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To achieve high quality lighting and visible light communication (VLC) simultaneously, GaN based white light
emitting diodes (WLEDs) oriented for lighting in VLC has attracted great interest. However, the overall band-
width of conventional phosphor converted WLED:s is limited by the long lifetime of phosphor, the slow Stokes
transfer process, the resistance-capacitance (RC) time delay, and the quantum-confined Stark effect (QCSE). Here
by adopting a self-assembled InGaN quantum dots (QDs) structure, we have fabricated phosphor-free single chip
WLEDs with tunable correlated color temperature (CCT, from 1600 K to 6000 K), a broadband spectrum, a
moderate color rendering index (CRI) of 75, and a significantly improved modulation bandwidth (maximum of
150 MHz) at a low current density of 72 A/cm?. The broadband spectrum and high modulation bandwidth are
ascribed to the capture of carriers by different localized states of InGaN QDs with alleviative QCSE as compared
to the traditional InGaN/GaN quantum well (QW) structures. We believe the approach reported in this work will
find its potential application in GaN WLEDs and advance the development of semiconductor lighting-commu-

nication integration. ~ © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.392046

1. INTRODUCTION

Visible light communication (VLC) has attracted great atten-
tion in recent years due to its advantages of high security, high
speed, and no RF interference [1,2]. The choice of VLC trans-
mitters has an advantage of being embedded with WLED:s to-
wards the integration of lighting and communication. GaN
light-emitting diode (LED) based semiconductor lighting
has spread and gradually penetrated indoor lighting applica-
tion [3,4]. At present, the widely adopted approach for light-
ing-oriented white LEDs (WLEDs) is to utilize the blue LED
to excite the yellow phosphors (YAG:Ce) [5]. However, the
overall bandwidth of the above-mentioned phosphor converted
WLED is only a few MHz [6], mainly limited by the following
factors: the long lifetime of YAG:Ce phosphor and slow Stokes
transfer process [7]; a resistance-capacitance (RC) time delay of
the broad area WLEDs; the quantum-confined Stark effect

2327-9125/20/071110-08 Journal © 2020 Chinese Laser Press

(QCSE), and the InGaN/GaN quantum wells (QWs) from in-
trinsic piezoelectric polarization filed [8]. Besides, the YAG:Ce
phosphor exhibits some disadvantages of wide emission
spectrum, absence of red spectrum component, large particles
size (~10 pm), color conversion, and phosphors efficiency
droop [9].

Some approaches are proposed to overcome the above-
mentioned limits. Novel color conversion materials are devel-
oped, such as conjure polymer, quantum dots (QDs), and
carbon dots [10-14]. Even though they have a typical short
fluorescence lifetime in the order of several or tens of nanosec-
onds, the performance of WLEDs for lighting with the new
color conventional materials needs to be improved. Micro-
LED is usually used to reduce the RC time delay and release
the polarization field. However, a chip that is too small is not
suitable for lighting applications. Especially what should be
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noted is that the reported VLC oriented micro-LEDs are op-
erated at substantially high current density, normally over
kA /cm? [15], which is obviously not suitable for real applica-
tion due to the severe efficiency droop of micro-LEDs and the
heat dissipation issue. Epitaxial growth on a semi-polar or non-
polar plane is feasible yet the growth process is complicated and
needs to improve the material quality further [16,17].
Structures such as resonant cavity LEDs (RC LEDs) and pho-
tonic crystal LEDs (PhC LEDs) have been studied and the de-
sign and fabrication is also complicated [8,18,19]. Red, green,
and blue tri-color LED chips together can achieve a higher
modulation bandwidth, yet the modulation is complex for
communication [20].

Here we demonstrate a phosphor-free broadband spectrum
single chip WLED by employing a self-assembled InGaN QDs
structure, which exhibits tunable correlated color temperature
(CCT, from 1600 K to 6000 K), a maximum color rendering
index (CRI) of 75, and a large -3 dB modulation bandwidth of
150 MHz at a low current density of 72 A/cm?. Compared to
traditional InGaN/GaN QWs structures, the self-assembled
QD:s can significantly reduce the built-in piezoelectric polari-
zation field, leading to an alleviation of QCSE. The slow
phosphor and Stokes transfer process can be eliminated in this
phosphor-free structure. Furthermore, the quasi-three-dimen-
sional confinement of carriers in the InGaN/GaN QDs inhibits
non-radiative recombination due to the localization effect.
Consequently, our reported InGaN QDs based single chip
WLEDs show potential in meeting both lighting and fast
VLC applications.

9X0.5 nm/3 nm/15 nm
InGaN wetting layer/InGaN QDs layer/GaN
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2. EXPERIMENTS

In our study, the epitaxial growth was on a c-plane (0001) sap-
phire substrate by metalorganic chemical vapor deposition
(MOCVD). The schematic epitaxial structure is shown in
Fig. 1(a), which consists of a 3 pm-thick undoped-GaN layer,
a 3-pm-thick Si-doped n-GaN layer, multiple quantum wells
(MQWs), followed by a 20 nm thick p-AlGaN electron block-
ing layer (EBL) and a 200 nm thick p-GaN layer. A 0.5 nm
thin Ing 46Gag 94N wetting layer was inserted before the InGaN
well layer. A relatively high pressure of 600 mbar was employed
for the following growth of MQWs. Under a high reactor pres-
sure, more organic molecules will be cracked and then depos-
ited on the surface, leading to a shorter mean free path for
indium adatoms on the top of the wetting layer, which pro-
motes the segregation of In adatoms for forming In-rich regions
clusters in favor of 3D growth [21].

The LED devices were fabricated using a conventional mesa
structure method with a chip size of 10 mil x 23 mil. Current-
voltage (I-V) property was measured using a Keithley 2400
source meter. Electroluminescence (EL) spectra were measured
by an integrating sphere. To measure the electrical -3 dB band-
widths of the LEDs, an AC small signal from port 1 of a Agilent
network analyser (NA) (E5061B) was added to a DC bias using
a bias tee and then to drive the LED. Output light was colli-
mated by a transmitter lens and focused by a receiver lens,
which was then detected by a high-speed 1.2 GHz PIN photo-
detector (Newport 818-BB-21A) and sent to port 2 of the NA
to analyze the frequency response of the LED.
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3. RESULTS AND DISCUSSION

The high resolution transmission electron microscopy (HRTEM)
image of MQWs region is shown in Fig. 1(b) where the alternately
stacked layers of bright and dark represent GaN quantum barriers
(QBs) and InGaN QWs, respectively. In QWs, it can be clearly
observed that the dark dots with inhomogeneously and randomly
distributed size and shape are considered to be InGaN QDs
(as indicated by the red mark). This is due to a serious indium
phase separation as well as an indium compositional fluctua-
tion in the high indium component InGaN QW, resulting in
InGaN QDs self-assembled in the InGaN matrix by the InGaN
clustering effect. The average indium content is estimated to be
about 39% by high-resolution X-ray diffraction (HRXRD) w-26
measurements shown in Fig. 1(c). The surface morphology of
uncapped InGaN QDs can refer to Ref. [21], with density to
be ~10'° cm™? and diameter to be ~70 nm. Satellite peaks are
observed, confirming the periodic characteristics of MQWs. The
absence of sub-satellites peaks reveals that the QW/QB interfaces
are disturbed due to In fluctuation. The full width at half maxi-
mum (FWHM) of (0002) and (10-12) planes w-scan rocking
curves is 302.2 arcsec and 328.4 arcsec, respectively [Fig. 1(d)].

The optical properties of the InGaN QDs were studied us-
ing temperature dependent photoluminescence (TDPL) and
time-resolved photoluminescence (TRPL). Figure 2(a) shows
the TDPL spectra from 10 K to 300 K. The corresponding
peak emission wavelength and the FWHM of spectra are plot-
ted in Fig. 2(b). There is a weak red shift at 50 K and a mo-
notonical blue shift from 574.5 nm to 570.5 nm, with the
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temperature increasing from 50 K to 300 K. Different from
the traditional InGaN/GaN QWs, the blue shift of the emis-
sion peak with the increasing temperature can be regarded as
strong evidence of a carrier localization effect [22-24]. When
the temperature is very low (5 K), carriers are considered im-
mobile, so they can overcome the potential fluctuations and
relax rapidly into the local minimum potential with the increase
of temperature, resulting in an initial red shift of the emission
peak. As temperature continues to increase, the band filling ef-
fect in the deep localization states is gradually enhanced, and
the carriers are delocalized to escape from potential minima,
resulting in a blue shift of the emission peak and the increase
of FWHM. In our sample, the blue shift of emission peak and
the increase of FWHM were relatively small, indicating that
only a small part of the carriers escaped from the potential min-
ima. The internal quantum efficiencies (IQEs) are calculated to
be 30% [25,26], which is relatively high for InGaN based
LEDs with high In content. The PL decay curve at 300 K
is shown in Fig. 2(c), and can be fitted well by a double-
exponential function [27,28]:

I(1) = A, exp(-t/71) + A, exp(-t/7,), (1)
where /(#) is the PL intensity, A, and 4, are constants, and 7,
and 7, represent the fast and slow decay time, respectively.
According to the fitting result, 7; is 3.8 ns and 7, is
76.8 ns. The electrical -3 dB bandwidths can be expressed sim-
ply as follows [29]:
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where 7. is the effective carrier lifetime, and 1/74 =
1/7y 4+ 1/7,. Therefore, it can be obtained that the corre-
sponding -3 dB bandwidth is 76 MHz, which is higher than
the bandwidth of broad-area blue LED (~10 MHz).
Current-voltage and optical power characteristics of the
InGaN QDs LED:s are depicted in Fig. 3(a). The turn-on volt-
age is estimated to be about 2.0 V, and the leakage current is
~0.9 nA at a reverse bias of -5 V. The output optical power
increases almost linearly with the increased current and is sa-
turated at around 100 mA; this is beneficial toward highly re-
liable VLC application. Figure 3(b) depicts the EL spectra with
injection current varied from 2 mA to 150 mA. A red emission
peak of 615 nm dominates in the spectrum at 2 mA. As
the injection current increases from 5 mA to 20 mA, the
EL spectra broadens towards the shorter wavelength, with green
(~550 nm) and blue (~480 nm) emission peaks appearing
successively. When the injection current continues to increase
from 20 mA to 100 mA, the emission peak intensities of red,
green, and blue are unambiguously enhanced, and the peak po-
sitions are located at ~590 nm, ~530 nm, and ~470 nm
under 100 mA, respectively. The significant blue shift of the
emission peak was ascribed to the band filling of the carrier
localization states. When the injection current is above
100 mA, the blue component decreases as the current increases
due to possible delocalization. The position and intensity ratio
of each peak vary versus the injection current, as shown in
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Figs. 3(c) and 3(d), respectively, and the mechanism is illus-
trated in Fig. 4. At a low current injection from 2 mA to
30 mA, the carriers would not fill the localization states; all
emission peaks present obvious blue-shift due to the band fill-
ing effect. Meanwhile, the red component decreases rapidly
while the green and blue components increase rapidly, indicat-
ing that the carriers are continuously filling the high energy
localized state by delocalization. As the current continues to
increase, the red peak still blue shifts, but the green and blue
peaks remain almost constant. This is because the deep locali-
zation centers have lower energy states, making the band filling
effect more obvious. The blue component reaches a maximum
of 40.6% at 50 mA. When the injection current is above
50 mA, the blue and green components begin to decrease
gradually, while the red component increases gradually.
Then the blue component decreases significantly and the
red component is just the opposite, above 90 mA. This is be-
cause the shallow localization centers have a weaker restriction
on the carriers than the deep localization centers, which leads to
more carriers not being captured by the shallow localization
centers when the large current is injected. Figure 3(e) shows
the EL photos under different injection currents with the sam-
ple mounted on a lead frame substrate. Especially, with the in-
jection current increasing from 5 to 150 mA, it gradually
changes from blond to white, suggesting good electrically
driven color-tunable characteristics, without introducing any
color conversion material.

The CIE-1931 chromaticity coordinates of the single chip
WLED at various currents are shown in Fig. 5(a). Chromaticity
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Space
Fig. 4. Schematic illustration of the carrier recombination mecha-

nism of InGaN QDs based single chip WLED.

coordinates initially show a trend of shifting to the blue-green
region, and then show a trend of a green-red shift at 50 mA,
which is consistent with the variation in EL results for the var-
ied injection current. Figure 5(b) shows the CCT and CRI of
single chip WLED. At low current, the CCT is low due to the
dominant red and yellow light and increases when the blue-
green light component gradually increases. When the current
exceeds 90 mA, CCT begins to decrease, indicating that the
short wavelength component begins to decrease in spectrum,
which is consistent with the EL spectrum in Fig. 3(b).
Simultaneously, such a broad spectrum also maintains a CRI
value above 70 across 10-120 mA range, which is beneficial
for achieving warm white light with an adjustable CCT.
The frequency response characteristics of a single chip
WLED are shown in Fig. 6(a). Figure 6(b) summarizes the
-3 dB modulation bandwidth of single chip WLED versus in-
jection current density. It shows that the bandwidth of the sin-
gle chip WLED LED is much higher than that of the
conventional WLED (a few MHz) or even the blue chip
(10-20 MHz) [30,31], indicating a much faster recombination
rate of carriers in InGaN QDs than that in InGaN/GaN plane
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Fig. 5. (a) CIE-1931 chromaticity coordinates.
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QWs. This is mainly attributed to the smaller QCSE of
InGaN/GaN QDs compared to the InGaN/GaN plane
QWs. As the current increases, the modulation bandwidth in-
creases, reaching a maximum of 150 MHz at 0.072 kA/ cm?
(90 mA). The relatively large -3 dB modulation bandwidth
obtained here is thus much more practically meaningful to in-
tegrate lighting and VLC. The modulation bandwidth of the
single chip WLED decreases at 100 mA, mainly due to leakage
of carries, and thus the decrease of the carrier density and the
carrier differential lifetime.

To further reveal the bandwidth variation of our WLED:s,
the frequency response function of the single chip WLED was
established. Here, the expression of AC small signal response
for conventional LED is

Pu(2) = P._oH (@) exp(jwr), 3

where P,(¢) is the time dependent optical power of LED under
AC small signal modulation, P, q is the optical power of LED
without small signal, exp(jwr) is complex-exponential func-
tions, and H (w) is the frequency response function of the
LED chip. If the carrier lifetime in LED is 7., H.(®) can
be expressed as H (w) = 1/(1 + jwr,). For our single chip
WLED, there are several different localized states that corre-
spond to several different carrier lifetimes, assuming the car-
rier lifetimes of red, green, and blue components are 7,, 7,,
and 7, respectively. Similarly, the frequency response func-
tions are H,(w) = 1/(1 + joz,), H,(w) = 1/(1 + jor,),
and H,(w) = 1/(1 + jowt,). Therefore, the AC small signal

response for each component is

P,(t) = P, oH,(0) exp(jor), 4

Py(1) = P, oH () exp(jwr), (5)

Py(t) = Py oH (@) exp(jowr), (6)

where P,(2), P,(2), Py(¢), and P, o, P, o, P, o are the optical
power of the red, green, and blue components with and
without a small signal, respectively. The total optical power
P, o of single chip WLED is equal to the sum of the optical
power of each component. So, the optical power ratio of the
red, green, and blue components to the total optical power
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can be expressed as x =P, /Py 0, ¥ = Py o/Pu o 2=
P, o/P,o=1-x-y. An AC small signal response of the
single chip WLED is
Pw(t) = Pr(t) + Pg(t) + Pb(t)
= P, oH.(w) exp(jor) + P, o H (o) exp(jewr)
+ Py oH (@) exp(jor)
= Pw_O[xHr(w) +}/Hg(w)
+ (1 -x - y)H ()] exp(jewr). (7)

Now, the frequency response function of the single chip
WLED is

H (@) = x/(1+ jor,) + y/(1 + jor,)
+ (1=x=)/(1 + jor,). ()

When |H,,(2zf)| = 1/2, the corresponding frequency is de-
fined as the -3 dB modulation bandwidth of the single chip
WLED, which is mainly related to 7,, Ty Tpy X and y.
When the carriers are not filled with the shallow localized states,
Tp Tgr and 7, are continuously decreasing as the current in-
creases, resulting in an increased bandwidth. However, when
the carriers have filled the shallow localized state and continue
to increase the current, more carriers would not be captured by

the shallow localized state. Since the shallow localized states
have a weaker confinement effect on the carrier, the carriers
are easily leaked and transport to the deep localized states at
large injection current, leading to increase of 7, and decrease
of 7,, 7, and x. In addition, the shallow localized center rep-
resents a small-sized QD, the corresponding well width is nar-
rower, and the probability of the electron-hole wave function
overlapping is higher, so the rate of carrier recombination in the
shallow localized centers is higher than that in the deep local-
ized centers. Therefore, the increased 7, and the decreased x are
the main reasons for the decrease in bandwidth above
72 A/cm? (90 mA). This is also consistent with the trend
of the EL spectrum and chromaticity coordinates as a function
of current. Although in the case of high current injection, the
enhancement of Auger recombination will increase the recom-
bination channel of carriers, resulting in the increase of band-
width, for our single chip WLEDs, the bandwidth shows a
decrease at large current, indicating that the carrier leakage
has a greater impact on the bandwidth. Figure 6(c) shows
the EL spectrum of single chip WLED at 72 A/cm?
(90 mA). The emission spectrum covers almost the entire vis-
ible wavelength range from 400 nm to 750 nm, resulting in
white emission as shown in the inset, with a CCT of
6253 K and a CRI of 72. This indicates that when our single
chip WLED reaches the maximum bandwidth, it is also
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(a) The BER and (b) eye diagram versus the data rate of single chip WLED at 72 A/cm? (90 mA).

suitable for general lighting, which is significantly meaningful
for the single chip WLED to achieve lighting and high-speed
communication simultaneously.

Furthermore, the bit error rate (BER) versus the data rate of
the single chip WLED at 72 A/cm? (90 mA) was tested by
using a non-return-to-zero on-off-keying (NRZ-OOK) modu-
lation scheme as shown in Fig. 7(a). The BER increases when
the data rate increases. Since our test system cannot measure the
BER above 1074, the maximum data rate can reach 127 Mbps
with corresponding BER of 7.68 x 1073, which is below the
forward error correction (FEC) threshold of 3.8 x 1073,
Figure 7(b) presents the eye diagrams at data rates of 50
and 127 Mbps, respectively. It can be seen that the eye diagrams
are open yet noisy, which may come from the VLC channel
noises and a relatively low signal-to-noise ratio.

Table 1 lists and compares the bandwidth and chromaticity
parameters of GaN-based WLEDs reported in recent five years.
The reported micro-sized WLEDs are unambiguously and
purposely electrically operated at a substantially high current
density of kA/cm? level, to attain a low differential lifetime
and thus a larger modulation bandwidth. However, this should
undoubtedly lead to serious efficiency droop and heat dissipation
problems. Although some novel color conversion materials (such
as QD) are proposed to replace phosphors, their stability is poor
and the fluorescence lifetime of color conversion material is still
longer than the carrier recombination lifetime of LED chips, re-
sulting in the fact that color conversion material always limit the

bandwidth of WLED:s. If the better chromaticity parameters are
to be obtained simultaneously, one color conversion material is
usually not enough and the increase in the type of conversion
materials will further limit the bandwidth of WLED.
Therefore, our proposed InGaN QDs based single chip
WLED not only overcomes the limitation of color conversion
material, but also improves the carrier recombination rate, real-
izing a wide spectrum and a high bandwidth WLED at low cur-
rent density, potentially capable of being the candidate for
realizing high-quality lighting and VLC simultaneously.

4. SUMMARY
To conclude, by adopting the self-assembled InGaN QDs

structure, we have fabricated phosphor-free broadband spec-
trum single chip WLEDs with tunable CCT (from 1600 K
to 6000 K) covering regular white to warm white and a maxi-
mum CRI of 75. In particular, the -3 dB modulation band-
width of single chip WLEDs can be as high as 150 MHg,
much higher than that of the phosphor converted WLED (a
few MHz) and blue chip (10-20 MHz). The bit error rate
(BER) versus the data rate is further investigated. The broad-
band spectrum and high modulation bandwidth are ascribed to
the injected carriers captured by the different localized states of
InGaN QDs with alleviative QCSE as compared to the tradi-
tional InGaN/GaN QW structures. We believe the approach
demonstrated in this work will advance the development of
GaN WLEDs based lighting-communication integration.

Table 1. Comparison of the Characteristics of GaN-Based WLEDs

A (nm) Current Density Conversion Material CCT (K) CRI Bandwidth (MHz) Refs.
445 1.1 kA/cm? Perovskite QDs — — 85 [11]
470 20 kA/cm2 CdSe/ZnS QDs 10,000 —_ 637.6 [15]
460 — CdSe/ZnS QDs — — 9.8 (7]
460 — Phosphor — — 3.6 (7]
450 — AglnS, /ZnS QDs —_ 85 5.4 [32]
486 4.59 kA/cm? Phosphor — — 127.3 [33]
400-750 0.07 kA /cm? No phosphor 6253 72 150 This work
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