passivation with SMPS.

Subsequently, electrochemical impedance spectroscopy (EIS)
is conducted to examine the charge transport and recombination
behaviors. The PeLEDs are measured in dark condition under
AC excitation from 1 MHz to 10 Hz, as shown in Figure 3d. As
shown in the inset, the equivalent circuit model consists of a se-
ries resistance (Rs), a recombination resistance (Rrec) and a paral-
lel capacitance (C).[37] Rs is attributed to resistances from device
interfaces, and Rrec is associated with the recombination resis-
tance of the perovskite layer.[38] According to the fitting param-
eters in Table S5 (Supporting Information), the SMPS-modified
device has lower Rs and Rrec than the control device. The reduced
Rs facilitates electronic charge injection and transport,[39] and the
significant reduction of Rrec indicates that the SMPS-modified de-
vices achieve higher radiation recombination rate due to reduced
trap density.[38]

In addition to the defect suppression, the n phases of the ex-
cited states can be redistributed by SMPS. Figure 3e,f shows the
scanning electron microscope (SEM) images of the control and
SMPS-modified films, respectively. Compared to the inhomoge-
neous grain sizes distribution of control films, the grain sizes in
the SMPS-modified films become homogeneous. Although the
grain sizes are seemed to be reduced upon the modification in
the corresponding SEM images, we note that the grain sizes in
the SMPS-modified film still show a nominal value >50 nm, far
larger than the nominal Bohr radii of perovskites (3–6 nm)[40]
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Figure 3. a) Trap density of states (tDOS) profiles of control and SMPS-modified perovskites. b) The J–V curves of hole-only devices with the control and
SMPS-modified films c) Normalized TRPL decays of the control and SMPS-modified perovskite films. d) Nyquist plots of the control and SMPS-modified
devices from EIS measurements (at applied bias of 3.5 V). Top-view SEM images and DLS spectra of e) the control and f) the SMPS-modified perovskite
films. g) The steady-state UV–vis absorption and h) PL spectra of control and SMPS-modified perovskite films.
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– the dimension where the quantum confinement starts to af-
fect the perovskite electronic structure. In addition, dynamic light
scattering (DLS) characterizations show that the formation of
small colloidal particles (size: 3–5 nm) – potentially responsi-
ble for the formation of low-n (i.e., n = 1-3) 2D MHP phases
– are greatly suppressed upon SMPS modification even in the
precursor states. This can subsequently increase the population
of high-n (n≥4) phase in the perovskite films after crystalliza-
tion, manifesting the redshifts in both absorption and PL spectra
(Figure 3g,h). These observations suggest that the formation of
small n phases are rigorously regulated by SMPS incorporation,
thereby leaving homogeneous, large-n rich MHP phase distribu-
tion in the resulting film.

Steady-state UV–vis absorption and PL spectra are shown in
Figure 3g,h, respectively. Absorption peaks at ≈400, 432, 463
and 505 nm correspond to absorptions of n = 1, 2, 3 and n≥4
phases.[41,42] For the SMPS-modified films, the peaks of 402 (n
= 1), 433 (n = 2), and 464 (n = 3) nm are suppressed, while the
peak of 509 nm is significantly enhanced. Such redistribution of
n phases can be also seen in PL spectroscopies where the emis-
sion from small n phases is inhibited, while the emission from
large n phase is enhanced in SMPS-modified films. The homog-
enized phase distribution where the formation of the small n 2D
phases upon SMPS incorporation subsequently results in flat-
tened MQW energy level landscape, which is majorly composed
of the narrow-bandgap MHP.

To explore the details of the structure of MQWs and energy
transfer characteristics through the MQWs, transient absorption
(TA) spectroscopies are carried out. Four distinctive ground-state
bleaching (GSB) peaks are observed around 405, 435, 466 and
516 nm in the control films as shown in Figure 4a, which corre-
spond to excited-states n = 1, 2, 3 and n≥4, respectively. The pho-
togenerated excited states are initially formed at n = 1 (405 nm)
phase. Then, the GSB signals of n = 2, n = 3, and n≥4 are gen-
erated in sequence. It is observed that the n≥4 phase is gradually
formed when small n phases of n = 1, 2, 3 diminishes, indicating
that a charge transfer takes place from small n phases to large n
phase.[43] Compared to control devices, the GSB signals of n = 1,
2, 3 in SMPS-modified devices are almost negligible (Figure 4b),
leaving dominant GSB signal of n≥4. To understand more de-
tails of the carrier transportation, the decay kinetics of each GSB
are extracted in Figure 4c,d, and the multi-exponential function
Equation (4) is used to fit the GSB signals[44]:

ΔA (𝜏)=A1 e(−t∕𝜏1) + A2e(−t∕𝜏2) + A3e(−t∕𝜏3) + B1e(−t∕𝜏et) (4)

where A1, A2, A3, and B1 are amplitudes, 𝜏1 is the fast decay time
constant assigned to the carrier transferring from small n phases
to large n phases in perovskite films, 𝜏2 and 𝜏3 represent the slow
decay time constant, and 𝜏et is the formation time constant. The
fitting parameters are compared in the Table S6 (Supporting In-
formation). In control films, the fast decay time 𝜏1 of n = 2 and n
= 3 phases are 0.66 and 5.47 ps, respectively, followed by the car-
rier funneling into n ≥ 4 phase for the radiative recombination. In
contrast, the 𝜏1 of n = 2 and n = 3 phases in SMPS-modified per-
ovskite films are shortened to 0.31 and 3.16 ps, indicating more
efficient energy transfer from the small n phases to the large n
phase.[45] Besides, the 𝜏et of SMPS-modified perovskite thin films
is 0.70 ps, smaller than that of control thin films (0.94 ps), verify-

ing the improvement of charge transfer by regulated formation
of small n phases.

Moreover, the change of defect density and the MQWs struc-
ture will also benefit the charging/discharging process for VLC,
as shown in Figure 4e. In the control devices with high de-
fect density and the inhomogeneous MQWs structure, the de-
fect states capture or scatter the free carriers during the charge
transport.[46] Moreover, given the principle of electrolumines-
cence in PeLEDs where the holes and electrons respectively in-
jected from the hole transport layer (HTL) and electron transport
layer (ETL) should reach large n perovskite phases upon charge
transport, carriers should overcome the energy barrier of ΔEVB or
ΔECB when they transport across the intermediate-large n phase
to small n phases prior to finally reach to the large n phase
responsible for desired EL emission.[47] Those defect-induced
and energetic disorders manifest significant charge trapping-
detrapping events when the external electric field is employed.
Subsequently, this notably slows down the charging/discharging
process, as reflected as longer ton and toff during Tr-EL operation
(Figure S11, Supporting Information). For SMPS-modified de-
vices, the density of defect states are significantly reduced and the
energy barriers of ΔEVB or ΔECB in MQWs are largely mitigated
by homogenized phase distribution. This significantly suppress
the charge trapping-detrapping events, thereby resulting in accel-
erating fast charging/discharging process, which are conducive
to efficient VLC.

Finally, we investigate the effects of SMPS concentrations on
the device efficiency. As concentration of the SMPS increases
from 0 to 1.2 mg mL−1, the defect density gradually decreases
(Figures S12 and S13, Supporting Information) and the MQWs
structure gradually flattens (Figures S14–S16, Supporting Infor-
mation), leading to improved device performances (Figure S17,
Supporting Information). However, the device performance de-
clines at the SMPS concentration of 1.8 mg mL−1, which is likely
due to excessive non-conductive SMPS that inhibits carrier injec-
tion and transportation.[48]

The VLC responses of PeLEDs are shown in Figure 5. In the
optimal concentration of 1.2 mg mL−1, ≈3.2 MHz f−3 dB is ob-
tained from the EOE frequency response. To the best of our
knowledge, this is the highest f−3 dB record for active light PeLEDs
among the devices with similar active areas, as summarized in
Table S7 (Supporting Information).[16,49–51] Clear and wide eye di-
agram of a 1 MHz square wave signal is observed, indicating the
high signal transmission quality. Moreover, the VLC system with
a modulation bandwidth of 10 MHz exhibits a high received SNR
of more than 15 dB above the f−3 dB. To deeply explore the achiev-
able data rate, we apply OFDM modulation with adaptive bit load-
ing in the system.[12] The constellation diagrams available with
PeLEDs include binary phase shift keying (BPSK), 4-ary quadra-
ture amplitude modulation (4-QAM), 8-QAM, and 16-QAM, 32-
QAM, and 64-QAM. The transmission data rate realized by the
VLC system available with PeLEDs can reach 18.6 Mbps, which is
approximately sixfold of the measured f−3 dB. The VLC responses
of PeLEDs with different concentration of SMPS are also dis-
cussed. Similar to the trend of device performance, the communi-
cation performance of PeLEDs also present a trend of increasing
first and then decreasing with SMPS concentration. Specifically,
the f−3 dB of PeLEDs containing 0, 0.6, 1.2 and 1.8 mg mL−1 SMPS
are 1.5, 2.5, 3.2 and 2.1 MHz, respectively (Figure 5a–c). The other
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Figure 4. TA spectra of a) control and b) SMPS-modified perovskite films at selected timescales. TA GSB decay kinetics probed at selected wavelengths
for c) control and d) SMPS-modified perovskite films, respectively. e) Schematic illustration of passivated defects and flatted MQWs energy structure by
a multifunctional SMPS.

constellation diagrams that can be loaded for each concentration
are shown in Figures S18–S21 (Supporting Information), and the
corresponding transmission data rates are 4.5, 12.5 and 8.4 Mbps,
respectively. We also attribute this trend to enhancement of the
charging/discharging process by SMPS molecules at low concen-
trations, but it is restricted at high concentrations.

To further highlight the advantage of the PeLEDs, we also
explore the VLC performances of the flexible PeLEDs (Figure
S22, Supporting Information), which are fabricated on the flex-
ible PEN substrate. At the normal and bending (curvature with
a ≈2 cm radius) conditions, the flexible PeLEDs demonstrate
respective f−3 dB of ≈0.9 and 0.5 MHz (Figures S23 and S24,

Adv. Optical Mater. 2023, 2303051 © 2023 Wiley-VCH GmbH2303051 (8 of 12)
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Figure 5. a–d) EOE frequency response, e–h) received SNR, and i–l) bit loading profile of the VLC system based on PeLEDs with different concentration of
SMPS. m) The corresponding constellation diagrams of 8-QAM base on the PeLEDs with the concentration of SMPS is 0 mg mL−1. n) The corresponding
constellation diagrams of 32-QAM base on the PeLEDs with the concentration of SMPS is 0.6 mg mL−1. o) The corresponding constellation diagrams
of 64-QAM base on the PeLEDs with the concentration of SMPS is 1.2 mg mL−1. p) The corresponding constellation diagrams of 16-QAM base on the
PeLEDs with the concentration of SMPS is 1.8 mg mL−1.

Supporting Information). Note the f−3 dB decrease for the bended
devices could be attributed to the increased defect densities
and larger void sizes between grain boundaries induced by the
mechanical force, further aggravating the charging/discharging
process. Nevertheless, we highlight that these demonstrations
suggest great potential of flexible PeLEDs in wearable VLC,
which still has a very large room to be developed to achieve high
f−3 dB flexible PeLEDs in the future.

3. Conclusion

In summary, the high-efficiency quasi-2D PEA2Csn-1PbnBr3n+1
perovskite has been fabricated for the VLC as an active light
source. It is found that the f−3 dB of VLC link strongly depends on
the charging/discharging process of PeLEDs. Therefore, SMPS
is used as a dual-passivation to reduce the defect density at both
deep and shallow levels, and redistribute the n phases for a flat

energy structure in MQWs. Finally, the concentration of SMPS
molecules is adjusted to maximize device efficiency and VLC
performance. At the optimal concentration of 1.2 mg mL−1, the
EQEmax of the PeLEDs reaches 21.5%. The f−3 dB of VLC reaches
3.2 MHz, representing the highest f−3 dB of PeLEDs in the same
active area. After OFDM modulation with adaptive bit loading,
the transmission data rate of VLC system can reach 18.6 Mbps.
These results not only demonstrate the substantial impact of
defect passivation in efficient and high-frequency pulse voltage
operations, but also pave the way to overcome the current chal-
lenges and thereby replace the existing technologies with the
promising PeLEDs active light source in VLC link platform.[52,53]

For examples, there are two strategies to improve the commu-
nication capability by using PeLEDs. First, the micro-PeLEDs
can reducing the parasitic capacitance of the device,[16] and the
nearly linear increase of the f−3 dB with decreasing device area.
In addition, single crystal thin film PeLEDs can significantly

Adv. Optical Mater. 2023, 2303051 © 2023 Wiley-VCH GmbH2303051 (9 of 12)
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improve its f−3 dB due to its low defect density and superior
charge transfer properties.[54] We believe that combining emerg-
ing active PeLEDs with VLC links will lead to achieve practical
high-speed data transmission for next-generation communi-
cations. Also, the comprehensive defect passivation strategy
shown in this work provides fundamental insights into the
development of efficient, sustainable, and ubiquitous realization
of PeLED-based VLC system in the future.

4. Experimental Section
Materials: Cesium bromide (CsBr, >99.999%) was purchased from

Alfa Aesar. Lead bromide (PbBr2, >99.99%) and phenethylammonium
bromide (PEABr, >99.5%) were purchased from Xi’an Yuri Solar. 3-
Sulfopropyl methacrylate potassium salt(SMPS, >98%)was purchased
from Macklin. Potassium bromide (KBr,>99.99%), Poly (9-vinylcarbazole)
(PVK, average Mw ≈90 000), dimethyl sulfoxide (DMSO, >99.8%, GC),
and chlorobenzene (CB, >99.5%, GC) were purchased from Aladdin. All
chemicals were used as received without further purification.

Perovskite Precursor Solution: The perovskite precursor solution was
prepared by dissolving CsBr, PbBr2 and PEABr at a molar ratio of 1.2:1:0.3
in the DMSO solution to give an overall concentration of 10 wt.%. Then,
the perovskite precursor solution was stirred at room temperature for 10 h
under nitrogen atmosphere. The SMPS was added to the perovskite pre-
cursor solution in 0.6, 1.2, and 1.8 mg mL−1. The mixed solution was
stirred at room temperature for 3 h under nitrogen atmosphere before
use.

PeLED Fabrication: The structure of the PeLEDs was indium tin ox-
ide (ITO)-coated glass/ Poly(N-vinylcarbazole) (PVK) (30 nm)/perovskite
(50 nm)/ 1,3-tris(1-phenyl-19H-benzo[d]- imidazol-2-yl)benzene (TPBi)
(50 nm)/8-hydroxyquinolinatolithium (Liq) (2.5 nm)/Al (100 nm). The
structures of the hole-only and electron-only devices were ITO/PVK
(30 nm)/perovskite (50 nm)/ Molybdenum trioxide (MoO3) (50 nm)/Al
(100 nm) and ITO/ZnO (30 nm)/perovskite (50 nm)/TPBi (50 nm)/Liq
(2.5 nm)/Al (100 nm), respectively. The PVK solution was spin-coated onto
UV/ozone-treated ITO substrates at 4000 rpm for 60 s and then annealed
at 150°C for 15 min. Then, the perovskite layer was deposited by spin-
coating precursor solution on ITO/PVK substrates at 4000 rpm for 60 s.
The above were carried out under nitrogen atmosphere. Finally, functional
layers of TPBi, Liq and Al were sequentially evaporated through a shadow
mask (active device area 6 mm2) at a pressure of 3 × 10−4 Pa using an LN-
1123SC organic/metal composite multisource evaporation system. All de-
vices were encapsulated by hot melt adhesive with a glass cover for further
measurements.

Characterizations: The FTIR measurements were conducted by Fourier
transform infrared spectrometer (Nicolet iS 10). The TEM was measured
using JELO JEM-2100Plus. To obtain the nanocrystals from the thin films,
the samples were immersed into chlorobenzene to dissolve the underly-
ing organic layers. Then, perovskite nanocrystals were peeled off from ITO
substrate. Finally, perovskite nanocrystals were transferred by drop-casting
the chlorobenzene suspension onto the carbon-coated copper grids for
TEM testing. SEM measurement was performed by JEOL JSM-7100F. The
crystal structures were determined by XRD patterns characterized by a TD-
3500 instrument. A Kratos Axis Supra+ system was used for XPS analysis
of Cs 3d, Pb 4f, and Br 3d chemical states. The excitation source was Al
K𝛼 (1486.6 eV). The steady-state PL was measured with an Ocean Op-
tics USB2000+ fiber optic spectrometer. The EL spectra were measured
by a PR670 spectroscopy colorimeter. The steady-state UV–vis absorption
was recorded using a Shimadzu UV-2600 spectrophotometer. The TA spec-
troscopy was performed on a pump-probe system (Helios, Ultrafast Sys-
tem LLC) coupled with an amplified femtosecond laser system (Coher-
ent) under ambient conditions. Using a picosecond pulsed diode laser
(EPL-375) with a maximum average power of ≈2 μW, the PL lifetime was
measured with the Edinburgh Instruments (LifeSpec-II) spectrometer. The
EIS was measured on a CHI660D electrochemical work station (CH In-

strument Inc.). A 2 mV voltage amplitude was applied at an applied bias
voltage of 3.5 V with frequencies between 1 MHz and 10 Hz under dark
conditions. The Z-view software was used to fit the impedance spectra to
obtain the impedance parameters. The capacitance–voltage (C–V) mea-
surements were recorded using a Paios parameter analyzer at 1 kHz with
an AC amplitude of 20 mV. The capacitance–frequency (C–F) measure-
ments were performed using Paios parameter analyzer with the frequency
range from 10 Hz to 10 MHz and an AC amplitude of 20 mV. The J–L–V
characteristics of PeLEDs were carried out by Keithley 2400 sourcemeter
and luminance meter (KONICA, LS-110) Colorimeter. The VLC system is
illustrated in Figure S3 (Supporting Information). The AC electrical signal
generated by the arbitrary waveform generator (Tektronix AFG31000 se-
ries) and the 8.0 V DC generated by the Keithley 2400 precision power were
combined via a bias-T (ZFBT-6GW+). Then the signal was employed to the
PeLEDs. After that, the optical signals emitted by the PeLEDs propagate
through the space of 0.5 m and are gathered by the lens to the PDA mod-
ules (C12702 series) for reception. After converting the optical signal into
an electrical signal, the resulting electrical signal was sampled via a digital
storage oscilloscope (DSO) (Tekronix MDO4054-3). The output data was
processed offline via MATLAB, so as to realize the measurement of VLC.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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