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Abstract— With the rapid development of solid-state lighting
and the congestion of radio-frequency communication data traf-
fic, visible-light communication (VLC) has emerged as a versatile
technology for simultaneous illumination and communication.
However, the conventional color-converting phosphors integrated
with light-emitting diodes (LEDs), or laser diodes (LDs) usually
have limited optical modulation bandwidth due to the long carrier
recombination lifetime, which is not suitable for high-speed
multiple-wavelength data transfer based on phosphor-conversion
VLC systems. Herein, we demonstrate a hybrid organic-inorganic
perovskite nanosheets (NSs), i.e., (CgN9oNH3),Pbly (PEPI), passi-
vated by polymer, as a fast-acting color-converting phosphor for
VLC. Compared to the PEPI micro-plates (uPs), the NSs exhibit
a stronger excitonic effect with a shorter fluorescence lifetime of
877 £ 4.7 ps, leading to a broad —3-dB bandwidth of 192.8 MHz.
Given the large bandwidth, a net data rate of 0.93 Gb/s was
achieved based on an orthogonal frequency-division multiplexing
(OFDM) modulation scheme. These investigations verified the
feasibility of using two-dimensional hybrid organic-inorganic
perovskite materials as a promising phosphor for future multi-
Gb/s color-pure wavelength-division multiplexing systems.

Index Terms— Fast-acting phosphors, optical wireless commu-
nication, 2D hybrid organic-inorganic perovskite.

I. INTRODUCTION

ISIBLE-LIGHT communication (VLC), as a subset of
‘ optical wireless communication, is an emerging tech-
nology for data transmission by modulating visible light at
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wavelengths from 400 nm to 700 nm. Possessing such a wide
unlicensed spectrum, VLC can significantly extend the usable
bandwidth not feasible with radio frequency (RF) communi-
cation alone. Light sources (i.e., light-emitting diodes (LEDs),
laser diodes (LDs), or superluminescent diodes (SLDs)) and
photodetectors (PDs) are recently being developed rapidly for
light-fidelity, wireless communication links for the internet
of things, vehicle-to-vehicle communication, and underwater
wireless optical communication [1], [2].

Phosphor, albeit an essential component, typically affects
the overall VLC performance. In addition, phosphor is used in
white-light illumination to achieve high color rendering index
when excited using a violet/blue LD [3], [4], and increasingly
investigated for VLC and photodetection. By designing a
scenario-specific color-converting phosphor, such as by select-
ing materials or by shaping the form factor, one could shift the
re-emitted wavelength to closely match the higher responsivity
of the off-the-shelf PD and/or circumvent the étendue limit for
wider field-of-view high-speed photodetection [5], [6]. To date,
the conventional phosphors still suffer from a long fluorescent
lifetime, which significantly limits the modulation bandwidth
of VLC systems. To this end, researchers continue to explore
different materials, including organic-based materials, metal-
organic frameworks, perovskites of different dimensionalities
(i.e., quantum dots (QDs), nanowires, nanocrystals (NCs), and
bulk single crystal (SC)), or design nanopatterned metama-
terials to achieve a color-converting phosphor with a wide
modulation bandwidth, high photoluminescence quantum yield
(PLQY), high stability, non-toxicity, and ease of synthesis or
fabrication [7]-[11].

Recently, two-dimensional (2D) hybrid organic-inorganic
halide-perovskites have drawn increasing research attention
due to their unique features compared to the bulk structure.
For halide-based perovskites, a 2D layered structure is com-
monly arranged based on the Ruddlesden-Popper phase with
a general chemical formula of L;[ABX3],—1BX4, where L
is a large organic cation (i.e., phenylethylammonium (PEA™)
and butylammonium (BAT)), A is a monovalent cation (i.e.,
methylammonium (MA™) and formamidium (FA™)), B is a
divalent metal cation (i.e., Pb>t, Sn’>*, Cu®T, and Mn?"),
X is a halide anion (i.e., CI”, Br™, and 17), and n is the

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0002-8378-6429
https://orcid.org/0000-0001-6247-842X
https://orcid.org/0000-0003-4649-1127
https://orcid.org/0000-0002-1480-6975
https://orcid.org/0000-0001-9606-5578

754

TABLE I

COMPARISON OF PL LIFETIME AND MODULATION BANDWIDTH OF
DIFFERENT COLOR-CONVERTING PHOSPHORS

Material PL Lifetime 7 (ﬁﬁ];) Ref.
Ir-Lpt-CN 17 ps 26.3 [7]
RhB@AI-DBA 5.3 ns 3.6 [8]
Cs3Culs/CsCwl3SC - 1 ps/52.99 ns 10.1 [9]
PbS QDs 6.4 us <1 [16]
CsPbBr; NCs 45+0.1 ns 70.92 [5]
CSPbBI'l_gI],z QDS 4374 ns 73 [17]
CsPbBr;@ZrO; NCs 10s ns 2.75 [18]
(PEA):Pbl4 NSs 877.4 £ 4.7 ps 192.8 This

work

* The data shown in this table are closely matched with /345 < ﬁ

* In these works, the bandwidths were measured with the excitation light fully
filtered at the receiver end unlike filter-free white-light communication [19].

number of inorganic [BX4]*~ octahedral layers between the
two layers of the organic chain. When n < 3, it can be defined
as a 2D nanosheet, which exhibits higher excitonic effects
caused by higher quantum confinement. Furthermore, because
of its low trap-state density, strong PL, and facile synthesis,
this material shows great potential for optical devices, such
as organic-based LEDs, optical modulators, PDs, and photo-
voltaic devices [12]-[14]. Also, by adjusting the halide anions,
metal cations, or layer thickness, the emission of 2D halide
perovskites can be tuned covering the entire visible spectrum
[15], which could fulfill high-speed color-pure wavelength-
division multiplexing (WDM) by using a single source with
multiple phosphors emitting light at different wavelengths.

Herein, we used phenylethylammonium lead iodide,
(PEA),Pbl4 with PEA = CgN9NHj3 (PEPI henceforth), to form
2D nanosheets (NSs) and micro-plates (x«Ps), which are dif-
fered by dimensions. We then encapsulated the perovskite
in the polymethyl methacrylate (PMMA). The resultant thin
film can convert a 405-nm laser beam into ~530-nm green
light in a VLC link. Compared with PEPI uPs, the shorter
lifetime of PEPI NSs (~877 ps) contributes to a wider —3-dB
bandwidth of 192.8 MHz. A high gross data rate of 1.1 Gb/s
was achieved by using a direct-current-biased optical orthog-
onal frequency-division multiplexing (DCO-OFDM) scheme.
We demonstrated, for the first time, the use of PEPI NSs as
a fast-acting wavelength-converting phosphor for VLC with
a higher data rate as compared to other materials previously
reported (Table I).

II. MATERIAL CHARACTERIZATION

The PEPI NSs and uPs were synthesized using the same
methods as Refs. [20] and [21], respectively. Scanning electron
microscopy (SEM, Zeiss Merlin) was used to image the PEPI
NSs on silicon and the PEPI uPs powder (see insets in
Fig. 1). For PEPI uPs, the SEM image shows a bulk-like
aggregation, and the dimension of an individual plate can be
larger than 5 pum. While the NSs are more dispersed at the
same scale as uPs. The average area of multi-layer NSs is
approximately 0.09 zm? with a thickness larger than 100 nm.
For NSs with fewer layers, the thickness is less than 7 nm (i.e.,

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 34, NO. 14, 15 JULY 2022

1.4

1.2

1.0

0.8

0.6 4

0.44----PEPINSs Abs. ~~~

Normalized Intensity (arb. unit)

----PEPI uPs Abs.
0.24{——PEPINSs PL
——PEPI uPs PL
0.0 . < .
400 450 500 550 600

Wavelength (nm)

Fig. 1. Normalized absorbance and PL spectra of PEPI NSs and uPs in
PMMA. The insets show the SEM images of PEPI uPs (left), PEPI NSs
(middle), and AFM image of PEPI NSs (right).

< 3 layers) as verified with atomic force microscopy (AFM,
Bruker Dimension Icon) of a 1 x 1 ,umz area (see inset in
Fig. 1). To ensure the durability and flexibility of the proposed
material for the subsequent experiments, the synthesized PEPI
powder (1 wt%) was uniformly mixed with PMMA in a
chloroform solution, which was then dropped in a glass vial
subsequently. A free-standing thin film with a thickness of
~300 um was obtained after the solvent evaporated overnight.

The PL spectra of NSs and xPs in PMMA were mea-
sured under 473-nm excitation using a PL/Raman measuring
instrument (WITec Apyron). Both samples exhibited sharp
PL spectra with peak emission wavelengths of ~525 nm
for NSs and ~529 nm for uPs in Fig. 1. The full width
at half maximum (FWHM) is approximately 14.7 nm and
16.3 nm for NSs and uPs, respectively. The PL peak showed
a slight red shift from NSs to uPs, indicative of the change
in bandgap depending on the dimensionality. It was reported
that increasing the number of layers weakens the quantum
confinement and shrinks the bandgap, causing the redshift
and the wider FWHM [22], [23]. This thickness-dependent
property can also be verified by absorbance measurement in
spectrophotometry (Shimadzu, UV-3600). Compared to the
1 Ps, the NSs show a stronger excitonic absorption at 518 nm,
implying a higher exciton binding energy arising from better
quantum confinement and dielectric confinement introduced
by the smaller thickness of the NSs [24]. The PLQY of NSs
was measured to be 27% using a fluorospectrometer (Horiba
FluoroMax-4).

To test the small-signal frequency response of the proposed
material, a communication link was established with a 405-nm
violet LD (SaNoor Technologies, SNLDPO03), an integrating
sphere to place the sample, and a silicon-based avalanche pho-
todetector (APD, Thorlabs, APD430A2/M) (see Fig. 2). The
laser beam was coupled into the integrating sphere and focused
on the sample. The fluorescence of the sample was collected
by two aspheric condenser lenses and a 100x objective lens.
A 450-nm long-pass (LP) filter (Thorlabs, FELH0450) was
used to remove the laser light. For back-end electronics, a bias-
tee (Mini-Circuits, ZFBT-4R2GW-FT+) was used to combine
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Fig. 2. Schematic diagram of the small-signal frequency response setup.

the DC bias of 4.6 V with the alternating current (AC) signal
to drive the LD. A 25-dB amplifier (Mini-Circuits, ZHL-6A+)
was used to amplify the output signal from the APD. A vector
network analyzer (VNA) (Agilent Technologies, ES061B) was
pre-calibrated and utilized to generate the modulation signal
from 300 kHz to 400 MHz. The light-source/sample and
sample/APD distances are 0.2 m for the proof-of-concept
setup.

The normalized frequency response spectra of both NSs and
1 Ps are shown in Fig. 3(a). To investigate the capability of 2D
PEPI for high-speed color-pure WDM, —3-dB bandwidths of
192.8 MHz with the NSs and 104.3 MHz with the uPs were
achieved when the light from the transmitter was filtered by
the 450-nm LP filter. Moreover, the gradual decrease after the
—3-dB response offers a usable bandwidth up to 395 MHz
for NSs using OFDM with adaptive bit and power loading.
To ensure that there was no contribution to the overall band-
width from the excitation source, we removed the LP filter and
obtained a 592-MHz bandwidth with the same samples (see
inset of Fig. 3(a)), which was remarkably broadened by the
transmitter with 632-MHz bandwidth. As the main factor that
affects the modulation bandwidth, the PL lifetimes of both
PEPI NSs and uPs in PMMA were investigated using the
time-correlated single-photon counting (TCSPC) technique.
Under the excitation of a 405-nm pulsed LD (Horiba, Delta
Diode), and detecting the PL. with an APD (PicoQuant), the PL
lifetime was extracted by fitting the PL decay trace. As shown
in Fig. 3(b), the average lifetimes fitted using triexponential
decay functions for PEPI NSs is 877.4 4+ 4.7 ps and the
lifetime of PEPI uPs is 2556 £ 5.8 ps, indicating the material
which has a shorter PL lifetime tends to have wider —3-dB
bandwidth.

III. VLC PERFORMANCE

We tested the performance of the system using DCO-OFDM
as the communication scheme and the same optics shown
in Fig. 2, but with different electronics described below.
In this test, the signal was sent to the LD using an arbi-
trary waveform generator (AWG, Tektronix, AWG70002A).
Given the limited signal peak-to-peak amplitude from the
AWG (< 0.5 V), the signal was sent through an amplifier
(Mini-Circuits, ZHL-2-8-S+) before being fed to the LD
through the bias tee. An identical amplifier was used on the
receiver side with a variable attenuator to control the amplitude
of the signal to be recorded by the oscilloscope (Tektronix,
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Fig. 3. (a) Normalized frequency responses with PEPI NSs and uPs in

PMMA by fully filtering the laser light. The inset shows the normalized
frequency responses without an LP filter. (b) TCSPC measurement for PEPI
NSs and uPs in PMMA with the corresponding fitting curves.

MDO3104) at a sampling rate of 2500 MSamples/s for offline
processing (see Ref. [25]).

The sampling rate of the AWG, fawg, was set to
800 MSamples/s and the size of the inverse fast Fourier
transform (IFFT), Ngpr, was set to 1024, meaning each sub-
carrier has a bandwidth of around 0.8 MHz. Data was loaded
onto subcarriers 6-505, corresponding to the frequency range
4-395 MHz. In other words, the number of subcarriers used,
Nsc, was 500. The reason for avoiding the low-frequency
range is to avoid the low response of the used electronics at
low frequencies. In all tests, the modulated signal was a 2161
pseudorandom binary sequence (PRBS).

To estimate the signal-to-noise ratio (SNR) for each subcar-
rier, a uniform 4-quadrature-amplitude-modulation (4-QAM)
signal consisting of 150 OFDM symbols along with their
respective cyclic prefixes was sent through the system and
the SNR is estimated (see Fig. 4(a)) using the error vector
magnitude. The size of each cyclic prefix Ncp = 10, which
was used to minimize inter-symbol interference (ISI) and sim-
plify post-equalization. After calculating the channel capacity,
the appropriate bit/power loading schemes were implemented.
The relatively low SNR of the first few subcarriers is caused
by the low gain region of the electronic amplifiers. The
maximum constellation size was 32-QAM. Fig. 4(b) insets
show the constellation diagrams formed by superimposing
constellations from all subcarriers loaded with the same QAM
order.

The gross data rate of 1.1 Gb/s was achieved with a bit
error ratio (BER = 3.7 x 1073) below 7%-overhead forward
error correction (FEC) BER limit (3.8 x 1073) using adaptive
bit and power loading. The calculation can be expressed as
follows:

fawG S
Gross data rate = —————— log, (M
Nrrr + Ncp k; g2 (M)

where M; = 2’ is the QAM order of the k" subcarrier
(disregarding the five empty subcarriers inserted at the begin-
ning) and b is the number of bits allocated correspondingly.
After accounting for the 8% training symbols used for syn-
chronization and channel estimation used for single-tap post-
equalization, the data rate is 1.0 Gb/s. Therefore, the overall
net data rate assuming a 7% overhead used for FEC is
0.93 Gb/s. This high data rate is probably attributed to the
short PL lifetime of the NSs as well as the spectral efficiency
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number of bits for each subcarrier with the constellation diagrams (insets).

of the modulation scheme implemented, which was adaptively
designed to match the performance of the NSs. When the same
communication technique was applied for the uPs, the usable
bandwidth was only 3.2-320.6 MHz, which is limited by the
longer PL lifetime, and the net data rate was 0.66 Gb/s with
an average BER of 3.6 x 1073,

IV. CONCLUSION

We have investigated a 2D hybrid organic-inorganic
perovskite, PEPIL, in two different morphologies (NSs and
uPs) as fast-acting wavelength-converting luminescent
phosphors for the Gb/s VLC link. By taking advantage of the
strong PL, narrow linewidth (14.7 nm), large exciton binding
energy, and short PL lifetime (877.4 £ 4.7 ps) provided by
NSs, a 192.8 MHz —3-dB bandwidth and a 0.93 Gb/s net
data rate were realized using DCO-OFDM with optimized
bit and power loading, solely attributed to the converted
light. This study paved the way forward for the integration
of 2D hybrid organic-inorganic perovskite-based luminescent
material in high-speed optical devices and optical wireless
communication systems.
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