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Visible light communication (VLC) has emerged as a promising communication method in 6G. However, the
development of receiving devices is much slower than that of transmitting devices, limited by materials, structures,
and fabrication. In this paper, we propose and fabricate an InGaN/GaN multiple-quantum-well-based vertical-
structure micro-LED-based photodetector (μPD) on a Si substrate. A comprehensive comparison of the photo-
electrical performance and communication performance of three sizes of μPDs, 10, 50, and 100 μm, is presented.
The peak responsivity of all three μPDs is achieved at 400 nm, while the passband full-widths at half maxima are
87, 72, and 78 nm for 10, 50, and 100 μm μPDs, respectively. The −20 dB cutoff bandwidth is up to 822MHz for
50 μm μPD. A data rate of 10.14 Gbps is experimentally demonstrated by bit and power loading discrete multi-
tone modulation and the proposed digital pre-equalizer algorithm over 1 m free space utilizing the self-designed
4 × 4 50 μm μPD array as a receiver and a 450 nm laser diode as a transmitter. This is the first time a more than
10 Gbps VLC system has been achieved utilizing a GaN-based micro-PD, to the best of our knowledge. The
investigation fully demonstrates the superiority of Si substrates and vertical structures in InGaN/GaN μPDs
and shows its great potential for high-speed VLC links beyond 10 Gbps. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.465455

1. INTRODUCTION

Next-generation communication (6G) has brought new chal-
lenges to transmission rates in recent years, and new spectrum
resources, such as visible light, millimeter wave, and terahertz
wave, have become a prominent research area [1–5]. Among
these spectrum resources, visible light communication (VLC)
offers a cheaper deployment cost than others since it permits
both illumination and communication. Compared to tradi-
tional wireless communications, VLC operates in the 400–
800 THz range, and has different physical features, such as
great electromagnetic interference resistance, high confidential-
ity, and high data rate. Based on these, VLC is projected to
become a powerful air interface technology in 6G [4].

Nonetheless, signal communication at such a short wave-
length (about 400–780 nm) presents significant hurdles to

both transmitting and receiving devices. During the last decade,
data rate breakthroughs in VLCs have focused mainly on trans-
mitter devices, including light-emitting diodes (LEDs) [6–8],
superluminescent diodes (SLDs) [9–11], and laser diodes
(LDs) [12,13]. Using off-the-shelf LEDs and wavelength divi-
sion multiplexing (WDM) technology, transmission rates of
15.73 Gbps have been achieved over a 1.6 m wireless link
[6]. GaN-based micro-LEDs with reduced active areas offer
large bandwidth and high power potential and have demon-
strated the ability to transmit 10.11 Gbps over 5 m [7]. In ad-
dition to the aforementioned sapphire substrate LEDs, silicon
(Si) substrate LEDs also have good performance. Based on Si-
LED and 8-λ WDM technology, the transmission rate can
reach 24.25 Gbps [8]. With the advantages of high power, high
brightness, and low coherence, the GaN-based SLD has been
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verified to be able to transmit 4.57 Gbps [9]. An LD has a
much higher bandwidth, and can be combined with 3-λ
WDM technology to achieve 46.4 Gbps transmission [12].
However, the vast majority of the above work is based on
Si-based commercial photodetectors (PDs) or GaAs-based PDs.

In the infrared wavelength range, InGaAs-based PDs are al-
ready capable of supporting 100 Gbps optical communications
[14]. The peak response of GaAs-based PDs is closer to visible
light, but the bandwidth gradually decreases and remains in the
near-infrared (NIR) region (e.g., Newport 818-BB-45A, 500–
890 nm, peak at 830 nm). If the peak response is needed to
move farther towards visible light, then the PD material
requires the use of Si. The peak response of this type of PD
is still near the NIR spectrum, and the wavelength response
is particularly wide (e.g., MenloSystems APD210, 400–
1000 nm, peak at 800 nm). Underwater optical communica-
tion based on blue or green lasers has been demonstrated to be
feasible by utilizing the wide wavelength response of Si-based
PDs [15,16]. However, the gap between the response at blue or
green wavelength and the peak response is still large, which
means that there is still a lot of signal-to-noise ratio (SNR) gain
that can be improved for VLC. Furthermore, Si-based PDs are
easily fabricated but are similarly less robust to harsh environ-
ments, such as space or seawater [17]. Considering this, a
III-nitride-based PD is proposed to sense short wavelength sig-
nals, such as visible light and ultraviolet (UV). PDs based on
GaN, AlGaN, or InGaN materials are built mainly on metal–
semiconductor–metal (MSM) structures [18–20], p-i-n struc-
tures [20–22], and multiple quantum-well (MQW) structures
[23–25]. A variety of optical wireless transmissions using
MQW p-i-n-based PDs have recently been reported
[17,26–31]. A record-breaking 3.2 Gbps transmission rate is
achieved over 0.5 m fiber and 0.1 m free space utilizing an
InGaN/GaN MQW micro-PD (μPD) and 16-quadrature am-
plitude modulation (16-QAM) with orthogonal frequency-
division multiplexing (OFDM) [17]. Employing an InGaN/
GaNMQW μPD array and on–off keying (OOK) modulation,
a 350 Mbps multiple-input multiple-output system is demon-
strated [26]. A semipolar InGaN/GaNMQW μPD grown on a
semipolar GaN substrate is proposed, and an OOK signal of
1.55 Gbps can be transmitted over 1 m using this μPD [27].
Further, the same group has implemented a semipolar InGaN/
GaN MQW μPD combined with bit and power loading
OFDM to achieve a remarkable 7.4 Gbps rate in the violet
range [28]. A 60 Mbps underwater wireless optical communi-
cation (UWOC) system was experimentally demonstrated with
an InGaN μPD array over a 2.3 m long water tank [29].
Recently, based on a semipolar InGaN/GaNMQW μPD array,
a research team was able to achieve 300 Mbps over 1.25 m [30]
and 540 Mbps over 1.1 m [31] with OOK. Considering the
relationship between transmission distance and data rate, we
summarize the benchmark of the distance-rate product versus
reverse bias voltage for a GaN-based μPD, as shown in Fig. 1.
Neither the transmission rate nor the distance-rate product can
fulfill the demand for 10 Gbps high-speed optical wireless com-
munication [32].

However, almost all reported GaN-based μPDs are
grown on sapphire substrates or GaN substrates. Due to the

non-conductivity and low thermal conductivity of sapphire
substrates, sapphire-based LEDs and μPDs are often fabricated
in lateral structures, which can bring current crowding and cur-
rent droop under a high injection current density or high in-
cident light power. A GaN substrate is the most ideal substrate
for growing GaN-based LEDs and μPDs, but it faces problems
such as difficulty in production and high price for commercial
use. Si substrates are another promising option to grow GaN-
based LEDs or μPDs due to the advantages of low cost, large
size, high crystal quality, better conductivity, and great thermal
conductivity [33]. In recent years, InGaN/GaN MQW LEDs
fabricated on Si (111) (Si-substrate LED) have shown impres-
sive results as transmitting devices in high-speed VLC systems
[8,34]. Nevertheless, as a receiving device, a Si-substrate MSM
UV PD is proposed, but the transmission performance in VLC
links has yet to be experimentally investigated [35]. Our pre-
vious work has experimentally demonstrated for the first time
the possibility of Si-substrate LEDs as PDs [36].

In this paper, an InGaN/GaN MQW-based vertical-struc-
ture micro-LED-based PD on a Si substrate is proposed and
fabricated. The photoelectrical performances of three different
sizes of our designed μPDs are investigated, including 10, 50,
and 100 μm. The peak responsivity of all three μPDs is
achieved at 400 nm, while the passband full-widths at half
maximum (FWHMs) are 87 nm (375–462 nm), 72 nm
(382–454 nm), and 78 nm (382–460 nm) for 10, 50, and
100 μm μPDs, respectively. Such large FWHMs provide the
feasibility of μPDs as a receiver in WDM VLC systems.
Utilizing the self-designed 4 × 4 50 μm μPD array, a
10.14 Gbps 1 m VLC link is experimentally demonstrated by
bit and power loading discrete multitone (DMT) modulation
and the proposed digital pre-equalizer algorithm under the hard
decision-forward error correction (HD-FEC) threshold of
3.8 × 10−3. When the transmission distance is reduced to
0.5 m, the transmission rate can reach 7.58 Gbps for a
10 μm μPD array, 10.81 Gbps for 50 μm, and 7.18 Gbps
for 100 μm. To the best of our knowledge, this is the first time
a transmission rate of more than 10 Gbps has been achieved
utilizing a GaN-based PD. These results demonstrate the supe-
riority of Si substrates and vertical structures in InGaN/GaN
μPDs and show their great potential for high-speed VLC links
beyond 10 Gbps.

Fig. 1. Benchmark of distance-rate product versus reverse bias volt-
age for micro-LED-based photodetectors.
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2. FABRICATION AND CHARACTERIZATION

A. Design and Fabrication of Si-Substrate Micro-
LED-Based Photodetector
In this experiment, we fabricate vertical GaN-based micro-
LEDs on Si substrates. Considering the triangular symmetry
relationship between the Si (111) and GaN (0001) planes, the
Si (111) substrate is the best choice for the growth of c-plane
GaN [37]. The proposed micro-LED samples are grown
on a patterned Si (111) substrate by a self-developed metalor-
ganic chemical vapor deposition (MOCVD) reactor.
Trimethylaluminum (TMAl), trimethylgallium (TMGa), tri-
methylindium (TMIn), and ammonia (NH3) are used as
source materials during growth for Al, Ga, In, and N, respec-
tively. To overcome the lattice mismatch (17%, aGaN �
0.3189 nm, aSi � 0.3840 nm) and thermal mismatch
(46%, 5.59 × 10−6 K−1 for GaN, 2.59 × 10−6 K−1 for Si) be-
tween the Si substrate and GaN, a 110 nm AlN (aAlN �
0.3112 nm) buffer layer is used on top of the Si substrate
[38]. Subsequently, a silane (SiH4)-based Si-doped N-type
GaN layer is deposited and followed by a low-temperature
GaN (LT-GaN) layer, a superlattice (SL) interlayer (32 periods
of In0.1Ga0.9N∕GaN, 5/2 nm), and eight periods of
In0.3Ga0.7N∕GaN (2.5/13.5 nm) multiple quantum wells
(MQWs). V-pit defects are introduced on the surface of the
MQW layers, enhancing the In component and improving
crystal quality. V-pit enables the active region to transition from
a conventional planar structure to a three-dimensional one by
introducing a horizontal p-n junction in addition to the initial
vertical p-n junction. Coordination of the two directions of the
p-n junction can control the carrier transport paths as well as
the combination position, thus improving the LED perfor-
mance, including emission and light detection [39,40].
Finally, a p-Al0.2Ga0.8N electron blocking layer (EBL) and a
bis(cyclopentadienyl) magnesium (Cp2Mg)-based Mg-doped
P-type GaN layer is grown on the top.

After epitaxial growth, the epitaxial wafer is fabricated into
10 μm × 10 μm, 50 μm × 50 μm, and 100 μm × 100 μm ver-
tical structured micro-LED chips. First, a layer of metallic Ag
with high reflectivity, which has good ohmic contact with
P-GaN, is formed on the Ni-assisted-annealed epitaxial wafer
using an electron beam evaporator [41]. This Ag reflector can
improve not only the efficiency of single-side luminescence as
transmitting, but also the efficiency of single-side detection as
receiving. In addition to this, high impedance complementary
electrodes (CEs, SiO2, or Si3N4) are deposited between the
Ag reflector layer and the P-GaN to limit the area below
the N-electrode and the passivation layer so that no current
can pass through it. CE can significantly improve the light ex-
traction efficiency of LED chips by alleviating current crowding
[38,42]. Next, the wafer is bonded to the heat-conducting Si
submount through the middle bonding layer. Another side of
the Si submount is a metal protection layer. Then, we remove
the Si substrate and AlN buffer layer using a wet etching pro-
cess based on a mixed solution of HF, HNO3, and
CH3COOH, and invert the remaining film such that the
N-GaN layer is up. The n-GaN surface is then roughened,
by immersing it in an 85°C and 20% mass concentration
KOH solution. Before placing the N-electrode, the SiO2

surface passivation layer needs to be grown on the sidewall be-
cause the inductively coupled plasma (ICP) etching in the
micro-LED chip manufacturing process will cause etching
damage near the chip sidewalls. As the LED chip size gradually
decreases, the ratio of sidewalls to the total area of the chip
gradually increases, and the proportion of defects formed by
etching damage gradually increases. These defects lead to a
gradual increase in the proportion of non-radiative recombina-
tion, reducing luminous efficiency, but also the introduction of
new leakage channels to increase the reverse leakage current.
The schematic of the vertical structure of the Si-substrate
micro-LED is shown in Fig. 2(a). Single-side luminescence
based on a vertical structure can greatly improve the lumines-
cence efficiency [38], so it is also expected to greatly improve
the efficiency of light reception. The scanning electron micro-
scope (SEM) images of 10 μm × 10 μm, 50 μm × 50 μm,
and 100 μm × 100 μm micro-LED chips are shown in
Figs. 2(b)–2(d). The white dots on the chip in the figure are
the roughening surfaces of GaN. In the following sections, the
three different sizes of chips will be called 10, 50, and 100 μm
micro-LEDs or μPDs for short.

On the basis of the above micro-LED chips, 4 × 4 LED ar-
rays are manufactured as shown in Fig. 3(a). The center point
pitch of the micro-LED chips is 300 μm. The array is designed
with a common cathode and the output of the cathode is placed
in the center to achieve parallel connection of chips. This
achieves the shortest global current transmission distance
and symmetry. Figures 3(b), 3(c), and 3(d) show the optical
microscope images of 10, 50, and 100 μm micro-LED arrays,
respectively. In the final step, the micro-LED array chips are
connected directly to the heat sink of the holder through
the conductive silver paste. Then, we assemble the lens on the
LED package holder and inject high-transmittance, high-
refractive-index epoxy silicone resin (Dow Corning OE-6662,
refractive index 1.53, transmittance 90%) in the gap between
the lens and the LED package module. Finally, the packaged
micro-LED is heated in a 150°C oven for 1 h while the
silicone cures.

Fig. 2. (a) Schematic of the vertical structure of Si-substrate micro-
LED-based photodetector; SEM images of (b) 10 μm, (c) 50 μm, and
(d) 100 μm chips.
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B. Optical and Electrical Characteristics
We begin by evaluating the optical and electrical characteristics
of three micro-LEDs. Figures 4(a), 4(b), and 4(c) show the re-
sponsivity spectra of 10, 50, and 100 μm micro-LED-based
PDs under different reverse bias voltages, respectively. The
micro-LED chips are illuminated by monochromatic light from
a 250 W xenon lamp (350–700 nm) passing through a mono-
chromator (Newport CS260-USB-2-MT-D). The peak re-
sponsivity of all three μPDs is achieved at 400 nm. As the
reverse bias voltage increases, the wavelength selectivity does
not drift, but only increases the response intensity. The
FWHMs are 87 nm (375–462 nm), 72 nm (382–454 nm),
and 78 nm (382–460 nm) for 10, 50, and 100 μm μPDs,
respectively. Such large wavelength selection ranges greatly

increase the feasibility of μPDs as visible light receivers for
WDM systems.

The emission spectra of micro-LEDs are also measured by a
high-sensitivity spectrometer (Ocean Insight QE Pro-ABS)
under various driven currents, as shown in Figs. 4(d)–4(f ).
The emission peak appears blueshifted as the injected current
increases, which is due to the band filling effect [43]. At low
current density, the emission peak wavelengths are 626, 596,
and 600 nm for 10, 50, and 100 μm micro-LEDs, respectively.
At high current density, they can be 582, 573, and 577 nm,
respectively. The difference between the peak response wave-
length and peak emission wavelength is due to the different
locations of light absorption and light emission.

Figures 5(a) and 5(b) show the current–voltage curve
under the dark condition at reverse bias and forward bias volt-
ages. Three μPDs exhibit dark currents of 1.1 × 10−6 A,
3.5 × 10−8 A, and 8.0 × 10−8 A at −20 V, and the corre-
sponding dark current densities are 1.1, 0.0014, and
0.0008 A∕cm2, respectively. In addition, the turn-on voltage
of all three micro-LEDs is relatively low, probably around
1.74 V. Figure 5(c) shows the photocurrent under 450 nm il-
lumination at −20 V before the electrical amplifier (EA). As the
incident light power increases, the photocurrent continues to
rise. There is a clear separation between dark currents and photo-
currents by up to four orders of magnitude for 50 and 100 μm,
while it is only three for 10 μm. This can provide a sufficiently
high SNR for high-speed communications. Further, considering
that the resistance–capacitance (RC) delay affects the bandwidth,
we measured the capacitance at different reverse bias voltages by
a semiconductor parameter analyzer (Keysight B1500A) as
shown in Table 1. According to the measurement results, the
capacitance of 10 μm μPD is 42.1 pF at −10 V, which corre-
sponds to an RC-delay bandwidth of 75.6 MHz [17], while it is
(59.8, 53.2) for 50 μm and (108, 29.5) for 100 μm. The load
resistance is 50 Ω for all μPDs.

Fig. 3. (a) Schematic of layout for 4 × 4 Si-substrate micro-LED
array; optical microscope images of (b) 10 μm, (c) 50 μm, and
(d) 100 μm micro-LED array.

Fig. 4. Responsivity spectra of (a) 10 μm, (b) 50 μm, and (c) 100 μm micro-LED-based photodetectors; electroluminescence spectra of
(d) 10 μm, (e) 50 μm, and (f ) 100 μm micro-LEDs.
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3. PRINCIPLE AND EXPERIMENTAL SETUP

A. Principle of Operation
DMTmodulation is a straightforward way to achieve real-value
OFDM modulation, especially for VLC [8,34]. The advantage
of multi-carrier modulation is that bit and power loading can be
applied. The Levin–Campello (LC) algorithm is a classical bit
and power joint optimization method that achieves maximum
transmission rate at a certain power [44,45]. Another approach
to improve the spectral efficiencies (SEs) of VLC is to use a pre-
equalization circuit. Experiments have demonstrated that the
modulation bandwidth can be increased from several tens of
megahertz to 400–500 MHz using a suitable circuit, such as
a T-bridge passive resonant circuit [46–48]. However, such
a T-bridge structure circuit is limited by the device bandwidth,
which can pose a hardware challenge when the modulation
bandwidth is increased. Another challenge is that the analog
domain hardware pre-equalization circuit does not facilitate

adaptive changes. Therefore, considering that hardware
equalization is changing the frequency domain response, the
linear digital domain pre-equalizer method is proposed to em-
ulate the hardware pre-equalization circuit. A better data rate
performance with the digital pre-equalizer is experimentally
demonstrated.

The digital signal processing (DSP) implemented in this ex-
periment is shown in Fig. 6. The whole transmission process is
divided into an SNR estimation phase and a bit power loading
phase. A quadratic phase-shift keying (QPSK) signal is used to
estimate the SNR at every subcarrier. The total number of sub-
carriers is 1024, containing the signal (512 subcarriers) and its
conjugate symmetry to form Hermitian symmetry. Zero pad-
ding subcarriers are also utilized in the low-frequency portion of
the signal to avoid the influence of devices similar to a bias tee,
and the number is eight. Before inverse fast Fourier transform
(IFFT), the signal is unsampled by a factor of two. The
generated DMT signal x�t� before the digital pre-equalizer
can be denoted as

x�t� �
XNf −1

k�0

P�k�X �k�ej
2π
Nf

kt
, (1)

where Nf is the product of the total number of subcarriers and
the upsampling factor u. P�k� is the value after power alloca-
tion, and it will be equal to one at the SNR estimation phase.
X �k� is the data on the kth subcarrier.

Then the signal is processed in a digital pre-equalizer process
with the following expression:

Fig. 5. Current–voltage (I -V ) characteristics under the dark condition at (a) reverse bias and (b) forward bias; (c) photocurrent versus incident
light power under the illumination of 450 nm light at −20 V.

Table 1. Capacitance versus Voltage of Micro-LED-
Based Photodetectors

Capacitance

Bias 10 μm 50 μm 100 μm
0 V 43.8 pF 92.6 pF 196.6 pF
−4V 42.5 pF 68.7 pF 137.4 pF
−8V 42.2 pF 61.0 pF 111.5 pF
−10V 42.1 pF 59.8 pF 108.0 pF

Fig. 6. Experimental setup of VLC system utilizing micro-LED-based photodetector.
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x 0�t� � F−1fF�x�t�� ·H preg, (2)

where x 0�t� is the final transmitted signal. F and F−1 denote the
FFT and IFFT. H pre is the digital sampling of the hardware
circuit frequency response H eq in Ref. [49], expressed as

H pre�ω� �
XN−1

k�0

H eq�kωs�δ�ω − kωs�, (3)

where δ is the frequency domain impulse function, ωs is the
sampling angular frequency, and N is the signal data length.

Here, we redefine the hardware parameters by frequency do-
main equalized bandwidth f 0, maximum gain A1, and gain A2

at f 0∕2. The hardware parameters can be expressed as

R4 �
RL

10
A1
10 − 1

, (4)

L1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�R4 � RL�2 − 10

A2
10R2

4

�10A2
10 − 1�

�
4πf 0

3

�
2

vuuut , (5)

C1 �
1

L1�2πf 0�2
: (6)

Here, RL is the resistance of load, and R4, L1, and C1 are the
resistance, inductance, and capacitance, respectively, which are
all key parameters in Eq. (1) of [49].

At the receiver side, standard DMT demodulation is imple-
mented. The channel recovery algorithm is a zero-forcing
algorithm based on the training sequence. During the SNR es-
timation phase, the SNR for each subcarrier is determined by
the constellation point-based error vector magnitude (EVM)
[50]. At the bit power loading phase, the bit error rate
(BER) is calculated after QAM de-mapping.

In the whole experiment, the SNR table used corresponds to
the HD-FEC threshold of 3.8 × 10−3. Therefore, the transmis-
sion rate R with 7% FEC overhead is calculated by the follow-
ing equation:

R � RSampling

2 · u
·
N sub − N zero

N sub

·M SE, (7)

where RSampling is the sampling rate of the arbitrary waveform
generator (AWG).N sub is the signal subcarrier number equal to
512. N zero is the zero-padding subcarrier number equal to
eight. M SE is the average of the number of bits loaded in
the valid subcarriers.

B. Experimental Setup
Figure 6 shows the experimental setup of a 1 m VLC system
utilizing a micro-LED-based PD. The transmitted DMT signal
is generated by an offline MATLAB program and an AWG
(Agilent M8190A). During the whole experiment, the sam-
pling rate of AWG is set from 4.8 to 8.2 GSa/s. A 2.5 GHz
EA (Mini-Circuits ZFL-2500VH+) and a 4.2 GHz bias tee
(Mini-Circuits ZFBT-4R2GW-FT+) are employed to amplify
the signal and drive the 450 nm LD (OSRAM PL450B). The
LD is mounted on a compact optical platform and can be con-
figured to form a tricolor LD [12]. In the entire experiment, we
transmitted 0.5 and 1 m of free space.

At the receiver side, an adjustable neutral density (ND,
Daheng Optics GCO-0702M) filter is used to control the light
power incident into the PD. A lens (Olympus PLN10X/0.25)
is utilized to facilitate the coupling of the optical signal into the
micro-LED. The micro-LED-based PD is driven with reverse
bias voltage provided by a constant-current source (Keithley
2400) and a 4.2 GHz bias tee. The output signal is again am-
plified by a 2.5 GHz EA and then sampled by the oscilloscope
(OSC, Agilent MSO9254A). The sampling rate of the OSC is
set at 5 GSa/s.

The entire DSP section is a standard bit-power loading
DMT based on the LC algorithm, except for the use of a digital
pre-equalizer. The specific processes can be found in the
previous subsection. It is worth mentioning that the digital
pre-equalizer process involves the optimization of specific
parameters since it simulates a hardware pre-equalization cir-
cuit. For example, at a baudrate of 1.8 Gbaud, f 0 is equal
to 1.71 GHz, A1 is equal to 12 dB, and A2 is equal to
0.14 dB in this experiment.

4. EXPERIMENTAL RESULTS AND DISCUSSION

A. System Optoelectronic Performance
First, we investigate the system’s optoelectronic performance
based on the setup in Fig. 6. The transmission distance is
0.5 m to simplify alignment and avoid channel effects on mea-
surement performance. The frequency responses of the system
with three micro-LEDs are measured using a network analyzer
(Agilent N5230C), as shown in Figs. 7(a)–7(c). As can be seen
from the results, the absolute values of the responses of all three
sizes of micro-LEDs increase as the reverse bias voltage rises.
At the same time, the bandwidth is also increasing with the
voltage. The −3 dB cutoff bandwidths are 89.0, 88.8, and
43.0 MHz at −20 V. Since these values are slightly larger than
the RC-delay bandwidth, the bandwidth of our device is lim-
ited mainly by the RC delay. This also means that optimizing
the packaging process is expected to further increase the band-
width. For example, chips can be connected in series to reduce
capacitance. To better compare the bandwidth variation,
Fig. 7(d) shows the −10 and −20 dB bandwidth changes with

Fig. 7. Measured forward transmission gains of (a) 10 μm,
(b) 50 μm, and (c) 100 μm micro-LED-based photodetectors;
(d) 10 and 20 dB bandwidths versus reverse bias.
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reverse bias voltages for three μPDs. As the voltage goes from 0
to −12 V, the bandwidths of all three μPDs keep increasing.
When −12 V is exceeded, the bandwidth improvement gradu-
ally saturates. The trend of this change is related not only to the
enhancement of the electric field and the increase in photocur-
rent, but also to the change of capacitance. The −20 bandwidth
of the 10 μm μPD can be raised from 234 to 732 MHz as the
voltage increases from 0 to −20 V, while it is (234, 822) for
50 μm and (186, 640) for 100 μm. The μPD of 100 μm is
minimum for either −10 or −20 dB bandwidth. This is because
a larger photosensitive surface results in smaller light absorption
per unit area and a smaller photogenerated carrier production
rate when the incident power of light is constant [51]. But for
10 and 50 μm μPDs, the −10 dB bandwidth is almost the
same; 50 μm has a larger −20 dB bandwidth, which corre-
sponds to a better high-frequency response. This is mainly be-
cause the 10 μm photosensitive surface is so small that the
received light spot cannot be reduced to such a small size.
This leads to a waste of part of the light signal. In addition
to this, 10 μm has a higher dark current than 50 μm. This also
leads to an increase in noise, which is more pronounced in the
low-SNR region, such as the high-frequency region.

To further explore the SNRs of the three μPDs, the SNR
performance is measured at 1 GHz bandwidth DMT signal.
The results are presented in the form of box plots in Fig. 8.
It shows the maximum, minimum, median, upper quartile,
and lower quartile of the SNRs of the subcarriers at different
voltages. As the reverse bias voltage increases, the maximum,
minimum, and median SNRs increase for all three μPDs.
The maximum-minimum SNR difference for both 10 and

100 μm is greater than for 50 μm, which is due to the fact that
there has been some degradation in the high-frequency re-
sponse at 1 GHz bandwidth for these two μPDs. Comparing
the box size of the upper and lower quadrants, we can find that
the communication performance of the 10 μm μPD should be
better than the 100 μm one, but much worse than the
50 μm μPD.

B. Performance of High-Speed Communication
System
In this section, we investigate the transmission performances of
μPDs. Figure 9 shows the variation of data rate with the peak-
to-peak voltage (Vpp) and the bias current of an LD at 0.5 m
transmission distance. The sampling rates for 10, 50, and
100 μm are set at 5.2, 7.6, and 5.2 GSa/s, respectively. The
reverse bias voltages of all μPDs operate at −20 V. The oper-
ation range is circled by a black line of 7.1 Gbps for 10 and
100 μm, and 10.6 Gbps for 50 μm. From the results, it is ob-
vious that 50 μm has a better transmission rate. Comparing the
operating range of 10 and 100 μm, it can be found that the
10 μm μPD has a greater dynamic range compared to the
100 μm. This result is also consistent with the results of the
SNR in Fig. 8. According to the measurement results, the op-
timal transmission points of 10, 50, and 100 μm μPD-based
VLC systems are 0.7 V Vpp and 160 mA current, 1.0 V Vpp
and 170 mA current, and 0.7 V Vpp and 170 mA current,
respectively.

Figure 10(a) shows the data rate versus reverse bias
voltage for 10, 50, and 100 μm μPDs. The results demonstrate
that as the bias voltage rises, the transmission rate rises sharply

Fig. 8. SNR versus reverse bias for (a) 10 μm, (b) 50 μm, and (c) 100 μm micro-LED-based photodetectors.

Fig. 9. Data rate versus bias current and signal Vpp for (a) 10 μm, (b) 50 μm, and (c) 100 μm micro-LED-based photodetectors.
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and then tends to level off. Although GaN, as a wideband
semiconductor, can support higher reverse bias voltages to ob-
tain detection gain, in this experiment, the reverse bias voltage
is only up to −20 V to prevent reverse breakdown. According to
the figures, all three μPDs start to enter the saturation zone at
around −12 V.

To analyze the reception performance of μPDs, we measure
the relationship between incident light power and transmission
data rates. The incident light power is controlled by the adjust-
able ND placed in front of the lens. The optical density (OD)
parameter of the ND is 0–1.5, which means that the optical
power can be attenuated to a minimum of 3% of the initial
optical power. An integrating sphere photodiode power sensor
(Thorlabs S142C) is utilized to measure the attenuated optical
power. The results are shown in Fig. 10(b). According to the
measured results, the optimal incident optical power for both
50 and 100 μm μPDs requires only about 60 mW, and higher
optical power cannot improve the transmission rate. For the
10 μm μPD, the transmission rate still increases as the incident
optical power increases. This is because even though the lens
used is already an objective lens, the converged spot may still be
larger than 10 μm, resulting in not all of the incident optical
power being received by the μPD. This also illustrates that

smaller μPD sizes make alignment more difficult. When the
incident light power is minimized to 4.68 mW, the rates of
10, 50, and 100 μm μPDs are 3.65, 6.41, and 4.15 Gbps,
respectively.

We further investigated the relationship between bandwidth
and data rate. To transmit high-speed signals, a digital pre-
equalizer is employed to simulate a hardware pre-equalization
circuit. Figures 11(a)–11(c) show the electrical spectra of the
original signal (without the digital pre-equalizer), transmitted
signal, and received signal. The sampling rates for 10, 50,
and 100 μm are set at 4.8, 7.6, and 4.8 GSa/s, respectively.
The baudrates are 1.2, 1.9, and 1.2 Gbaud, respectively.
Considering zero padding, the effective signal bandwidths
are 0.021–1.2, 0.033–1.9, and 0.021–1.2 GHz, respectively.
As can be seen from the transmitted signal spectrum, the digital
pre-equalizer slightly reduces the low-frequency component
signal, with a 12 dB reduction in the lowest-frequency compo-
nent. Even so, the spectrum of the received signal still shows
that the low frequency is higher than the high frequency. The
result of such a pre-compensation is also taken into account, in
that overcompensation can lead to degradation of system per-
formance [52]. Both the 10 and 100 μm spectra start to drop
off quickly and rapidly around 700MHz, which is roughly near
the −20 dB bandwidth.

Figures 11(d)–11(f ) illustrate the relationship between bau-
drate and data rate. The baudrate ranges from 1.2 to 1.6 Gbaud
for 10 and 100 μm μPDs, and from 1.7 to 2.1 Gbaud for the
50 μm μPD. As the modulation bandwidth increases, the rate
gradually reaches its highest point and then starts to decrease.
The maximum data rate for the 10 μm μPD is 7.58 Gbps with
1.5 Gbaud, while it is 10.81 Gbps with 1.9 Gbaud for the
50 μm μPD and 7.18 Gbps with 1.4 Gbaud for the
100 μm μPD. The BER for each transmission data rate is under
the HD-FEC threshold of 3.8 × 10−3.

Finally, to show the effect of distance on data rate and to
facilitate comparison with related work, a 1 m free space

Fig. 10. (a) Data rate versus reverse bias; (b) data rate versus
incident light power for 10, 50, and 100 μm micro-LED-based
photodetectors.

Fig. 11. Measured electrical spectra for (a) 10 μm, (b) 50 μm, and (c) 100 μm micro-LED-based photodetectors; maximum data rate and BER
versus baudrate at 0.5 m for (d) 10 μm, (e) 50 μm, and (f ) 100 μm micro-LED-based photodetectors.
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VLC transmission experiment is demonstrated using the 50 μm
μPD at 1.9 Gbaud. Figure 12 shows the performance results.
As the transmission distance increases from 0.5 to 1 m, the
transmission rate decreases only slightly, from 10.81
to 10.14 Gbps. The calculated BERs are 3.677 × 10−3 and
3.244 × 10−3, respectively.

The detailed bit and power allocations of 0.5 and 1 m are
shown in Fig. 13. In Fig. 13(a), the achievable average SE is
5.7798 bit s−1 Hz−1, while the mean SNR of subcarriers is
21.01 dB. Due to the digital pre-equalizer, the SNR is relatively
low in the low-frequency region, with the highest SNR

occurring around 200 to 970 MHz. Among all subcarriers, the
highest bit loading is 8 bit s−1 Hz−1, and the lowest bit loading is
2 bit s−1 Hz−1. The constellations of 256-QAM, 128-QAM,
64-QAM, 32-QAM, 16-QAM, 8-QAM, and QPSK are also
shown in the insets of Fig. 13(a). For 1 m transmission dis-
tance, the SE is 5.4226 bit s−1 Hz−1 and the SNR is 19.90 dB,
as shown in Fig. 13(b). Due to the increase in transmission
distance, there is a slight deterioration in performance, with
the highest SNR occurring at only around 225–810 MHz.
Meanwhile, there is one subcarrier that can support only binary
phase-shift keying (BPSK) modulation. The QAM constella-
tion diagrams are also shown in the insets of Fig. 13(b). There
is no BPSK constellation diagram because there are too few
BPSK subcarriers. Figures 13(c) and 13(d) show power alloca-
tions of 0.5 and 1 m transmission distance. The power ratios
fluctuate between 0.72 and 1.19, and the minimum values
occur in the high-frequency part.

To compare the results of recent micro-LED-based PDs, we
have summarized the relevant results, as shown in Table 2.
Neither the sapphire-substrate nor the GaN-substrate μPDs
have achieved transmission rates above 10 Gbps. This is prob-
ably due to the low thermal conductivity of the sapphire sub-
strate when high incident light power is present, which results
in current crowding and current droop. GaN substrates, on the
other hand, have the potential for high speed, but may require
better chip design. In addition, the SE of OOK modulation is
too low compared to OFDMmodulation to achieve high-speed
transmission. Compared with the results for a transmission

Fig. 12. Data rate and BER versus transmission distance for 50 μm
micro-LED-based photodetector.

Fig. 13. SNR and bit number versus frequency at 1.9 Gbaud for (a) 0.5 m and (b) 1 m transmission distance; power ratio versus frequency for
(c) 0.5 m and (d) 1 m.

Table 2. Recent Achievements of Micro-LED-Based Photodetectors

Year Substrate Array Bias
Peak Response
Wavelength FWHM

Modulation
Format

Data Rate
(Gbps) Distance Reference

2018 Sapphire – −3 V 392 nm 34 nm OFDM 3.2 0.5 m fiber and
0.1 m free space

[17]

2019 Sapphire Not mentioned −5 V 405 nm – OOK 0.35 1 m free space [26]
2019 GaN – −10 V 400 nm 40 nm OOK 1.55 1 m free space [27]
2020 GaN – −8 V 400 nm 60 nm BPL-OFDM 7.4 1 m free space [28]
2021 Sapphire Not mentioned −5 V – – OOK 0.06 2.3 m underwater [29]
2021 Sapphire 2 × 4 −5 V – – OOK 0.3 1.25 m free space [30]
2021 Sapphire 2 × 4 −5 V – – OOK 0.54 1.1 m free space [31]
2022 Si 4 × 4 −20 V 425 nm – BPL-OFDM 8.205 0.5 m free space [36]
2022 Si 4 × 4 −20 V 400 nm 72 nm BPL-DMT 10.14 1 m free space This work
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distance of 1 m and transmission rate of 7.4 Gbps [28], the
present work increases the data rate by approximately 3Gbps
for the same transmission distance, using the similar bit power
loading multicarrier modulation method. The 72 nm FWHM
significantly enhances the feasibility of μPDs in VLC systems.
To the best of our knowledge, this is the highest transmission
rate for InGaN/GaN micro-LED-based PDs, and the first time
that a data rate of 10 Gbps has been reached. Furthermore, it is
anticipated that such a high-speed μPD will also be accessible as
a high-speed transmitter, which has the potential to allow the
design of transmitter chips and receiver chips to learn from
each other.

5. CONCLUSION

In this paper, an InGaN/GaN MQW-based vertical-structure
μPD on a Si substrate is proposed as a receiver to achieve a
10 Gbps VLC system with a 450 nm LD. The photoelectrical
performances of our constructed μPDs of three various sizes,
10, 50, and 100 μm, are investigated. At low current density,
the emission peak wavelengths are 626, 596, and 600 nm for
10, 50, and 100 μmmicro-LEDs, respectively. As a receiver, the
peak responsivity of all three μPDs is achieved at 400 nm, while
the passband FWHMs are 87 nm (375–462 nm), 72 nm (382–
454 nm), and 78 nm (382–460 nm) for 10, 50, and 100 μm
μPDs. Unfortunately, the bandwidth of our device is limited
mainly by the RC delay, although this can be addressed
in the future via package optimization and better chip fabrica-
tion. Utilizing the self-designed 4 × 4 50 μm μPD array, a
10.14 Gbps 1 m VLC link is experimentally demonstrated
by bit and power loading DMT modulation and the proposed
digital pre-equalizer algorithm under the HD-FEC threshold of
3.8 × 10−3. This is the first time a transmission rate of more
than 10 Gbps has been achieved using a GaN-based PD, to
the best of our knowledge. These findings reveal that Si sub-
strates and vertical architectures are superior in InGaN/GaN
μPDs, and that they have a lot of potential for high-speed
VLC links beyond 10 Gbps.
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