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CsPbBr; perovskite quantum-dot paper exhibiting
a highest 3 dB bandwidth and realizing a
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We propose a flexible white-light system for high-speed visible-light communication (VLC) applications, which
consists of a semipolar blue InGaN/GaN single-quantum-well micro-light-emitting diode (LED) on a flexible
substrate pumping green CsPbBr; perovskite quantum-dot (PQD) paper in nanostructure form and red
CdSe QD paper. The highest bandwidth for CsPbBr; PQD paper, 229 MHz, is achieved with a blue micro-
LED pumping source and a high data transmission rate of 400 Mbps; this is very promising for VLC application.
An 817 MHz maximum bandwidth and a 1.5 Gbps transmission speed are attained by the proposed semipolar
blue micro-LEDs. The proposed flexible white light system and the high-bandwidth PQD paper could pave the

way for VLC wearable devices.
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1. INTRODUCTION

Through technological advances, light-emitting diode (LED)-
based systems have been commercialized and are now widely
used in applications such as large displays, traffic lights, indoor
and street lighting, automobiles, cell phones, and liquid-crystal
displays [1-3]. Recently, white-light-emitting materials have at-
tracted considerable attention owing to their potential use in
LEDs, lighting, communications, and, especially, flexible dis-
play devices. White-light systems based on micro-LEDs and
color converters such as quantum dots (QDs) are becoming
more prominent in visible-light communication (VLC) appli-
cations. Furthermore, organic optoelectronic components are
now being used in VLC systems because they are cheaper and
more environmentally friendly, portable, and flexible than
traditional silicon-based devices; moreover, they can be
mass-produced [4-9]. Application of organic optoelectronic
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components to VLC systems will allow such systems to be in-
corporated into wearable fabrics and industrial products.
Regular white-light-emitting diodes (WLEDs) for lighting
can be used for high-speed modulation; hence, they can be
simultaneously applied to wireless data transmission at no
major cost. However, WLED modulation bandwidths are sig-
nificantly limited by the long response times of the color-
conversion materials. Additionally, factors such as the dimming
and flickering of color-conversion materials should be consid-
ered when designing modulation techniques. For example, in
on—off keying (OOK) modulation techniques, LED devices are
turned on or off depending on the data bit, where the on and
off states present “1” and “0” bits, respectively. The shorter the
fluorescence lifetime, the faster the luminous intensity drop to a
characteristic point in the “0” state. For clear and rapid
data representation, the switching time between “0” and “1”
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should be as short as possible, and the “0” and “1” luminous
intensities should differ considerably; if such characteristics
are realized, more data can be accurately reproduced in a unit
time.

Full-color flexible displays can be fabricated using a flexible
blue LED chip and color converters or yellow-light-emitting
phosphors. However, the conventional white-light generation
approach is unsuitable for flexible displays. Thus, inorganic
white-light-emitting phosphors must be used, which are hard
and brittle [10]. Quantum dots (QDs) have very promising
application as color converters, especially because of their nar-
row full-width at half-maximum (FWHM) of approximately
30 nm; this affords high color purity and a tunable bandgap
that is governed by the quantum size effect; further, the
emission tunability is efficient and influenced by the QD
composition [11-13]. Moreover, the non-radiative energy
transfer between QDs and micro-LED enhances the color con-
version efficiency of the full-color micro-LED devices [14].
Importantly, QD solutions can be cast on flexible substrates
for use in flexible displays. For WLEDs, the fluorescence life-
times of the color-conversion materials have a more significant
influence on the resultant VLC. Unfortunately, the modulation
bandwidth of common CdSe/ZnS QDs is limited to ~3 MHz
[15], which is far below VLC requirements.

Halide perovskite QDs (HPQDs) have evolved as an
alternative to CdSe/ZnS QDs because of their outstanding
characteristics, which derive from their narrower FWHM (be-
low 30 nm). This property yields greater color purity, higher
photoluminescence quantum yield (approaching 100%), more
convenient synthesis, and lower manufacturing costs than con-
ventional QDs [16,17]. In particular, PQDs exhibiting short
carrier recombination lifetimes and narrow spectral linewidths
have attracted interest because they can be used to develop
white-light VLC systems with considerably higher modulation
bandwidth than CdSe/ZnS QDs [18]. Therefore, HPQDs
have been used in different electronic and optoelectronic appli-
cations, such as in photodetection, photovoltaics, and photo-
emission; however, they are usually employed as active materials
or color converters in LEDs [19-22].

The highest reported modulation bandwidth for a white-
light system combining a micro-LED with PQDs is low, at
85 MHz [23]. Therefore, increasing the bandwidth of the
VLC white-light source is essential, and considerable efforts
have been made to increase the bandwidths of both color con-
verters and blue LEDs [24,25]. Recently, Xia ¢t al. reported
ultrastable perovskite nanocrystals for underwater optical wire-
less communication with a maximum bandwidth of 180 MHz
[26]. In several systems, the bandwidth has been increased from
~3 to ~11 MHz, with the lifetime being reduced from ~68 to
~11 ns. To realize a high-bandwidth white-light system,
high-bandwidth PQDs in combination with semipolar blue
micro-LEDs are preferred, with the latter exhibiting a high
modulation bandwidth owing to their smaller size, shorter car-
rier lifetime, and higher current density [27]. To date, no
PQDs with modulation bandwidths exceeding 200 MHz have
been developed; therefore, development of a high-performance
VLC system combining high-bandwidth micro-LEDs with
high-bandwidth PQDs is necessary.

In this study, we propose a high-performance flexible white-
light system that has immense potential for VLC applications.
This proposed system is constructed with nanostructured
green-emitting CsPbBr; PQD paper, red-emitting CdSe QD
paper, and a semipolar blue micro-LED. The semipolar micro-
LED has 817 MHz maximum bandwidth and 441 nm peak
emission wavelength. The green PQD paper has 229 MHz
maximum bandwidth, the highest value reported to date, while
the observed bandwidth for the red CdSe QDs is below
25 MHz. The data rates of the semipolar device and the green
PQD paper are 1.5 Gbps and 400 Mbps, respectively, and the
proposed PQD-based flexible white-light system can also
achieve a maximum 3 dB bandwidth of 95.5 MHz. These re-
sults indicate that our proposed white-light system is very
promising for VLC applications.

2. EXPERIMENT

A. Preparation of the Cellulose Nanocrystal
Suspension

To prepare the cellulose nanocrystal suspension, 168 mg freeze-
dried cellulose nanocrystals (CNCs) were mixed with 16 mL
anhydrous dimethylformamide solution. The mixed solution
was then sonicated for approximately 2 h.

B. Preparation of the CsPbBr; PQD Paper

To prepare the Cs—oleate solution, 1.05 g Cs, CO3 was mixed
with a mixture of 52 mL 1-octadecene (ODE) and 3.25 mL
oleic acid (OA) solution. The resultant solution was then dried
at 120°C for 1 h and heated at 150°C under a N, atmosphere
until all Cs,COj; molecules reacted with the OA. The solution
was maintained at 150°C before injection to prevent solidifi-
cation of the Cs—oleate. To prepare the CsPbBr; PQD solu-
tion, 0.89 mg PbBr, was mixed with 65 mL ODE solution
and the solution was cured at 120°C for 1 h. Then, a mixture
of 6.5 mL OA solution and 6.5 mL oleylamine solution was
injected into the PbBr, solution under a N, atmosphere at
120°C. When the PbBr, salt had fully dissolved, the temper-
ature was increased to 180°C, and approximately 4 mL pre-
pared Cs-oleate solution was injected to obtain the CsPbBr;
solution. To prepare the CsPbBry; PQD paper, 1.5 mL
CsPbBr; solution was added to 10.5 mL CNC suspension;
the solution was then sonicated for 2 h. The mixed solution
was filtered through a filter membrane using a vacuum-pump
setup. The CNC/CsPbBr; PQD material accumulated at the
top of the filter membrane for 24 h under continuous vacuum
pumping. The CsPbBr; PQD paper in nanostructure form was
then separated from the filter membrane.

C. Preparation of the CdSe QD Paper

To prepare the CdSe QDs, 1 mmol CdO, 15 mL ODE, and
1.44 mmol OA were mixed and then heated to 300°C under a
N, flow to obtain a clear colorless solution. Then, 10 mL Se
stock solution was added and the temperature was reduced to
290°C; this temperature was maintained for 40-50 s to allow
CdSe QD growth. Ethanol was then added to the solution at
room temperature. Next, the solution was centrifuged and
washed several times with ethanol, and dried for 12 h in an
oven at 70°C. The obtained QDs were then dispersed in cyclo-
hexane for use. To prepare the CdSe QD paper, the same
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preparation process as for the CsPbBr; PQD paper was used,
but 2 mL CdSe QD solution was mixed with 14 mL CNC.
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D. Fabrication of the Semipolar Micro-LED Device
The structure and fabrication process of the micro-LED device
were similar to those employed in our previous studies [28—30].
Metal organic chemical vapor deposition (MOCVD) was used
to grow semipolar (20-21)-oriented GaN layers on patterned
sapphire substrates. To directly develop GaN on a sapphire
wafer, we employed an advanced orientation-controlled epitaxy
method; this is a simple epitaxy technique involving MOCVD
for developing semipolar GaN.

For ¢-plane devices, a large polarization field exists across the
quantum wells (QWs). This causes a severe quantum-confined
stark effect (QCSE), resulting in less overlap of the electron—
hole wave function and an increased recombination lifetime.
These issues can be overcome by growing semipolar planes with
a high inclination angle, such as (20-21) [31]. Semipolar blue
micro-LEDs have gained substantial attention owing to their
specific mechanical properties and device performance, such as
critical thickness, high efficiency, low efficiency droop, and low
thermal droop [32-34]. In addition, both the efficiency droop
and thermal droop can be minimized by the growth of thick
single-QW (SQW) structures of semipolar planes.

In this study, semipolar (20-21) GaN was developed after
the substrates were prepared. Ge doping was then employed in
the initial epitaxy phase to produce stacking-fault-free semipo-
lar GaN. A bulk GaN layer was formed by depositing undoped
GaN after the Ge-doped GaN strips had coalesced. The micro-
LED epitaxial structure consisted of an n-GaN layer, an
InGaN/GaN SQW as the active region, and a p-type GaN
layer. The micro-LED was fabricated through deposition of
an indium tin oxide (ITO) layer, followed by mesa etching
of the ITO film using hydrochloric acid and an inductively
coupled plasma reactive ion-etching process (to form a p-type
ohmic contact). This process was accompanied by thermal
annealing to provide a better current-spreading layer. Finally,
the electrodes were deposited with a Ti/Al/Ti/Au structure,
after which an Al O; - SiO, passivation layer was formed to
prevent leakage current due to sidewall defects [35,36]. The
Al,Oj3 passivation layer was grown through atomic layer
deposition, and the SiO, passivation layer was grown using

(a)

n-metal contact

n-GaN

Undoped-GaN
Ge-doped GaN

Patterned sapphire substrate
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plasma-enhanced chemical vapor deposition. Finally, Ti/Al/
Ti/Au was deposited again as the pad metal and sidewall reflec-
tor. Figures 1(a) and 1(b) show the resulting 2D structure of the
manufactured semipolar micro-LED and a corresponding op-
tical microscopy image of the semipolar micro-LED array,
respectively.

E. Fabrication of the Flexible White-Light System

A flexible white-light system was developed using a flexible blue
micro-LED and CsPbBrj; green PQD paper with CdSe red QD
paper. The white-light system fabrication process is shown in
Fig. 2. The flexible micro-LED was fabricated using a polyi-
mide (PI) substrate covered with copper-foil shielding tape,
where the latter was subjected to photolithography and wet
etching to establish electrical conduction. Note that PI sub-
strate was used because of its favorable characteristics, such
as high heat resistance and thermostability. The micro-LED
flip-chip was bonded on the PI substrate using a silicone-based
electrically conductive anisotropic adhesive to maintain the
electrical conductivity between the chip metal contact and
the AuSn solder on the substrate; this increased the system flex-
ibility. Bonding was performed at 230°C and 2.5 kilogram force
(kgf). For the color converter, CsPbBr; PQD paper and CdSe
QD paper were prepared as shown in Fig. 2. These papers were
adhered to the top of the micro-LED with flexible substrate
using an adhesive. For sticking QD paper to the micro-
LED, we used epoxy resin adhesive, as it is colorless and trans-
parent and it will not affect the color conversion of QDs. This
adhesive is preferable because it has high thermal conductivity
allowing for more heat dissipation from the device, thereby pro-
longing its lifecime. The white-light system was then complete.

3. RESULTS AND DISCUSSION

Figure 3 shows the structural and optical characteristics of the
fabricated PQD paper. In contrast to the standard phase of
CsPbBr; (ICSD-29073), the X-ray diffraction (XRD) patterns
in Fig. 3(a) show that the PQDs have a cubic phase. Note that
the XRD peak at 11.86° is not associated with the CsPbBr;
PQDs but may correspond to PbBr, nanoparticles. The trans-
mission electron microscopy (TEM) images for lesser resolu-
tion (x400,000) and high resolution (x5,000,000) along

p-metal contact

InGaN/GaN

Fig. 1. (a) Schematic of semipolar micro-LED structure; (b) optical microscopy image of micro-LED.
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with the size distribution of the PQDs are shown in Fig. 3(b). It
can be seen that the average diameter of the PQDs is 9 £ 2 nm
confirming the formation of QDs. The Al,O5 passivation layer
has been deposited on the top of the PQDs paper to prevent the
surface from oxidation, thereby improving the stability of the
PQDs paper. The ultraviolet—visible (UV—vis) absorption and
photoluminescence (PL) spectra of the green PQD paper are
shown in Fig. 3(c), revealing a peak emission wavelength of
528 nm and an FWHM of 39 nm. The UV absorption spectra
show that the blue micro-LED effectively pumped the
PQD paper.

The optical characteristics of the fabricated micro-LED,
PQD paper, and white-light system were analyzed. The light—
current—voltage (L-/-V) curve for the semipolar micro-LED at
a 25°C operating temperature is shown in Fig. 4(a). The semi-
polar micro-LED had a forward voltage of approximately
3.45 'V, suggesting electrical characteristics comparable to those
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of c-plane devices. In detail, this micro-LED had 4.5 mW light
output power at a 72 mA injection current. The light output
power produced by the semipolar micro-LED was sufficient
to pump the PQD paper and CdSe QD paper to realize the
white-light system. Figure 4(a) inset is an optical image of the
illumination from the semipolar micro-LED array. The electro-
luminescence (EL) spectra of the semipolar micro-LED at-
tained under different driving currents are shown in Fig. 4(b).
A 441 nm peak emission wavelength and a narrow FWHM
of 28.19 nm were observed under a 72 mA injection current.
This narrow FWHM suggests that the epitaxy produced a
high-quality structure and was therefore responsible for the de-
livery of pure emitted light, matching colors, and a wide color
gamut. This outcome indicates that the epitaxial features of
the semipolar plane were similar to those of c-plane devices.
However, the FWHM increased with the current, possibly be-
cause of the band-filling effect in the SQW. A slight blueshift in
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(a) XRD patterns, (b) TEM images; inset: x5,000,000 resolution, and (c) PL and UV absorption spectra of the PQD paper.
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(a) L~V characteristics of semipolar micro-LED; (b) EL spectra of semipolar micro-LED with increasing injection current; (c) peak

wavelengths of ¢-plane and semipolar micro-LEDs for 1-1200 A/cm? current density; (d) TRPL curves for semipolar micro-LED and PQD and

CdSe QD papers.

the EL spectrum was observed as the injection current increased
from 7.2 mA; the wavelength stabilized after 72 mA. This blue-
shift can be attributed to the reduced polarization-related elec-
tric fields in the SQWSs grown on the semipolar orientation,
which reduced the QCSE.

The peak wavelength shifts of the ¢-plane and semipolar
micro-LEDs in response to injection current density variation
from 1 to 1200 A/cm? are shown in Fig. 4(c). The peak wave-
length shifts for the c-plane and semipolar devices were 8 and
6 nm, respectively. The semipolar-device peak wavelength sta-
bilized after 1014 A/cm?; however, even after 1200 A/cm?,
the c-plane device did not exhibit any wavelength stability.
In addition, as the injection current density increased, the semi-
polar device exhibited a smaller peak shift and stabilized faster
than the c-plane device, indicating greater overlap in the elec-
tron—hole wave function and a reduced field of polarization.

Time-resolved photoluminescence (TRPL) was employed
to investigate the carrier lifetimes of both the semipolar
micro-LED and PQD paper as shown in Fig. 4(d). The photo-
luminescence (PL) decay curves were fitted using a double-
exponential decay function, and the average lifetime ()
was estimated using the following equation:

Ay + Ao,

Tavg - Al +A2

, (1)
where A and 7 are the amplitude and lifetime, respectively. The
average PL lifetimes calculated for the semipolar micro-LED,
PQD paper, and CdSe QD paper were 0.64, 5.92, and
12.88 ns, respectively. The semipolar device had a shorter life-
time because of the weak polarization-related electric field and
large overlap of the electron—hole wave function, which yielded

a faster carrier recombination lifetime [32]. The QCSE
reduction in the semipolar device yielded faster carrier transport
and a shorter recombination lifetime, resulting in a weaker
phase-space filling effect. Therefore, the semipolar micro-LED
can achieve a high modulation bandwidth owing to its faster
carrier recombination lifetime. Similarly, the PQD paper
had a shorter carrier lifetime than those reported in other stud-
ies, while also being considerably shorter than those of phos-
phors [microsecond to millisecond (ps—ms) range] [23,37,38].
This shorter carrier lifetime is attributable to the quantum con-
finement effect, which yields faster radiative recombination.
Faster carrier recombination can correspond to a higher 3 dB
modulation bandwidth as reported by many researchers.
However, the CdSe QD-paper carrier recombination lifetime
is insufficient to independently achieve high bandwidth for
VLC applications. Therefore, semipolar micro-LEDs and
PQDs have considerable potential for VLC applications.

To realize a flexible white-light system, green-emitting PQD
paper and red-emitting CdSe QD paper were used to form a
color converter and placed on top of the semipolar blue micro-
LED with flexible substrate. Figure 5(a) shows the EL spectrum
of the white light generated from the flexible white-light system
as the micro-LED drive current increased from 7.2 to 72 mA.
This spectrum also shows the green and red light emissions
from the PQD and CdSe QD papers, respectively, which had
peak wavelengths of 528 and 625 nm, respectively; these results
confirm the white-light generation. Figure 5(a) inset shows a
flexible white-light system with high white-light illumination
suitable for application in VLC wearable devices.

In addition to its potential for VLC applications, the PQD-
based flexible white-light system reported herein displays a wide
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(a) White-light spectrum generated using semipolar micro-LED and PQD and CdSe QD papers. Inset: photograph of flexible white-light

system. (b) Color gamut of white-light system according to CIE 1931 color space under various current densities.

range of color characteristics and excellent color stability, which
is very promising for display applications. Figure 5(b) shows the
color performance of the white-light system created using the
semipolar blue micro-LED with PQD paper and CdSe QD
paper under driving conditions from 10 to 1200 A/ cm?, ac-
cording to the Commission Internationale de LEclairage
(CIE) 1931 color space. The white-light system demonstrated
a wide color gamut owing to the narrow EL spectrum, achiev-
ing 98.7% of the National Television Standards Committee
(NTSC) space and 91.1% Rec. 2020 of the CIE 1931 color
space. The color gamut of the white-light system remained
almost unchanged with increasing injection current density ow-
ing to the wavelength stability. Note that the light extraction
efficiency of the white-light system further
increased through, for example, optimization of the PD or
QD synthesis, the micro-LED device structure, or the on-chip
setup.

can be

b
@

Transmitter lens

R-LED A T See——— - -

Optical signal

RF+DC PQD + CdSe QD

RF

Bias tee

Current source

Fig. 6.

The experimental setup used to measure the 3 dB modula-
tion bandwidth is shown in Fig. 6. The measurement was
performed using a vector network analyzer (Keysight E5071C)
by supplying an alternating current to a direct-current bias tee,
which was used to drive the micro-LED. The micro-LED then
pumped the PQD 4+ CdSe QD papers to emit white light,
which was focused using lenses and detected by a photodetector
(SPA-3, DC -2 GHz). The photodetector converted the light
signal into an electrical signal and returned it to the network
analyzer for analysis of the frequency response. Before measur-
ing the modulation bandwidth of the white-light system, we
measured the bandwidths of the semipolar micro-LED,
PQD paper, and CdSe QD paper to analyze their individual
transmission characteristics. To measure the VLC characteris-
tics of the semipolar micro-LED, we collected the blue light
from the micro-LED directly using the photodetector through
an optical fiber. However, for the PQD paper and CdSe QD

Photodetector
SPA-3

Receiver lens

Electrical signal

HP 8720ES
Vector network analyzer

Schematic of experimental setup for VLC bandwidth measurement.
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paper, the green and red lights from the samples were detected
by the photodetector after they had passed through an optical
filter; this approach was used to filter out any remnant blue
light from the micro-LED. The data rates of the semipolar
micro-LED and PQD paper were measured to analyze the data
transmission characteristics. For this measurement, an Anritsu
MP1800A system was used to produce a back-to-back non-
return-to-zero on—off key (NRZ-OOK) 27 - 1 pseudorandom
bit sequence (PRBS-7), and a Tektronix DPO 7354C oscillo-
scope was used to record eye diagram results.

Figure 7 shows the results of the frequency response mea-
surement and the extracted 3 dB modulation bandwidth for
the flexible semipolar micro-LED, PQD paper, CdSe QD pa-
per, and white-light system with increasing injection current
at a transmission distance of 25 cm. The 3 dB bandwidth in-
creased with the injection current; this can be attributed to the
carrier lifetime reduction at higher injection current density.
For the semipolar micro-LED, the carrier lifetime decreased
with increasing injection current density in the active region,
owing to the built-in electric-field screening effect. The semi-
polar blue micro-LED had a maximum 3 dB bandwidth
of 817 MHz corresponding to an injection current of
113 mA as shown in Fig. 7(a); this is promising for VLC
applications.

The measured modulation bandwidth for the semipolar
blue micro-LED was higher than that of the green-emitting
semipolar micro-LED [34]. The short average carrier lifetime
of the semipolar micro-LED was consistent with the measured
frequency bandwidth. The eye diagram of the semipolar micro-
LED is shown in Fig. 7(a) inset. A maximum data rate of
1.5 Gbps was achieved owing to the sufficiently high 3 dB
bandwidth. Note that, for micro-LEDs, the carrier recombina-
tion lifetime is related to the recombination rate, as a higher
recombination rate shortens the carrier lifetime. The relation-
ship is expressed as

An 1
R~ B(n,+p,+ An)’

where R is the net recombination rate; B is the recombination
constant; 7, and p, are the equilibrium electron and hole con-
centrations, respectively; and Az is the excess carrier concen-
tration. The semipolar micro-LED recombination rate is

higher because of the reduced QCSE, which reduces the carrier

@2

T =

Micro-LED
817 MHz

@

Normalized Response (dB)

1000
Frequency (MHz)

Fig. 7.
with that of PQD film; inset: eye diagram for PQD paper.

Normalized Response (dB)
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recombination lifetime. The 3 dB frequency bandwidth is re-
lated to the carrier lifetime through the following relation:

fadeﬁ_ﬁ(lJrLJrL),

2rt - 27w \z

where 7, is the radiative recombination lifetime, 7,, is the
non-radiative recombination lifetime, and 7y is the resistance-
capacitance (RC) time constant. Hence, to enhance the modu-
lation bandwidsth, it is preferable to shorten 7,, but not 7,,,. The
measured 3 dB bandwidth of the green-emitting PQD paper
was 229 MHz under a 113 mA injection current as shown
in Fig. 7(b); this is the highest bandwidth reported for
PQDs to date. The high-frequency response of the white-light
system was attributed to the high-bandwidth PQD paper.
Figure 7(b) inset shows the eye diagram of the PQD paper
at a 400 Mbps data transmission rate; this is also the highest
value reported to date. The high bandwidth and high data
transmission rate were attributed to the short carrier recombi-
nation lifetime of the nanostructured PQD paper.

The differential carrier lifetime 7y is related to the modu-
lation bandwidth as follows:

1
Tag =27f 34

The TRPL data indicate the carrier lifetime, but not the
differential carrier lifetime; however, the latter is usually 2-3
times shorter than the former. Consequently, a shorter carrier
lifetime induces a shorter differential carrier lifetime and, as a
result, a greater modulation bandwidth. Therefore, the high
bandwidths of the semipolar micro-LED and PQD paper can
be successfully explained by referring to the above explanation.

In a comparison of the PQD paper prepared with cellulose
with a typical PQD film prepared through film-casting, the
bandwidth of the nanostructured PQD paper was much higher
than that of the PQD film as shown in Fig. 7(b). The method
for the preparation of CsPbBr; PQD solution is similar in both
cases. For making PQD paper, we mixed the PQD solution
with cellulose nanocrystals (CNCs) suspension before casting
it into PQD paper; however, for film casting PQD film, we
made it by mixing PQD solution with PMMA solution. The
PQD-film bandwidth was found to be 111 MHz; hence, the
high bandwidth of the PQD paper is suitable for achieving
high-speed VLC. This outcome implies that the nanostructure

3

r Tor TRC
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(b)

PQD paper in nanostructure
------ PQD film

229 MHz
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(a) Frequency responses for semipolar blue micro-LED; inset: eye diagram. (b) Comparison of bandwidth of PQD paper in nanostructure
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Table 1. Overview of Reported QDs for VLC

Materials Type Decay Lifetime (7) Bandwidth Data Rate References
CsPbBr; PQDs paper 5.92 ns 229 MHz 400 Mbps This work
CsPbBr; nanocrystals 5.93 ns 180 MHz 185 Mbps [26]
CsPbBr gl , PQDs 43.74 ns 70 MHz 150 Mbps (23]
CsPbBr; PQDs in CsPbyBrg matrix - 24.6 MHz 364 Mbps (39]
AglnS,/ZnS QDs 77 ns 5.4 MHz - [40]
CdSe/ZnS QDs 17.24 ns 23.1 MHz - [41]
CsPbBr3-in-Cs;PbBr, QDs 7 ns 41 MHz 380 Mbps [42]
CdSe/ZnS QDs 2631 ns 2.70 MHz - [15]

has a higher recombination rate than the bulk and hence a
higher modulation bandwidth. The PQD-based white-light
system also displayed a frequency bandwidth of 95.5 MHz
at a 113 mA injection current. For measuring the bandwidth
of the white light system, we removed the filter so that we can
get white light to be detected by the photodetector. The modu-
lation bandwidth of the CdSe QD paper was also measured but
was found to be less than 25 MHz, which is quite low com-
pared to that of the PQD paper. The high bandwidth of the
white-light system was attributed to the high bandwidths of
both the semipolar micro-LED and PQD paper. However,
we believe that the modulation bandwidth of the white-light
system was limited by the low bandwidth of the red CdSe QD
paper, and that the system bandwidth can be further improved
by optimizing the red component. These results confirm that
PQDs enhance the modulation characteristics of white-light
systems; in the future, PQDs can be further optimized for
increased bandwidth.

Table 1 summarizes the results of studies investigating the use
of QDs for VLC; the QD bandwidths are not remarkably high.
Figure 8 shows various results for the 3 dB bandwidth bench-
mark as a function of current, as many researchers have at-
tempted to increase the QD bandwidth. For example, Leitdo
et al. proposed a micro-LED-pumped inorganic PQD color con-
verter for VLC with a 24.6 MHz bandwidth and 364 Mbps
free-space data communication speed [39]. In 2018, Mei et al.
reported a 70 MHz bandwidth for CsPbBr, gI; , PQDs with

250
X (This work)

200 |
~ K— M. Xia et al. [26]
é 150 |
L .
§ 100l S. Mei tl-:t al. [23]
= * M. F. Leitao et al. [42]
g 50F M. F. }eltao et al. [39] * H. Cao et al. [41]
0 * *

of K—X. Xiao et al. [15] /*
C. Ruan et al. [40]
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Fig. 8. Benchmark of 3 dB bandwidth for QDs with applied

current.

150 Mbps transmission speed [23]. However, the reported
CdSe QD bandwidth is low, having values of 2-25 MHz
[15,24]. In 2016, Ruan ez al. demonstrated AglnS,/ZnS
QDs with an improved bandwidth of 5.4 MHz,
higher than that of commercial YAG:Ce phosphor, for VLC
[40]. Recently in 2021, Xia e al. demonstrated ultrastable per-
ovskite nanocrystals with a maximum bandwidth of 180 MHz
and a data rate of 185 Mbps for underwater optical wireless com-
munication [26]. To the best of our knowledge, this paper re-
ports the highest 3 dB bandwidth of 229 MHz, corresponding to
a 113 mA injection current and achieved by PQDs.

The use of a white-light system for VLC applications has
been reported in various studies. In 2018, Mei et al. developed
a high-bandwidth white-light system by combining a micro-
LED with PQDs having an 85 MHz maximum modulation
bandwidth under an 80 mA injection current [23]. Further,
Yeh ez al. proposed a phosphor-based white-light system with
a bandwidth that can be increased to 12 MHz [43]. Haicheng
et al. reported a white-LED system using CdSe/ZnS QDs with
a 637.6 MHz modulation bandwidth [41]. However, for VLC
applications, CdSe QDs are not optimal; hence, researchers
have begun to use PQDs to achieve further advancements.
Because very few studies have investigated white-light systems
fabricated using micro-LEDs and PQDs, our study should be
of significant interest to researchers interested in VLC. In ad-
dition, this work should encourage the development of other

white-light systems with considerably higher modulation
bandwidth.

4. CONCLUSIONS

In this study, we demonstrated the potential of nanostructured
green CsPbBr; PQD paper as a color converter in a white-light
system containing a semipolar blue InGaN/GaN micro-LED.
The PQD paper used in this study achieved the highest
modulation bandwidth reported to date of 229 MHz with a
400 Mbps data transmission rate, and the semipolar micro-
LED had an 817 MHz modulation bandwidth with a 1.5 Gbps
data rate. The proposed PQDs-based flexible white-light
system can also achieve a maximum 3 dB bandwidth of
95.5 MHz. The short carrier lifetimes of the PQD paper and
semipolar micro-LED allowed high bandwidths for the flexible
white-light system. However, the bandwidth of the white-light
system is limited by the use of low-bandwidth CdSe QD paper,
which can be further improved in future by optimizing the
red component. Hence, the proposed PQD-based flexible
white-light system has considerable potential and it could pave
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the way for various VLC applications including wearable

devices.
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