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The data rate of a visible light communication (VLC) system is basically determined by the electrical-to-optical
(E-O) bandwidth of its light-emitting diode (LED) source. In order to break through the intrinsic limitation of
the carrier recombination rate on E-O bandwidth in conventional c-plane LEDs based on InGaN quantum wells,
a blue micro-LED with an active region of nano-structured InGaN wetting layer is designed, fabricated, and
packaged to realize a high-speed VLC system. The E-O bandwidth of the micro-LED can reach up to
1.3 GHz. Based on this high-speed micro-LED, we demonstrated a data rate of 2 Gbps with a bit error rate
(BER) of 1.2 x 103 with simple on-off keying signal for a 3-m real-time VLC. In addition, a 4-Gbps VLC system
using quadrature phase shift keying-orthogonal frequency-division multiplexing with a BER of 3.2 x 1073 is also
achieved for the same scenario. Among all the point-to-point VLC systems based on a single-pixel LED,
this work has the highest distance-bandwidth product of 3 GHz-m and the highest distance-rate product of

12 Gbps-m. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.411863

1. INTRODUCTION

Visible light communication (VLC) is a promising solution for
the next-generation high-speed access technology. As an impor-
tant supplement to radio frequency (RF) communication, the
available spectrum of VLC is over 3 orders of magnitude wider
than the RF one. VLC can be combined with solid-state light-
ing, which has been widely implemented in many fields. In
addition, VLC exhibits the advantages of low power consump-
tion, no electromagnetic interference, eye-safety, and strong
confidentiality [1]. It is simultaneously suitable for high-speed
communication and illumination applications in special envi-
ronments such as airports, hospitals, nuclear power plants,
underwater [2], and deep space [3]. The electrical-to-optical
(E-O) bandwidth of the light-emitting device is critical in a
bandwidth-limited VLC system, although there are alternative
approaches to optimize the responsivity and detectivity of pho-
todetectors such as germanium/perovskite heterostructures and
InGaN multiple quantum well (QW) micro-size photodetec-
tors [4,5]. In comparison with commercial light-emitting
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diodes (LEDs), micro-size LEDs (micro-LEDs) based on
I-nitride semiconductors with smaller active area and lower
RC delay provide a promising approach to improve the E-O
bandwidth [6,7]. Beneficial from the high E-O bandwidth,
the micro-LED has great potential for high-speed VLC imple-
mentation [8,9]. The data rate of micro-LED-based VLC using
non-return-to-zero on-off keying (NRZ-OOK) can reach up to
1 Gbps, and multi-Gbps data rates can be achieved by advanced
modulation formats such as quadrature phase shift keying
(QPSK), quadrature amplitude modulation (QAM), or
orthogonal frequency-division multiplexing (OFDM) [10-17].
Tsonev ez al. have demonstrated a VLC link with data rate over
3 Gbps based on a micro-LED using OFDM and then the data
rate is extended to 5 Gbps afterwards [10-12]. Currently,
single-pixel GaN-based micro-LEDs have been able to achieve
a data rate of 10 Gbps by using bit-loading OFDM [13]. In
addition, green-band, deep-ultraviolet, and perovskite materials
have also been introduced for free-space communication
applications [14-16]. Xie er al. adopted a series-structure


https://orcid.org/0000-0001-6360-124X
https://orcid.org/0000-0001-6360-124X
https://orcid.org/0000-0001-6360-124X
https://orcid.org/0000-0002-4276-0011
https://orcid.org/0000-0002-4276-0011
https://orcid.org/0000-0002-4276-0011
mailto:wanglai@tsinghua.edu.cn
mailto:wanglai@tsinghua.edu.cn
mailto:wanglai@tsinghua.edu.cn
mailto:hyfu@sz.tsinghua.edu.cn
mailto:hyfu@sz.tsinghua.edu.cn
mailto:hyfu@sz.tsinghua.edu.cn
mailto:hyfu@sz.tsinghua.edu.cn
mailto:mcwu@ee.nthu.edu.tw
mailto:mcwu@ee.nthu.edu.tw
mailto:mcwu@ee.nthu.edu.tw
mailto:mcwu@ee.nthu.edu.tw
https://doi.org/10.1364/PRJ.411863

Research Article

micro-LED array with 18-mW emitting power to realize a VLC
system with a data rate of 5.18 Gbps [17].

However, traditional c-plane InGaN-based QW LED devi-
ces have long suffered from the limitation of the polarization-
field-induced quantum-confined Stark effect (QCSE) [18].
The QCSE leads to a longer carrier lifetime in the QW at
low current density, which limits the E-O bandwidth of devi-
ces. Therefore, high carrier concentration is required to screen
the polarization field and shorten the carrier lifetime. A high
E-O bandwidth of near 1 GHz has already been presented
in micro-LEDs operating at a high current density [12,19].
However, the high current density will sacrifice the luminous
efficiency of the LED which is well known as efficiency droop.
Although there have been efforts to develop LED epitaxial
structures optimized for shortening carrier lifetime under lower
current density, the typical E-O bandwidth and operating cur-
rent density of a c-plane micro-LED are still below 1 GHz and
beyond 1 kA/cm?, respectively. Achieving high E-O band-
width LEDs under lower current density by growing InGaN-
based QW devices on semi-polar or non-polar surfaces to
suppress the QCSE is considered a fundamental solution
[20-23]. For QW samples, the QCSE of semi-polar and
non-polar samples will be significantly smaller than that of po-
lar ones. High E-O bandwidth micro-LEDs beyond 1 GHz
based on semi-polar and non-polar substrates have been dem-
onstrated successfully [21,24]. Even though the injection cur-
rent density for high E-O bandwidth of the semi-polar and
non-polar micro-LEDs is significantly reduced, the high cost
and small size of semi-polar and non-polar substrates limit the
mass production of high-speed LEDs. In recent years, GaN-
based quantum dots (QDs), as nanomaterials with extremely
strong three-dimensional quantum confinement capabilities,
have received tremendous attention and have been applied
in various optoelectronic devices [25-30]. For QDs, the carrier
lifetime can be efficiently decreased since the reduced dimen-
sionality of the active region [31]. In addition, the strain can
usually be relaxed during the QD formation process, so the
QCSE will also be significantly smaller than that of the polar
QW samples [32,33]. In traditional Stranski-Krastanov (SK)
mode growth of InGaN QDs, an InGaN wetting layer is
unavoidably formed beneath the QD layer [26]. However,
light-emitting devices utilizing the InGaN wetting layer be-
neath the SK QDs are rarely reported. Here, we try to use
the InGaN wetting layer as the active region of high-speed
LEDs based on the traditional mature c-plane GaN growth
and device fabrication process. Since the formation of the wet-
ting layer is accompanied by the three-dimensional formation
of QDs, the wetting layer also undergoes sufficient strain relax-
ation. Hence, the carrier lifetime in the wetting layer will be
much shorter due to significantly suppressed QCSE, which
is beneficial for the realization of high speed LEDs at lower
current densities.

Figure 1 demonstrates a benchmark between our work and
other groups, wherein our results are comparable with best re-
sults of the non-polar LEDs [21]. This can be concluded that
we achieved the goal of high E-O bandwidth with low current
density in traditional c-plane micro-LEDs. Furthermore, we
will compare our E-O bandwidth of the wetting layer
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Fig. 1. E-O bandwidths versus current densities for the non-polar

LED, semi-polar LED, and polar LED comparison between different
reports.

micro-LED device with others. In terms of material growth,
so far, almost all reported GaN-based high-speed LEDs are
based on InGaN quantum well materials, including ones based
on the traditional c-plane sapphire substrates and ones based on
the non-polar/semi-polar GaN substrates. In this work, for the
first time, self-assembly grown nano-structured InGaN wetting
layers were adopted as the active layers of a high-speed LED
and a 3-dB E-O bandwidth up to 1.3 GHz was achieved, which
is tested on wafer after device fabrication. This result is much
better than any other reports based on the c-plane epitaxy and is
comparable to the best results based on the semi-polar/non-
polar GaN substrates that have been reported, as shown in
Fig. 1. However, considering the fact that non-polar/semi-polar
materials-based LED devices must be grown on high-quality
non-polar/semi-polar GaN homogeneous substrates, it has
unavoidable disadvantages. First, such non-polar/semi-polar
GaN substrates are so expensive that they are difficult to practi-
cally apply. Furthermore, the size of these substrates is difficult
to enlarge (usually smaller than 1 cm?), which directly leads to
the difficulty of large-scale and low-cost commercial applica-
tion. The InGaN wetting-layer-based high-speed micro-
LEDs in our work are grown on traditional c-sapphire
substrate, which is low in cost and large in size, and are fully
compatible with current mature LED production processes, so
our results are very beneficial to large-scale commercial appli-
cations. In addition, compared with the results of current
densities as high as kA/cm? observed in other literature, our
high-speed micro-LEDs realized a high E-O bandwidth of
1.3 GHz, while they only needed a current density of around
500 A/cm?, as shown in Fig. 1. Excessive current density of
the LED devices will significantly increase the power consump-
tion, cause the droop effect, generate too much heat, and
reduce the device lifetime.

In this paper, we present a 1-GHz modulation bandwidth
VLC system based on a single-pixel micro-LED with an
E-O bandwidth of 1.3 GHz under a current density of
528.5 A/cm®. A 3-m VLC system with a 2-Gbps NRZ-
OOK data rate with bit error rate (BER) of 1.2 x 103 and
with 4-Gbps QPSK-OFDM with BER of 3.2x 107 is
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experimentally demonstrated and analyzed. To the authors’
best knowledge, as for all the single-pixel LED-based point-
to-point VLC systems, the present one achieved the highest
distance-bandwidth product of 3 GHz-m and the highest dis-
tance-rate product of 12 Gbps-m using QPSK-OFDM. This
work paves the way to next-generation illumination devices
with InGaN nano-materials for high-speed VLC and shows
great potential in actual free-space optical communication
application.

2. MATERIALS, DEVICES, AND SYSTEM SETUP

A. Epitaxial Growth

The LED sample was grown on a 430-pm thick 2-in. (0001)
sapphire substrate in an AIXTRON 2000HT metal-organic va-
por phase epitaxy (MOVPE) system. The epitaxial structure of
the sample is shown in Fig. 2(a), which contains a 1-pm un-
doped high-temperature GaN layer grown at 1040°C, a 3.5-pm
Si-doped GaN layer grown with the same condition, an n-type
10-pairs of Ing 3Gag 97N (3 nm)/GaN (3 nm) superlattices in-
sertion layer grown at 740°C, a 1.5-nm InGaN wetting layer as
the active region, a 20-nm undoped GaN barrier grown at
740°C, a2 20-nm Mg-doped Al ,Gay gN electron blocking layer
grown at 900°C, and a 150-nm Mg-doped GaN contact layer
grown at 900°C. The InGaN wetting layer was grown at 655°
C, employing a two-step growth interruption method, where
an InGaN layer with a nominal thickness of 1.5 nm is grown,
followed by a 20-s interruption of all the precursors, during
which InGaN QDs as well as nano-structured wetting layer
can be formed [34]. After the epitaxy, an annealing treatment
at 550°C in an O, atmosphere outside the metal organic

(a) 180nm p-doped GaN
20nm p-doped Alg1GagoN EBL
20nm p-GaN
“ SingleInGaN wettinglayer

60nm n-doped 10*Ing 93Gag 97N /GaN SL
3.5pm n-doped GaN
1pm undoped GaN

430pm Sapphire substrate

chemical vapor deposition (MOCVD) chamber was performed
for 6 min to activate Mg dopants.

In order to observe the morphology of the QDs and wetting
layer, another sample without capping layer was grown, which
maintained the same structure beneath the active region. The
surface morphology of the sample was measured by a Bruker
Dimension Icon atomic force microscope (AFM).

A 10 pm x 10 pm AFM image of the sample is shown as
Fig. 2(b). In previous work, green InGaN QDs with a density
around 3 x 103-9 x 108 cm™ can be grown by the two-step
growth interruption method [26,34]. The nominal thickness
of the InGaN film is usually 2-3 nm, and the growth
temperature is between 640°C and 650°C. In this work, in or-
der to reduce the density of QDs formed on the sample surface,
the nominal thickness of the InGaN layer was reduced to
1.5 nm, and the growth temperature was also increased to
655°C to decompose the upper QDs as much as possible.
The green ellipses in Fig. 2(b) indicate the remaining
InGaN QD:s on the sample surface, and the density of QDs
is reduced to 2 x 107 cm™2. Therefore, the wetting layer is dis-
tributed over most of the sample surface, and the luminescence
of the sample is dominated by the wetting layer. Subsequent
photoluminescence test also found that the peak wavelength
of the sample is almost consistent with the wetting layer peak
in the previous green QD samples [26].

In order to observe the morphology of the wetting layer
sample in depth, a 1.5 pm x 1.5 pm AFM image is shown
in Fig. 2(c). It can be seen that the nano-structured InGaN
wetting layer appears like a broken nano-carpet. This unique
nanostructure allows the wetting layer to fully release the com-
pressive strain, thereby suppressing the QCSE and shortening
the carrier life in the wetting layer. Figure 2(d) shows a

0 1L5pm |

=]

Fig. 2. (a) Schematic of the epitaxial structure of the wetting layer LED. (b) A 10 pm x 10 pm AFM image of the bare wetting layer sample.
() A 1.5 pm x 1.5 pm AFM image of the nano-structured wetting layer. (d) A high-angle annular dark field scanning transmission electron
microscope (HAADF STEM) image of the LED sample. (e) A magnified bright-field (BF) STEM image of the wetting layer region.
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high-angle annular dark-field scanning transmission electron
microscope (STEM) image of the LED sample, which demon-
strates that the actual thickness of each layer of the sample is
quite consistent with the design. A larger magnification bright-
field STEM image shows that the wetting layer has a height
around 2 nm, as shown in Fig. 2(e).

B. Structure, Fabrication, Optical and Electrical
Characteristics of Micro-LED

In the fabrication process, we deposited a 700-nm indium tin
oxide (ITO) layer on the micro-LED wafer since ITO would be
the ohmic contact layer and the current spreading layer of the
micro-LED. Next, the active region was defined by wet etch-
ing, which was then perfectly formed with a diameter of 75 pm.
This is an optimal value, taking both electroluminescence (EL)
intensity and E-O bandwidth into account. After defining the
active region, we utilized dry etching by inductively coupled
plasma-reactive etching to create the mesa of the micro-
LED. A metal layer that works as a cathode is deposited on
the exposed n-GaN. Because of the dry etching process, the
mesa sidewall was then passivated by the SiO, layer mainly
for lowering leakage current through sidewall defect.
Eventually, a ring-shaped electrode was deposited onto the
ITO ohmic layer, which can decrease the light blocking effect
for the emissive light of the micro-LED. The device 3D struc-
ture schematic diagram is illustrated in Fig. 3(a). Figure 3(b)
shows the image of the top view of the mesa/p-pad (75 pm/
100 pm in diameter) for the LED observed by SEM (JSM-
7000F). We adopt transistor-outline window-can (TO-CAN)
with short gold thread as the packaged format which avoids
bandwidth loss by introducing as little parasitic capacitance
as possible.

This part mainly conducts the optical and electrical charac-
teristics measurement of the nano-structured wetting layer
micro-LED chip on wafer before packaging and Fig. 4(a)
presents the L—/—V characteristics of the device testing on wa-
fer. The threshold voltage is roughly equal to 3.5 V correspond-
ing to the emitting optical power of 0.4 mW, and the
maximum output optical power is ~1.12 mW. The external
quantum efficiency (EQE) measurement results are shown
in Fig. 4(b), in which the maximum EQE reaches 2.5% at
22.6 A/ecm? and the efficiency decreases to 0.8% at
1132 A/cm?. The relatively low EQE of 2.5% depends on
both light extraction efficiency (LEE) and carrier injection ef-
ficiency. For the former, as a flat sapphire substrate rather than a
patterned sapphire substrate was used for epitaxy, the LEE is

Fig. 3. (a) 3D view of the designed cross-sectional structure for the
micro-LED. (b) The image of the top view of the mesa/anode (75 pm/
100 pm in diameter) for the micro-LED observed by scanning electron

microscopy (SEM, JSM-7000F).
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Fig. 4. (a) Light-current density-voltage (I—/—V) characteristics for
the micro-LED and the EQE measurement of the samples. (b) The
external quantum efficiency versus applied current densities. (c) The
emissive spectra of the micro-LED. (d) The value of peak wavelength
shifts with different current densities.

extremely low due to total reflection. If the patterned sapphire
substrates or other roughening methods are used, the LEE can
be further improved. As for the latter, carrier overflow without
being captured by the active region occurs as only a single wet-
ting layer is adopted. As the injection current of 20 mA is
reached, the corresponding voltage is defined as the forwarding
voltage (V). From the curve, Vi equals 6.7 V, which is caused
by the non-optimal epitaxial and chip process conditions.
Figure 4(c) shows the EL spectra as a function of the current
density from 22.6 to 1132 A/cm? (1 to 50 mA), which have
also been measured for encapsulated LEDs by using an inte-
grating sphere. The peak around 410-420 nm can be attrib-
uted to the emission from the leakage carriers in the
p-GaN. As the current density increases from 0 to
1 kA/cm?, the emission wavelength of the micro-LED is blue-
shifted from 481 to 467 nm, and the blueshift amount is about
14 nm, as shown in Fig. 4(d). The blueshift amount is com-
parable to the reported non-polar blue high-speed LEDs, im-
plying it is induced by the band-filling effect rather than
polarization screening and the QCSE has been suppressed in
the wetting layer [21].

C. VLC System Setup

Figure 5 shows the experimental schematic of the micro-LED-
based VLC system with 3-m link. Then, Fig. 6(a) shows the
experimental setup photography of the micro-LED-based
VLC system with 3-m communication distance in a typical in-
door environment. Figures 6(b) and 6(c) represent the micro-
LED transmitter and the avalanche photodiode (APD) receiver,
respectively. For the NRZ-OOK real-time communication, an
integration bit error rate tester (BERT, MP2100A, Anritsu) in-
tegrating pulse pattern generator (PPG), error detector, and
sampling oscilloscope is used for measuring eye diagrams
and BERs at different data rates with NRZ-OOK modulation
format. The PPG of the BERT generates a 23! - 1 bits digital
baseband pseudo-random-binary-signal with 0.8 V' peak-to-
peak voltage which further passes through a wide-bandwidth
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Fig. 5. Schematic of the micro-LED-based VLC system in a typical
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Fig. 6. (a) Photograph of the micro-LED-based VLC system in a
typical indoor environment. (b) Wetting layer micro-LED-based
transmitter and (c) APD module-based receiver.

amplifier (ZX60-43+, 0.5 to 4000 MHz, Mini-circuit)
and is then input into the RF port of the bias-tee (ZFBT-
6GW+, 0.1 to 6000 MHz, Mini-circuit). A power supply
(DP832, Rigol) provides direct current (DC) and then the
superimposed RF + DC signal combined by the bias-tee di-
rectly drives the packaged micro-LED to emit a modulated
continuous light signal. A frog eye lens put in front of the
micro-LED is used to improve the directivity of the weak light
signal. After 3-m transmission, the optical signal is focused on
the sensitive area of the APD module by using a 50-mm focal
length convex lens. The high-sensitivity APD module with a
bandwidth of 1 GHz (APD210, Menlo Systems) receives
the optical signal and converts it into an electric signal which
is amplified through an extra amplifier (ZX60-43+, Mini-
circuit). The recovered digital baseband signal is then fed into
a digital sampling oscilloscope module and the error detector in

~
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BERT so that the eye diagram can be captured and the BER
can be tested at different data rates. A vector network analyzer
(N5227A, Agilent) connecting the transmitter and the receiver
is used to obtain the modulation bandwidth of the entire VLC
system, as shown in Fig. 6(a).

The QPSK-OFDM experimental demonstration can be di-
vided into real-time communication and off-line processing.
The signal is modulated and demodulated off-line, as shown
in Fig. 5. First, the NRZ-OOK data stream is generated and
mapped into the QPSK-OFDM signal format with 256 carriers
via a MATLAB program. The modulated serial signal is con-
verted into parallel and then Hermitian symmetry is imposed
before performing an inverse fast Fourier transform. The cyclic
prefix (CP) of 1/16 is inserted into the low-speed parallel blocks
which are then converted back into a serial format. In addition,
in order to obtain a suitable format for demodulation,
a synchronization sequence is added in front of the frame,
which is then uploaded into an arbitrary waveform generator
(AWG, AWG7000A, Tektronix). The AWG generates an
up-sampled RF signal to conduct the real-time communication
experiments. At the receiver, a high-speed sampling oscilloscope
(DPO759028X, Tektronix) is used for recording the down-
sampled signal with different data rates under various injection
current densities. Meanwhile, a signal analyzer (N9030B,
Keysight) is used to observe the signal spectrum. Recorded data
have been further processed in MATLAB. After synchroniza-
tion, the high-speed serial data stream is converted into low-
speed parallel data blocks and the CP has been removed.
Parallel time-domain signals are transformed into frequency-
domain signals by a fast Fourier transform. After further
performing equalization through channel estimation, the serial
QAM signal is de-mapped into a baseband signal that has been
then compared with the original input signal to evaluate
the BER.
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Fig. 7. (a) TDPL spectra of the sample. The inset is a photograph of
the sample excited by the laser. (b) The temperature dependence of
peak wavelength and FWHM. (c) TRPL measurement. (d) Calculated
Ty and 7y, of the decay curves at different temperatures using a
bi-exponential decay model.
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3. RESULTS AND DISCUSSION

A. Optical Properties and Carrier Dynamics
Detailed optical property characterization of the LED sample is
performed by temperature-dependent  photoluminescence
(TDPL) measurement, as shown in Figs. 7(a) and 7(b). As
shown in Fig. 7(a), the emission wavelength is around 490 nm
and the equally spaced fluctuations on the spectrum are due to
the Fabry—Perot interference between the smooth sample
surface and the sapphire—~GaN interface. The temperature
dependence of the peak wavelength and the full width at
half-maximum (FWHM) is presented in Fig. 7(b), where
FWHM is defined as the width of the spectrum at half the
maximum intensity. The PL spectra are measured in a cryo-
genic chamber, which can be cooled down to 8 K by a closed
cycle liquid helium compressor. A Coherent 405-nm laser with
a power density of 4 W /cm? is used as the excitation source.
The sample glows cyan, roughly around 490 nm, and as the
temperature increases from 8 to 300 K, the peak wavelength
is redshifted by 4.5 nm, while the FWHM is slightly reduced
first, followed by an increase of 5.5 nm.
Temperature-dependent time-resolved photoluminescence
(TRPL) measurement is carried out to reveal the carrier dynam-
ics of the LED sample, and the detection wavelength is set ac-
cording to the emission peak. The TRPL is performed using a
tunable femtosecond laser with a 380-nm excitation wave-
length and 100-fs FWHM pulse width. The repetition rate
and average energy of each pulse are recorded to be 8 MHz
and 62.5 pJ, respectively. Figure 7(c) shows the tempera-
ture-dependent TRPL results, which show that as the temper-
ature increases, the carrier lifetime of the sample does not
change much at first, but when the temperature exceeds
150 K the carrier lifetime begins to increase. Furthermore,
TRPL curves can be fitted using a bi-exponential decay model,
which is defined as follows:

I = Aot/ 4 Ayet/Ton | (1)

where / represents the intensity, ¢ represents time, 7 is the car-
rier recombination lifetime, and 7, and 7y, refer to the fast
decay lifetime and the slow decay lifetime in the TRPL curve,
respectively. Figure 7(d) shows g and 7y, at different tem-
peratures. According to the results, as the temperature increases
from 5 to 300 K, 7 is always maintained at around 1.4 ns,
while 7y, stays at 4 ns at first, but after 150 K it quickly in-
creases to 11.7 ns. Carrier lifetime is a key parameter for VLC
devices. When it is small enough, it signifies that carriers can
quickly recombine, meaning that the modulation speed of the
devices can also increase. Compared to the conventional
QW devices with a 7 as long as several nanoseconds, which
limits the device E-O bandwidth to the order of megahertz,
the 7 as short as 1 ns of the sample demonstrates a great

potential for gigahertz-range VLC.

B. E-O Bandwidth of Micro-LED Measured on Wafer

High-speed LEDs based on polar InGaN QWs generally need
to inject a current density as high as 10 kA /cm? to suppress the
QCSE in the device through Coulomb screening [14], in order
to achieve high modulation bandwidth. Our device can achieve
a modulation bandwidth up to 1.1 GHz at a very low current
density of 95 A/cm?, which is comparable to the best reported
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Fig. 8. (a) E-O bandwidth of the wetting layer micro-LED on
wafer measurement for different current densities. (b) Original nor-
malized frequency response. Inset: the device under RF GS micro-
probe was observed by optical microscope.

o

non-polar result [21]. From Fig. 8(a), we can observe that the
3-dB E-O bandwidth of the micro-LED increases with increas-
ing of the driving current density and equals 1.3 GHz
at the current density of 528.5A/cm?. Figure 8(b) is the nor-
malized frequency response versus frequency at various current
densities.

In our work, the following bandwidth measurements are
strictly distinguished in different situations, which include the
E-O bandwidth of the micro-LED device tested on wafer,
the E-O bandwidth of the packaged micro-LED device, and
the modulation bandwidth of the VLC system. Obviously, con-
sidering the actual application, the values of bandwidth will de-
crease from the micro-LED chip to the packaged micro-LED
device, and then decrease from the packaged micro-LED device
to the modulation bandwidth of the VLC system. Therefore, the
back-to-back data transmission can obtain maximum data rate
over an optical fiber. For real experimental demonstration of
the VLC system, the data rate is lower than back-to-back limited
by communication distance, packaging of devices, optical power,
channel loss, and other factors.

The abovementioned E-O bandwidth value of 1.3 GHz for
c-plane polar micro-LEDs before packaging is tested on wafer
using a plastic optical fiber to export light which exhibits the
LED under a radio-frequency ground-signal (RF GS) micro-
probe. It is not difficult to notice that there is no communi-
cation distance in some publications, which is impossible in
the real application of VLC systems [23]. Therefore, the data
rate from testing on wafer by the GS micro-probe with collect-
ing by plastic optical fiber over 0 m free-space communication
distance as shown in Fig. 8(b) is totally different from a real
system compared with the micro-LED-based VLC system in
Fig. 6(a). The measured modulation bandwidth of 1 GHz is
limited by the bandwidth of the APD receiver and influenced
by the free-space channel conditions and the attenuation of the
optical power, which results in the decline of bandwidth from
1.3 to 1 GHz.

C. System Communication Performances
Measurement

The normalized frequency response of the micro-LED-based
VLC system with a 3-m link is shown in Fig. 9(a), which il-
lustrates the modulation bandwidth characteristics under vari-
ous current densities. Figure 9(b) depicts the 3-dB modulation
bandwidth of the VLC system extracted from Fig. 9(a) in which
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Fig. 9. (a) Normalized frequency responses of the VLC system with
various current densities. (b) The extracted 3-dB modulation band-
width and received optical power.

the curve tends to rise sharply and stabilize at around 1 GHz
with the increase of the current density. Without any hardware
equalization technique, it can reach 998 MHz at a current den-
sity as low as 178.82 A/cm? and 1 GHz at a current density of
528.54 A/cm?, indicating that the micro-LED packaging per-
forms well. However, the modulation bandwidth is slightly de-
creased at a current density of 528.54 A/cm?, which can be
further explained by the influence of modulation depth
characteristics. In this work, the E-O bandwidth of the
micro-LED device is strictly distinguished from the modulation
bandwidth of the VLC system, which decreased from 1.3 to
1 GHz mainly by the bandwidth limit of the 1-GHz APD mod-
ule. This limitation will be resolved when a higher-bandwidth
APD is used. In addition, because of its low-sensitivity character-
istics, the positive-intrinsic-negative (PIN) photodiode cannot
reconstruct the original signal from the weak receiving power
emitted from the micro-LED after 3-m transmission distance.
Figure 10 gives the optical power comparison between the trans-
mitter side and the receiver side, and the optical difference can be
obtained under specific driving voltage. The red line marks the
current density versus voltage (L - /) curve of the packaged 75-
pm micro-LED. Under the premise of well adjusting the optical
path through the dual lens, the attenuation can be reduced very
low, which means that a longer communication distance can also
be realized over the free-space link.

The communication performance of the micro-LED-based
VLC system using the NRZ-OOK modulation format is evalu-
ated under various data rates. The BER values as a function of
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Fig. 10. Comparison of optical power between the emitter side and
the receiver side and the /-V properties of the micro-LED.
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Fig. 11. (a) Data rates versus BER for the experimentally obtained
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data rates for the entire system are shown in Fig. 11. When the
data rate is lower than 1 Gbps, error-free VLC can be achieved.
It can be observed that as the micro-LED current density in-
creases from 94.8 to 528.54 A/cm?, the BER is visibly im-
proved. When the driving current densities are
94.84 A/cm?, 178.82 A/cm?, and 282.72 A/cm?, the data
rates that can be achieved are 1.4 Gbps, 1.6 Gbps, and
1.8 Gbps with corresponding BERs of 3.6x 1073,
2.5x107%, and 1.8 x 107, respectively. However, at the same
modulation depth of 0.8 V, if the current density further in-
creases, the BER performance will deteriorate as the linear
range of the micro-LED will be exceeded. At the current
density of 409.93 A/cm?, the BER value changes from
4.1 x 107 to 3.7 x 107 with the data rate increasing from 1 to
2 Gbps. At the current density of 528.54 A/cm?, instead, the
BER value equals 1.0 x 107% at 1 Gbps data rate and 1.2 x 103
at 2 Gbps data rate. With a BER below the forward error cor-
rection (FEC) threshold of 3.8 x 1073, the highest data rate of
this VLC can reach tops at 2 Gbps when the current density is
kept at 409.93 A/cm? and at 528.54 A/cm?. To the best of
our knowledge, this is the highest data rate in a real-time
NRZ-OOK VLC point-to-point link using a single-
pixel LED without any equalization technique. The right fig-
ures show the eye diagrams of 1.0 Gbps, 1.2 Gbps, 1.4 Gbps,
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Fig. 12. SNR versus data rate of the micro-LED-based VLC system
using NRZ-OOK format at different current densities.
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Fig. 13. (a) Data rate and related BER of QPSK-OFDM at different

current densities and the constellation diagrams with the data rate
change of (b) 1 Gbps, (c) 2 Gbps, (d) 3 Gbps, and (e) 4 Gbps at
the current density of 528.54 A/cm?.

1.6 Gbps, 1.8 Gbps, and 2.0 Gbps all at 528.54 A/cm? cur-
rent density, respectively. A wide-open eye diagram can be cap-
tured indicating a low BER when the data rate varies from 1 to
1.4 Gbps. The aperture of the eye diagram visibly decreases,
and it is almost null at 2.0 Gbps corresponding to the BER
of 1.2 x 1073.

In Fig. 12, the SNR of the micro-LED-based VLC system
versus data rate at various driving current densities over the 3-m
transmission link was measured. It has then been used to evalu-
ate communication performances in terms of BER and eye dia-
grams under the NRZ-OOK modulation format. Low DC
current density will result in a smaller SNR, as shown from
the vertical comparison of different driving current densities
at the same darta rate, which is consistent with the tendency
observed in Ref. [13]. On the other hand, the SNR will slightly
worsen with the increase of the data rate. The SNR variation
from 1 to 2 Gbps varies at different driving current densities,
and becomes more evident at the higher current densities.
When the current density equals 94.8 A/cm?, the SNR equals
3.33 and 1.85 at the data rates of 1 Gbps and 2 Gbps, respec-
tively. At the current density of 528.54 A/cm?, the SNR de-
creases from 4.91 to 2.41 for the same change in data rate. It is
worth mentioning that we have not increased the driving cur-
rent density at 528 A/cm? of the micro-LED in the
high-speed characterization. However, the initial Z—/—V curves
and spectral characterization go up to 1132 A/cm? which are
measured on chip before packaging. TO-CAN packaging
of the micro-LED and the length of the measurement time
jointly result in the difference of thermal dissipation of the de-
vices. Limited by the peak-to-peak voltage of the input
signal from the BERT, the SNR is lower than the SNR of
the QPSK-OFDM signal in the experiment.

Table 1.
Distance of 3 m
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Fig. 14. Corresponding frequency spectrograms with the data rate
change from 1 to 4 Gbps at the current density of 178.82 A/cm?.

For demonstrating further high-speed VLC using the high-
order modulation format, we used an AWG to generate QPSK-
OFDM signals at different rates and stored the signals with a
sampling oscilloscope. Figure 13 shows the various data rates
versus BER at different driving current densities. Compared
with the NRZ-OOK signal, the highest data rate of 4.0 Gbps
with the BER of 3.2 x 107 occurs at a current density of
178.82A /cm? due to the linearity regime of the micro-
LED, signal peak to average power ratio, and responsibility
of the APD. At the current density of 94.84 A/cm?, the maxi-
mum data rate of the VLC system only reaches 1.0 Gbps with
the BER of 9.6x 1074, As for the current densities from
282.72 A/cm? to 528.54 A/cm?, the maximum data rates
are all 3 Gbps with the BER of 1.7 x 1074, 4.3 x 1074, and
8.7 x 1074, respectively. Figure 13 also shows four constellation
diagrams of QPSK-OFDM signals with the data rates ranging
from 1.0 to 4.0 Gbps at a current density of 178.82 A/cm?.
The modulation bandwidth of the VLC system is around
1 GHz, allowing 256 subcarriers for OFDM modulation
without redistributing their energy. The BER worsens signifi-
cantly when the data rate is 5 Gbps. The corresponding fre-
quency spectrograms of the QPSK-OFDM signal at the
receiver side from data rates of 1-4 Gbps are shown in
Fig. 14. The QPSK-OFDM signal with 1 GHz bandwidth
and 256 subcarriers is used to achieve a data rate of 4 Gbps
with a BER of 3.2 x 10” within the FEC threshold. The cor-
responding performance indicators of the wetting layer micro-
LED-based VLC system using NRZ-OOK and QPSK-OFDM

are shown in Table 1.

Experimental Performance of Wetting Layer Micro-LED-Based VLC System with Various Modulation Formats at

Current Density Highest Data Rate

Highest Data Rate of

(A/cm?) of NRZ-OOK (Gbps) BER of NRZ-OOK QPSK-OFDM (Gbps) BER of QPSK-OFDM
94.84 1.4 3.6x 1073 1.0 9.6x 107*
178.82 1.6 2.5%x 1073 4.0 3.2x 1073
282.72 1.8 1.8x 1073 3.0 1.7 x 1074
409.93 2.0 3.7 x 1073 3.0 4.3 %10
528.54 2.0 1.2x 1073 3.0 8.7x 1074
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Table 2. Performance of VLC Systems Based on Single-Pixeled Micro-LED (Summary of Part of Existing Works)

Optical Bandwidth Modulation Highest Distance
Year Group pLED” Type Power (mW) (MHz) Format Data Rate (Gbps) BER (m)
2014 [10] D. Tsonev et 4l. Blue pLED 4.5 60 mQAM-OFDM’ 3 <0.002 0.05
2015 [11]]. McKendry et al. UV uLED 2.5 130 mQAM-OFDM 3.32 2.1x1073 -
2016 [12] R. Ferreira et al. Blue pLED 2.7 800 NRZ-OOK* 1.7 <FEC 0.5
5.7 PAM4* 3.5 0.75
mQAM-OFDM 5 0.75
2017 [13] M. Islim et al. Violet phLED ~0.32 655 mQAM-OFDM 7.91 <FEC ~0.26
2017 [35] X. Liu ez al. pLED 0.8 ~230 NRZ-OOK 1.3 3.4x 107 3
1 32x1073 10
0.87 3.5x 1073 16
2018 [16] S. Mei et al. uLED + YQDs 16 lux 85 NRZ-OOK 0.3 2x1073
2018 [36] X. Liu et al WLED-based - - NRZ-OOK 0.185 35x103  ~1
detector
2019 [17] E. Xie et al. 3 x 3 pLED arrays ~18 285 NRZ-OOK 2.1 <FEC 0.3
PAM4 2.55 0.3
mQAM-OFDM 5.18 0.3
2019 [15] X. He ez al. UV pLEDs 0.196 438 NRZ-OOK 0.8 3.8x 107 0.3
mQAM-OFDM 1.1
2019 [37] J. Carreira et al. Dual-color pLED ~ 0.85/1.04 4271134 mQAM-OFDM 3.35 - 0.3
arrays
2020 Our work Blue wetting 0.82¢ 1000 NRZ-OOK 2 <FEC 3
layer pLED QPSK-OFDM" 4 3

“uLED: micro-size LED.

'QAM-OFDM: quadrature amplitude modulation-orthogonal frequency division multiplexing.

‘UV: ultraviolet.

“NRZ-OOK: non-return-to-zero on-off-keying.
‘PAM4: pulse-amplitude-modulation 4-level.
QDs: yellow quantum dots.

¢The emitting optical power at the current density of 528.54 A/cm? after packaging as shown in Fig. 10.
’QPSK-OFDM: quadrature phase shift keying-orthogonal frequency-division multiplexing.

Finally, we compare our wetting layer micro-LED-based
VLC system with other point-to-point VLC systems based
on single-pixeled LEDs which have been reported in other lit-
erature. As shown in Table 2, compared with the works of Islim
et al. with a distance-rate product of 2.0566 Gbps- m and
the works of Xie ¢t al with a distance-rate product of
1.554 Gbps - m [13,17], combining with communication dis-
tance over 3 m, our micro-LED based VLC system has obvious
performance advantages including the highest distance-
bandwidth product of 3 GHz-m and the highest distance-rate
product of 12 Gbps-m based on the QPSK-OFDM format,
and all these records can only be obtained by taking advantage
of the superior performance of our micro-LED device.

4. CONCLUSION

In conclusion, for solving the intrinsic bandwidth limitation of
luminescent devices in the VLC systems, self-assembly grown
nano-structured InGaN wetting layers were adopted as the active
layers of a high-speed LED. A 480-nm blue micro-LED with
1.3 GHz E-O bandwidth on c-plane GaN is presented in this
paper which is much higher than any other reports based on the
c-plane epitaxy. The VLC system modulation bandwidth can
reach 1 GHz after using the packaged micro-LED as transmitter.
In addition, to give a comprehensive evaluation, we employed
the micro-LEDs in a VLC system and demonstrate a 3-m data

transmission over air channel, which has the highest distance-
bandwidth product of 3 GHz-m among all the point-to-point
VLC systems based on a single-pixe] LED. By employing a
2311 bits NRZ-OOK signal without using non-linearity
mitigation or equalization techniques, the received eye diagrams
are clear when observed at 2 Gbps data rates with a low current
density of 407 A/cm? and a BER of 1.2 x 1073. We achieved a
record-breaking data rate among all the single-pixel LED-based
point-to-point VLC systems using simple NRZ-OOK modula-
tion. As for QPSK-OFDM, we demonstrated a data rate of
4 Gbps with a BER of 3.2x 1073, which is the highest
distance-rate product of 12 Gbps-m among all the point-to-point
single-pixel LED-based VLC systems. It further proves the
promising potential of our proposed InGaN wetting layer
micro-LED in the next generation of high-speed VLC.
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