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Room Temperature Synthesis of Stable Zirconia-Coated
CsPbBr; Nanocrystals for White Light-Emitting Diodes

and Visible Light Communication

Qionghua Mo, Chen Chen, Wensi Cai, Shuangyi Zhao, Dongdong Yan, and Zhigang Zang*

The photoluminescence quantum yield (PLQY) of CsPbBr; perovskite
nanocrystals (NCs) prepared by the hot-injection method can exceed 90%,
which have attracted intensive attention for white light-emitting diodes
(WLEDs). However, the whole hot-injection experiment requires air isolation
and relatively high temperature. In addition, the poor stability of CsPbBr; NCs
impedes their applications. Here, a facile method is reported to synthesize
CsPbBr; @ZrO, NCs at room temperature in air. Owing to using ZrO, coated
CsPbBr; NCs, the prepared CsPbBr; @ZrO, NCs not only present a PLQY of
80% but also exhibit an enhanced stability to heat and moisture. Furthermore,
WLEDs are fabricated with CsPbBr; @ZrO, NCs and commercial red
phosphors (CaAISiN,:Eu?*) on blue LEDs chips. The fabricated WLEDs
exhibit a correlated color temperature (CCT) of 4743 K and luminous efficacy
as high as 64.0 Lm W-'. In addition, visible light communication with a high
data rate of 33.5 Mbps is achieved using the WLEDs. This work provides a

the white emission. Therefore, itis neces-
sary to develop high-efficiency luminance
materials for WLEDs.

Recently, all-inorganic CsPbX; (X =
Cl, Br, I) nanocrystals (NCs) have at-
tracted broad attention as promising
candidates in light-emitting diodes
(LEDs),I> 8] solar cells,® 1 lasers,['214]
and photodetectors,>77] owing to their
excellent  optoelectronic  properties,
including high  photoluminescence
quantum yield (PLQY), wide tun-
able emission and narrow emission
spectrum.'®21 The relatively higher
stability renders CsPbBr; NCs wide re-
search, but the reported ones still suffer
from poor heat and moisture stability,

room temperature strategy to coat zirconia for CsPbBr; @ZrO, NCs,
benefiting to enhance the optical performance and stability, as well as the
promotion of the great potentials in solid-state illuminating and visible light

communication applications.

1. Introduction

Nowadays, white light-emitting diodes (WLEDs) have received
broad attention and gradually replaced the conventional bulbs
and fluorescent lighting sources due to their high luminous
efficiency, low driving voltage, energy-saving and long oper-
ating lifetime.["? Although commercial WLEDs can be fabri-
cated using InGaN blue chips and yellow-emitting phosphors
(YAG:Ce**), it is still quite challenging to develop high efficient
luminance WLEDs owing to the lack of green component in
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limiting their practical applications.[21-2%]
Therefore, it is quite urgent to synthesize
CsPbBr; NCs with high stability while
maintaining their advantages including
high PLQY and narrowband emission.
Up to now, various methods have been
adopted to improve the optical

performance and stability of CsPbBr; NCs, such as coating, lig-
and modification, and elemental doping.l?*3!l Our group re-
ported a ligand modification by using 2-hexyldecanoic acid (DA)
to replace oleic acid (OA) to synthesize CsPbBr; QDs which ex-
hibited improved stability and PLQY.??) Zhu et al. introduced
thiocyanate (SCN™) to synthesize NCs with increased PLQY al-
most by 10% and improved stability against air and moisture
over several days due to the better passivation of trap states.**!
However, the ligand modification and elemental doping can-
not improve the heat and humidity stability of QDs effectively.
Among these methods, the coating technique is an effective
method to enhance the optical performance and stability of NCs,
which is due to their transparent characteristic, low cost, and the
stability of coating components. Polymers,***% metal-organic
frameworks**2] and inorganic shells(**~#¢ have been reported
to improve the optical performance and stability of NCs. How-
ever, the coating techniques for NCs are found to lead to the un-
controlled morphologies and sizes.[?**~#9 Specifically, inorganic
shells with proper valence bands (VB) and conduction bands (CB)
have been reported to play a crucial role in improving the lumi-
nescence and stability of NCs.®] For tuning the charge or energy
transfer process, the VB and CB of semiconductor are lower and
higher than the NCs, respectively, that usually favors the carrier
confine in the component with a narrower bandgap, leading to an
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Figure 1. a) A schematic diagram of the reaction process of CsPbBr; @ZrO, NCs. b) Images of CsPbBr; NCs and CsPbBr; @ZrO, NCs without/with
UV light of 365 nm. c) The scheme of the band structure and energy transfer of CsPbBr; /ZrO, NCs.

enhanced radiative recombination.®® To date, there are few re-
ports about this structure. Carroll et al. reported that embedded
nanocrystals of CsPbBr;, in Cs,PbBr, with enhanced PLQY.P!]
Li et al. synthesized CsPbBr;/Rb,PbBr, core/shell nanocrystals
with enhanced photostability by the shell coating of Rb, PbBr,.[52!
Most recently, Zhang et al. prepared CsPbBr,;/CsPb,Br; per-
ovskite heterojunctions through a phase transition, the PLQY
and stability enhanced owing to the heterojunction.l>3l The above-
mentioned methods most generally require high temperature,
extra inert gases, and prolonged stirring,[833404849 which are
complicated and time-consuming. Thus, it is urgent to develop
a novel and room-temperature strategy to result in the uniform
morphologies and sizes of NCs, the enhancement of optical per-
formance and stability as well.

Herein, we present a facile method to prepare CsPbBr; @ZrO,
NCs at room temperature in air, and the whole process takes only
20 s. The obtained CsPbBr; NCs are embedded inside the ZrO,
layer and uniformly dispersed without aggregation. A PLQY
as high as 80% is achieved in the optimized CsPbBr,@ZrO,
NCs, while only 37% for the pure CsPbBr; NCs. Moreover,
CsPbBr; @ZrO, NCs exhibit excellent heat and moisture stabil-
ity. Efficient WLEDs are also realized by combining blue InGaN
chips with the prepared CsPbBr,@ZrO, NCs and commercial
CaAlSiN,:Eu** phosphors, which show excellent luminous effi-
cacy of 64.0 Lm W1, correlated color temperature (CCT) of 4743
K and color coordinate of (0.351, 0.346). In addition, the high-
performance WLEDs are used as visible light communication
(VLC) sources with a -3 dB bandwidth of 2.75 MHz. Further-
more, on the basis of the white light system, a high data rate of
33.5 Mbps is achieved using orthogonal frequency division mul-
tiplexing (OFDM) modulation with bit loading, indicating their
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promising potential for high-speed communication. Therefore,
we believe that CsPbBr, @ZrO, NCs have great potential for both
WLEDs and VLC communication based on their excellent optical
properties and stability.

2. Results and Discussion

The CsPbBr,@ZrO, NCs were obtained via a modified su-
persaturated recrystallization method at room temperature.
CsBr and PDbBr,, as selected ion sources, were dissolved in N,
N-dimethylformamide (DMF). Oleic acid (OA) and oleylamine
(OAm) were then added as surface ligands, followed by a rapid
injection into toluene. Upon the injection into the antisolvent
of toluene, CsPbBr; NCs were formed immediately, as shown
in Figure 1a. Then Zr(OC,H,), was injected into the prepared
CsPbBr; NCs solution to form ZrO, coating onto the NCs
surface. The whole synthesis process was carried out at room
temperature in air without extra inert gas and incorporation of
water.

1) The hydrolysis reaction of the precursor with water in the air
is suggested as follows:

Zr(OC,H,), + 2H,0 — Zr(OH),(OC,H,), + 2C,H,OH (1)

2) At the same time, the condensation reaction of the precursor
is as follows:

Zr-OH + OH-Zr — -Zr-O-Zr- + H,0 2)

Zr-OC,H, + HO-Zr — -Zr-O-Zr- + C,H,OH 3)

© 2021 Wiley-VCH GmbH
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Figure 2. a,c) TEM images and b,d) HRTEM images of pure CsPbBr; and CsPbBr; @ZrO, NCs. e) The element distribution of CsPbBr; @ZrO, NCs. f)

XRD patterns of ZrO,, CsPbBr; and CsPbBr; @ZrO, NCs.

In Figure 1b, the images of both CsPbBr; NCs and
CsPbBr; @ZrO, NCs exhibit green emission color, demonstrat-
ing its good color uniformity in normal and UV irradiation condi-
tions. The luminescence of CsPbBr, @ZrO, NCs is greener and
PLQY is 80% which is higher than that CsPbBr; NCs of 37%. The
scheme of the band structure in the CsPbBr;@ZrO, NCs sam-
ples for explaining enhanced photoluminescence as compared to
CsPbBr; NCs is shown in Figure 1c, the VB maximum position
of CsPbBr; and ZrO, are estimated to be -6.00 and -8.4 eV,*?
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respectively, and the conduction band (CB) minimum position
are determined to be -3.62 and -3.4 eV,5?] respectively, with re-
spect to the vacuum level. These results demonstrate the exci-
tation and recombination processes associated with excitons of
CsPbBr;@ZrO, NCs, where the excitons were confined in the
CsPbBr; NCs. Therefore, the radiative recombination may be en-
hanced to increase the emission efficiency of CsPbBr; NCs.
Figure 2a-d shows the transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images of CsPbBr,
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Figure 3. a) PL spectra (solid-line) and absorption spectra (dashed-line) (Insets show photographs of CsPbBr; @ZrO, NCs solutions with/without UV
light). b) PLQY and c) PL decay curves of CsPbBr; @ZrO, NCs with different amount of Zr(C4,HqO),.

and CsPbBr; @ZrO, NCs, respectively. For CsPbBr; @ZrO, NCs,
as shown in Figure 2¢,d, it is clear that an abundance of NCs
is dispersed and embedded inside in the ZrO, shell. The cor-
responding HRTEM image of a typical single CsPbBr,@ZrO,
NCs suggests a lattice plane distance of 0.41 nm, which is consis-
tent with the (110) plane of CsPbBr; NCs. In addition, compared
with an average size of 16.0 nm for CsPbBr; NCs (Figure 2a),
CsPbBr; @ZrO, NCs exhibit a narrow size distribution with an
average NCs size of 10.1 nm (Figure 2c¢). This phenomenon may
be attributed to the etching of CsPbBr; NCs induced by n-butanol
of zirconium n-butanol (Zr(OC,H,),), which results in size re-
duction. The distribution of Cs, Pb, Br, Zr, and O elements are
clearly shown in the elemental mapping of the CsPbBr;@ZrO,
NCs (Figure 2e), indicating the presence of ZrO, in the NCs.
The crystal structures of ZrO,, CsPbBr; and CsPbBr;@ZrO,
NCs (50 pumol of Zr(OC,H,),) were then studied using X-ray
diffraction (XRD) (Figure 2f). Two broad peaks located at 30.3°
and 50.4° are clearly seen in prepared pure ZrO, powder us-
ing the same method, corresponding to the (011) and (112)
planes of ZrO, (PDF#50-1089). The XRD results of CsPbBr; and
CsPbBr, @ZrO, NCs are indexed as the orthorhombic phase of
CsPbBr; NCs (PDF#18-0364), and the existence of ZrO, could be
observed in CsPbBr; @ZrO, NCs. The X-ray photoelectron spec-
troscopy (XPS) of CsPbBr; @ZrO, NCs was performed to clarify
the existence of ZrO,, as shown in Figure Sla (Supporting Infor-
mation). Besides, the peaks of Cs 3d (738 and 724 eV, Figure S1b,
Supporting Information), Pb 4f (143 and 138 eV, Figure S1c, Sup-
porting Information), and Br 3d (68 eV, Figure S1d, Supporting
Information) clearly demonstrate the formation of CsPbBr,,>*
the peaks of Zr 3d (188 and 181 eV, Figure Sle, Supporting In-
formation) and O 1s peak (532 eV, Figure S1f, Supporting Infor-
mation) suggest the formation of ZrO, component.
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Optical properties of CsPbBr; NCs and CsPbBr; @ZrO, NCs
were then studied, as shown in Figure 3a demonstrates the
photoluminescence (PL) and absorption (Abs) spectrum of
CsPbBr; @ZrO, NCs with different amounts of Zr(C,H,0),. Itis
found that the increase of Zr(C,H,0), leads to blue shifts of both
PL emission peaks (from 523 to 515 nm) and Abs peaks (from
519 to 510 nm). The strong absorption in the short wavelength
region confirms the ability of NCs to act as a color converter for
blue LED chips. Moreover, with the increase of Zr(C,H,0),, the
PLQY of CsPbBr;@ZrO, NCs is found to be enhanced contin-
ually, as shown in Figure 3b. The PLQY of coating NCs reaches
up to 80% with the addition of 50 umol Zr(C,H,0),, which is
higher than that of pure CsPbBr; NCs (37%). However, PLQY
decreases with a further increase of Zr(C,H,0),, which might be
due to the deterioration of CsPbBr; NCs induced from the large
amount of Zr(C,H,0), hydrolysis. Moreover, the time-resolved
PL decay curves were studied (Figure 3c), in which average PL
decay time (r,,,) values of 33.2,21.7, 17.4, 14.2, and 18.5 ns cor-
respond to the NCs with the Zr(C,H,0), of 0, 20, 30, 50, 60 pmol,
respectively. With the increase of coating precursors, the reduc-
tion of transient lifetime values are may be resulted from the
decrease of NCs sizes, which has been reported from previous
works.[>>°¢] It was well known that the faster PL decay time could
be caused by the smaller sizes due to stronger quantum confine-
ment effects,’’”>8 which is shown in Figure 2. To explore the
origin of the enhanced PLQY, the radiative recombination rate
(K,) of these samples was estimated from the 7,,, and PLQY re-
sults according to the relevant equation,®®! and the detailed pa-
rameters are summarized in Table S1 (Supporting Information).
When the molar of coating precursors increases from 20 to 60
umol, the radiative recombination rate (K,) is found to increase
from 0.023 to 0.056 first, following by a significant reduction to
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Figure 4. a,b) PL spectra and c) normalized PL intensity of CsPbBr; and CsPbBr; @ZrO, under the heating of 60 °C. d,e) PL spectra and f) normalized

PL intensity of CsPbBr; and CsPbBr; @ZrO, in water.

0.003. It is in agreement with the changes of PLQY results, sug-
gesting that the enhanced PLQY may be attributed to the en-
hancement of radiative recombination rate.

Subsequently, the heat and moisture effects on the PL per-
formance of CsPbBr; and CsPbBr;@ ZrO, NCs are tested, as
shown in Figure 4. Compared with CsPbBr; NCs, CsPbBr,@
ZrO, NCs film exhibits a relatively slow decrease in PL inten-
sity upon the heating of 60 °C (Figure 4a,b). Although both
films show a decrease of PL intensity over time, the CsPbBr, @
ZrO, NCs film maintains 81% of its initial PL intensity after
90 min of continuous heating while only 34% remains in their
counterparts, indicating that the CsPbBr,@ ZrO, NCs film is
fairly resistant to heat and possesses a good chemical stability
(Figure 4c). Figure 4d,e shows the evolution of PL intensity for
CsPbBr; and CsPbBr;@ ZrO, NCs in equal amounts of water,
respectively. After 70 min, the PL intensity of CsPbBr; quenches,
while 70% of initial PL intensity maintains in CsPbBr;@ ZrO,
NCs. These results clearly imply that the coating with ZrO,
can significantly enhance the heat and moisture stability of
CsPbBr; NCs, which is critical for their practical applications in
optoelectronics.

The excellent optical performance and stability of optimized
CsPbBr;@ ZrO, NCs can act as an important role in green
emission, facilitating to application in the display. Figure 5a,b
shows the electroluminescence (EL) spectra of WLEDs with
CsPbBr,;/CsPbBry@ZrO, NCs and CaAlSiN,:Eu?* at a driv-
ing voltage of 2.70 V, respectively. The CIE color coordinates
of (0.342, 0.314), (0.351, 0.346) corresponding to CsPbBr; and
CsPbBr;@ZrO, WLEDs are shown in Figure Sc. Representa-
tive characteristics including CCT, luminous efficacy, and CIE
coordinates of both WLEDs are summarized in Table 1. Notably,
the luminous efficacy (64.0 Lm W!) of CsPbBr; @ZrO, WLED is
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approximately 2.4 times to that of CsPbBr; WLED (26.9 Lm W),
The EL spectra of both CsPbBry and CsPbBr;@ZrO, WLEDs
are then tested by varying driving voltage from 2.5 to 2.8 V. The
color coordinates, CCT, and luminous efficacy of both WLEDs are
found to change with the increase of driving voltages, as shown
in Tables S2 and S3 (Supporting Information). The EL intensity
of blue chip, NCs, and CaAlSiN;:Eu?* increase with the increase
of driving voltages. When the voltage is above 2.7 V, the EL in-
tensity of green light for pure CsPbBr; NCs is lower than that of
blue light, and the color coordinate changes from (0.347, 0.374)
to (0.338, 0.280), indicating a poor stability of pure CsPbBr; NCs
upon blue light excitation. In comparison, the CsPbBr, @ZrO,
NCs show an enhanced optical stability, in which the EL inten-
sity of green light is higher than the blue light over the volt-
age range of 2.5 to 2.8 V and the color coordinate change from
(0.353, 0.366) to (0.349, 0.343), as shown in Figure S2 (Support-
ing Information). The result suggests the excellent stability of
the WLEDs with CsPbBr; @ZrO, NCs under various driving volt-
ages. To evaluate the performance of the fabricated WLEDs, the
work is then compared with reported WLEDs of CsPbBr; NCs, as
summarized in Table 2 and Figure S3 (Supporting Information).
Clearly, the performance of our WLEDs is better than most of the
reported works, implying the promising potential of the WLEDs
with CsPbBr,@ZrO, NCs and CaAlSiN;:Eu?* as the light
source.

We further demonstrated the potential of the prepared WLEDs
as a light source in a VLC system, as shown in Figure 6a. First,
a bias T is adopted to combine the DC bias and the AC signal,
and the output of the bias-T is used to modulate the blue chip.
After that, the blue chip excites the CsPbBr;@ZrO, NCs and
the red phosphor to obtain white light for communication.
Then, the optical signal is converted into an electrical signal by

© 2021 Wiley-VCH GmbH
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Figure 5. EL spectra of WLEDs based on a) CsPbBr; NCs or b) CsPbBr; @ZrO, NCs and red phosphor CaAlSiN;:Eu?*. The insets show photographs

of the WLEDs underworking. c) CIE chromaticity diagram of both WLEDs.

Table 1. Optical parameters of WLEDs.

Samples CCT[K] Luminous efficacy CIE coordinates
[Lm W] X, Y]

CsPbBr; & CaAlSiN,: Eu?* 4972 26.9 (0.342,0.314)

CsPbBr; @ZrO, & CaAlSiN;: Eu?t 4743 64.0 (0.351, 0.346)

using a photodetector (PD), which is further digitized through
a digital storage oscilloscope (DSO). Figure 6b shows the mea-
sured electrical-optical-electrical (EOE)frequency response of

the VLC system based on WLEDs at a DC bias voltage of 3 V,
exhibiting a -3 dB bandwidth of about 2.7 MHz. In addition,
Figure 6c shows the measured received signal-to-noise ratio
(SNR) of the system with a modulation bandwidth of 10 MHz,
where the SNR is gradually decreased with the increase of the
frequency. By using OFDM modulation, adaptive bit loading
according to the measured SNR performance can be applied to
fully explore the achievable transmission data rate of the VLC
system. The bit loading profile within the 10-MHz modula-
tion bandwidth can be found in Figure 6d, where as high as
6 bits/s/Hz can be loaded to subcarriers within the low-frequency

Table 2. Comparisons with the CsPbBr; NCs based WLEDs reported previously.

Color converting materials Synthesis method CCT [K] Luminous efficacy [Lm W] Refs.
CsPbBr; @SiO, & CsPb(Br/l); @SiO, & CsPbl; @SiO, composites Antisolvent recrystallization method 5218 325 13]
CsPbBr; @SiO, & AglnZnS NCs Anti-solvent recrystallization method 3689 40.6 Bl
CsPbBry/PMAO NCs & red nitride phosphor Hot injection 3320 17.0 136]
CsPbBry; NC & Mn-doped CsPbBrysl, s NCs Hot injection 5498 29.7 160]
CsPbBry AeroPNCs &KSF phosphor Hot injection 6500 59.8 161]
CsPbBr;QD/silica & CsPb(Br/l); QD/silica Hot injection NA 61.2 148]
CsPbBryNCs & K, SiFg:Mn*+ Hot injection 4574 46.0 162]
Red CsPbBr, 51, 5-AlSt NCs & YAG:Ce**+ Hot injection 4588 56.5 163]
CsPbBr; @ZrO, NCs & CaAlSiN;:Eu?t Antisolvent recrystallization method 4743 64.0 This work
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Figure 6. a) Schematic diagram of the experimental setup of the VLC system, b) EOE frequency response, c) received SNR, d) bit loading profile of the
VLC system based on WLEDs, and e—j) the corresponding constellation diagrams of BPSK, 4QAM, 8QAM, 16QAM, 32QAM, and 64QAM, respectively.

region. Moreover, the corresponding received constellation di-
agrams of binary phase-shift keying (BPSK), 4-ary quadrature
amplitude modulation (4QAM), 8QAM and 16QAM, 32QAM
and 64QAM are shown in Figure 6e—j, respectively. By using the
OFDM modulation with adaptive bit loading, the VLC system
based on WLEDs shows a high transmission data rate up to
33.5 Mbps, which is more than 12 folds of the measured -3 dB
bandwidth.
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3. Conclusion

In summary, CsPbBry@ZrO, NCs were successfully syn-
thesized by a facile method at room temperature in air. By
optimizing the amount of Zr(OC,H,),, CsPbBr;@ZrO, NCs
exhibit high PLQY of 80% and excellent heat and moisture
stability. Moreover, the efficient WLEDs were fabricated by com-
bining the CsPbBr; @ZrO, NCs with commercial red phosphor

© 2021 Wiley-VCH GmbH
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CaAlSiN;:Eu?t, which exhibit an excellent luminescent perfor-
mance, including color coordinate of (0.351, 0.346), correlated
color temperature (CCT) of 4743 K, and luminous efficacy up to
64.0 Lm W', In addition, the fabricated WLEDs are utilized for
VLC, where a -3 dB bandwidth of 2.75 MHz and transmission
data of 33.5 Mbps with OFDM modulation have been achieved.
The results demonstrate that the simple method to coat CsPbBr,
NCs with ZrO, at room temperature can enhance the optical ef-
ficiency and improve stability, and such an industry-compatible
method may have potential applications in both solid-state
lighting and optical wireless communication fields.

4. Experimental Section

Materials:  PbBr, (99.99%) and CsBr (99.9%) were purchased from
Xi'an Polymer Light Technology Corp. OA (90%), OAm (80-90%), DMF
(99.9%), toluene (99.5%), and zirconium butoxide solution (80%) were
purchased from Aladdin. All these chemicals were used without any fur-
ther purification.

Synthesis of CsPbBr; NCs:  PbBr, (0.4 mmol) and CsBr (0.4 mmol)
were dissolved in 12 mL DMF. OAm (0.2 mL) and OA (0.6 mL) were added
into the above precursor to act as the stabilizer. Then 0.5 mL of the pre-
cursor solution was quickly added into toluene (10 mL) under vigorous
stirring at 1500 rpm for 10s.

Synthesis of CsPbBr;@ZrO, NCs:  Different amount of Zr(OC,Hg),4 (O,
20, 30, 50, 60 umol) were injected into CsPbBr; NCs toluene solution
(5 mL) and then vigorous vibrated for 10 s. After that, the mixture was
centrifuged at 8500 rpm for 5 min to obtain the precipitates. Then the
precipitates were re-dispersed and preserved in toluene. All the above ex-
periments were carried out at room temperature in air.

Fabrication of White LED Devices: Polymethyl methacrylate (PMMA)
solutions were first prepared by dissolving 15 mg PMMA in 1 mL toluene.
Then the commercial red phosphor CaAISiN;:Eu?* and the PMMA mixed
with CsPbBr; (or CsPbBry @ZrO,) NCs were dropped on a blue chip.

Characterizations: XRD patterns were collected on a Cu Ka radiation
(XRD-6100, SHIMADZU, Japan). XPS spectra were carried out on a ESCA
Lab2201-XL. TEM measurements were performed on an electron micro-
scope (Libra 200 FE, Zeiss, Germany). Absorption spectra were measured
on a UV-vis spectrophotometer (UV-vis: UV-1800, SHIMADZU, Japan).
Steady-state PL measurements were recorded by a fluorescence spec-
trophotometer (Agilent Cary Eclipse, Australia). PLQY and time-resolved
fluorescence spectra were done on a spectrofluorometer (Edinburgh In-
struments Ltd., FLS1000, United Kingdom). The optical parameters and
electroluminescence spectra of the fabricated WLEDs were collected by a
Keithley 2400 and a PR 670. The VLC system is illustrated in Figure 6a, a
AC signal is generated by an arbitrary waveform generator (Rigol DG4102)
and combined with a 3V DCbias via a bias-T (Mini-Circuits Bias-Tee ZFBT-
6GW+). Then the signal was employed to the WLEDs. After that, a pho-
todetector (DH-GDT-D020V) with a -3dB bandwidth of 3 MHz was uti-
lized, and the electrical signal was tested by a digital storage oscilloscope
(LeCroy WaveSurfer 432). The output data were processed offline via MAT-
LAB.
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