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Research on the Application of Blended Teaching in Electric Circuit Teaching
Practice
HUANGY Yong, XIANG Dan, WANG Xiao—jun, ZHUANG Quan, CHENG Jun—tang
(Guangdong Polytechnic Normal University, Guangzhou Guangdong 510665)

Abstract: Electric Circuit is an important basic course for undergraduate majors such as automation,
electronic information and so on. Both teachers and students believe that the course is difficult, and students
have difficulties in mastering its theoretical contents and practical skills. In the teaching practice, by analyzing
the basic knowledge and complex physical problems, the contents of each chapter required by the circuit are
integrated and decomposed into the necessary mathematical tools and basic physical knowledge that must
be mastered. After students master the necessary basic knowledge, blended teaching is applied by using
multimedia teaching, simulation software, blackboard derivation in the classroom teaching. It is proved this
teaching method can enhance students' confidence and interest in learning as well as their learning effect.

Key words: Electric Circuit; interest in learning; simulation software

(k&% 727)

Fundamentals of Industrial Robot Technology Curriculum Development Based
on Work Process in Secondary Vocational Schools
XU Lan-ying', MAO Shi-jie', HE Bao—-lan', ZHAO Peng', WU Qiang”

(1. School of Mechatronic, Guangdong Polytechnic Normal University, Guangzhou Guangdong 510665; 2. School
of Automobile and Transportation Engineering, Guangdong Polytechnic Normal University, Guangzhou Guangdong
510665)

Abstract: To produce the market suitable talents, the present study proposes a curriculum development
approach based on work process for the specialty of Industrial Robot, to be specific, for the course of
Fundamentals of Industrial Robot Technology. The practice is achieved through the in—depth survey with
enterprises and secondary vocational schools, which results in defining typical work tasks and the teaching
design based on work process by analyzing inductive action areas in these work tasks, the conversion of the
learning areas, the design of visual learning context. The defined course goals, the process of the course
development and the teaching evaluation are all revealed in this study to provide practical experiences for the
curriculum development in related field.

Key words: work process; industrial robot; curriculum development
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ABSTRACT Past studies have demonstrated the positive impact of step-graded p-type Al,Ga;_,N/GaN
superlattice (SL) electron blocking layer (EBL) structures on the efficiency performance of ultraviolet (UV)
GaN-based light-emitting diodes (LEDs). However, the optimal Al-grading structure of these SL. EBLs
remains unclear owing to a lack of systematic investigation. The present work addresses this issue by
applying EBL composed of alternating half-peak, single-peak, and double-peak p-type Al,Ga;_,N/GaN SL
structures with varying values of x ranging from 0.05 to 0.15 in 0.05 step increments. Simulation analysis is
employed to obtain the internal quantum efficiency (IQE), energy band diagrams, polarization compensation
factor, hole concentration, and electron concentration of GaN-based UV LEDs with three different SL-
EBL structures. The results obtained at an injection current of 200 mA demonstrate that UV LEDs with
double-peak SL-EBL structures provide the maximum IQE, which is ~38% greater than that of devices
employing the conventional EBL in simulation experiment. This SL-EBL is demonstrated to improve the
hole injection and electron overflow performance of GaN-based UV LEDs owing to the polarization charge
and lattice mismatch at the p-Al,Ga;_,N/GaN interfaces. The reduced Al composition on the p-GaN side
reduces the potential barrier of hole injection. Moreover, the predicted increase in the IQE of GaN-based
UV LEDs with the optimal SL-EBL is verified experimentally.

INDEX TERMS Light emitting diodes, ultraviolet sources, superlattice electron blocking layers.

I. INTRODUCTION

Ultraviolet light-emitting diodes (UV-LEDs) have generated
intensive interest due to their many advantages compared to
conventional UV mercury lamps, as well as their wide appli-
cability in numerous applications such as in water purifica-
tion, medical treatment, analytical sensing and high-density
optical storage devices [1]-[4]. Among the many developed
UV LED technologies, GaN-based UV LEDs have attracted

The associate editor coordinating the review of this manuscript and

approving it for publication was Leo Spiekman
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considerable attention owing to their direct bandgap, high
electron saturation mobility, and large optical power output
density [5], [6]. One of the most prominent advantages of
GaN based UV LED technology is observed in AIGaN/GaN
quantum well (QW)/quantum barrier (QB) heterostructures
with different Al contents [7], [8]. However, the polarity
of Ga-N covalent bonds generates electric dipole moments,
which have a strong spontanecous polarization effect, lead-
ing to the formation of a built-in polarization field in GaN
crystals. Accordingly, GaN-based UV LEDs suffer from var-
ious problems such as efficiency droop, electron leakage,
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nonuniform carrier distributions, and light extraction effi-
ciency (LEE). All of these efficiencies are responsible for the
low EQE of AlGaN UV LEDs [9].

This issue has been addressed by applying a p-type
AlGaN electron blocking layer (EBL) to prevent the electron
overflow, which has resulted in increased external quan-
tum efficiency (EQE) and optical power output [2], [10].
Other studies have applied p-type Al,Ga;_,N layers with
step-graded values of x as EBLs in GaN-based LEDs. For
example, the application of an EBL composed of three thin
p-type Al,Gaj_,N layers with step-graded values of x =
0.04, 0.08, and 0.12 was found to limit the observed droop in
the EQE to just 29% less than its initial value, while the appli-
cation of a 50 nm thick p-type Aly 1¢Gag.34N EBL exhibited
a corresponding decrease of 44% [11]. In addition, the appli-
cation of double-sided, step-graded AlxGa;_xN EBL, with x
being 5%, 10%, and 15% and a step width of 4 nm along each
growth direction (from the last QW to p-AlGaN), improves
internal quantum efficiency (IQE), optical output power, and
nearly eliminating the droop in the IQE [12]. While these
past studies have demonstrated the beneficial impact of step-
graded Al,Ga;_,N EBLs on the IQE droop of GaN-based
LEDs, absolute enhancements in the IQE and optical output
power of the devices remain limited because hole injection is
affected by the downward band-bending induced by the seri-
ous polarization at the interface between the EBL and the last
QB of the LED [13], [14]. This issue has been addressed by
the application of AIGaN/GaN superlattice (SL) structures as
EBLs. For example, the application of an EBL composed of a
p-type AlGaN/GaN SL with a graded Al doping composition
was demonstrated to enable better hole injection and reduced
electron leakage [15]. Analyses of LED devices with dif-
ferent AlGaN-based EBL materials have demonstrated that
the Al component provides an important contribution toward
their electron overflow suppression effect due to the resulting
polarization field in the EBL [16]. Efforts to improve the hole
injection and confine electron overflow in UV LEDs have
led to the application of double-side step-graded SL-EBL
(DSGS-EBL) structures [2]. Here, the DSGS-EBL structure
was demonstrated to increase efficiency and optical power
output due to the formation of effective conduction band
barrier height, which prevented electron overflow into the
p-type region. Zhang and Yin [17] investigated two types
of AlGaN/GaN SL-EBL structures in GaN-based LEDs, and
found that the SL-EBL with a step-graded Al molar fraction
markedly decreased the efficiency droop. Lin et al. [18]
reported that the application of an AIGaN/GaN SL-EBL in
GaN-based LEDs markedly enhanced the optical power out-
put by as much as 60%. While the above-discussed studies
have demonstrated the optimal Al-grading structure of these
SL-EBLs, the mechanism remains unclear owing to a lack of
systematic investigation.

This paper addresses this issue by evaluating the per-
formance of GaN-based UV LEDs with alternating half-
peak, single-peak, and double-peak p-type Al,Ga;_,N/GaN
SL-EBL structures with x values ranging from 0.05 to 0.15 in
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FIGURE 1. Schematic diagrams of the GaN LED with four structures of
EBL.

increments of 0.05. Simulation analysis employing Advanced
Physical Models of Semiconductor Devices (APSYS) soft-
ware [16] are employed to obtain the IQE values, optical
output power, and energy band diagrams of the LED struc-
tures. The results obtained demonstrate that GaN-based UV
LEDs with the double-peak SL-EBL structures composed of
double-peak step-graded Al composition SL EBL provide
IQE values that are markedly greater than those of devices
employing conventional, half-peak and single-peak SL-EBL
structures. Moreover, the predicted increase in the IQE of
GaN-based UV LEDs with the optimal SL-EBL structure is
verified experimentally.

Il. SIMULATIONS AND EXPERIMENTS

The structure of the multiple QW LEDs employed in the
numerical analyses is illustrated in Fig. 1. The epitaxial
layers consisted of the following: 1) a 50 nm thick undoped
AIN buffer layer on a c-plane sapphire substrate; 2) a 2 um
thick n+4-doped Alp ¢5Gag 35N contact layer with an Si dop-
ing of 5 x 1018 ecm™3; 3) six AlgusGagssN QWs sepa-
rated by seven 11 nm Alys5GagasN GaN QBs; 4) p-type
SL-EBLs with p doping of 9 x 10'® cm™3; 5) a 0.1 um
thick p-type GaN contact layer with Mg doping of
2 x 10 cm™3 provided by Cp,Mg; 6) a 80 nm trans-
parent conductive indium-tin-oxide (ITO) layer for current
spreading. In addition, the different p-type EBL structures
considered are presented in Figs.1 (a)-(d). Here, the thickness
of an individual p-type Al,Ga;_,N layers is denoted as
a, and the thickness of an individual p-type GaN layers is
denoted as b. The effects of different values of a and b were
investigated. In addition, the Al concentrations of the indi-
vidual Al,Ga;_,N layers in the Al,Ga;_,N/GaN SL-EBL
structures are given, where structure A was composed
of  Alp.p5Gag.osN/GaN/Alp 10Gag 9goN/GaN/Alg 15Gag 85N,
structure B was composed of AlgosGag.95N/GaN/
Alp 10Gag.9oN/GaN/Alg 15Gag gsN/GaN/Alg 10Gag 9o N/GaN/
Alg.05Gag 95N, and structure C was a concatenation of two
structure B SL-EBLs. In structure D, we evaluated its
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performance which is a conventional EBL that was a 10 nm
thick p-type Alp.15Gag gsN EBL, for comparison.

The band diagram, as well as electrical and opti-
cal properties, were calculated in the simulations by
the Poisson’s equation, the Schrodinger equation, and
the carrier transport equations. The Schockley-Read-Hall
(SRH) lifetime within quantum wells was estimated to be
100 ns. The Auger recombination coefficient was set to
1 x 1073%m=®/5 [19], [20]. The built-in interface polariza-
tion charges were calculated with the methods proposed by
Fiorentini et.al [21]. The band offset ratio (r = AEc/AE,)
was varied between 0.5 and 0.60 to accommodate the alter-
nating step-graded Al composition of x = 0.05 — 0.15 in
accordance with previously proposed practices for AlGaN
and InGaN material systems [22], [23].

The experiments employed multiple QW LEDs grown on
c-plane sapphire substrates by metal-organic chemical vapor
deposition (MOCVD). The buffer layer, active layer, three
types of SL EBL, and the conventional EBL of the devices
were consistent with the finite element design. The growth
temperature of the EBLs was 970 °C, and that of the other
layers was 780 °C. The ITO film was deposited by magnetron
sputtering and then a metal conductive coating (Pad; Fig. 1)
consisting of Cr/Al/Cr/Ti/Au layers with respective thick-
nesses of 2/200/25/45/2000 nm was applied. In this electrode
structure, Cr serves as an adhesion layer, Au serves as an
excellent conductive and anti-oxidation layer, and the Al and
Ti electrodes are included to improve the reliability of the
devices. Finally, the diameter of the cylindrical LED mesa
was 200 pm.

Ill. RESULTS AND DISCUSSION

The spontaneous polarization of GaN will be aligned along
the [0001] direction because the epitaxial growth of GaN
is in the c-plane direction of the sapphire substrate [24].
As such, the spontaneous polarization density of GaN can
be given as

P GaN

C13
= (e31 — —e33)€| (D
) 24y4 C33

where e31, €33, c13, and c33 are the relevant piezoelectric
and elastic constants for GaN, and g1 is the strain tensor.
The relationship between the polarization charge pp and the
magnitudes of the spontaneous polarization Pg, and piezo-
electric polarization Pp, densities of the individual layers of
Al,Gaj_,N/GaN heterojunctions are given as follows.

rp = Psp(Aleal—xN) - Psp(GaN) + Ppe(Aleal—xN) 2

The polarization charge density oj,; per electron charge e
at the Al,Ga;_,N/GaN heterojunction interfaces and the
electron sheet concentration ng in the two dimensions can be
respectively approximated by

opot/e = —2[e31 — (c13/c33)e331(agan /aav — 1)x
+ P — P @
ng = = — (eaigan /de*) ey + Ep — AE:) + ENd
“4)
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FIGURE 2. Simulated IQE values obtained for LED devices with an SL-EBL
conforming to Structure A (i.e., a half-peak structure) operating at an
injection current of 200 mA as a function of GaN layer thickness b with
the AlGaN layer thickness a varied from 1-5 nm.

Here, agqn and agy are the lattice constants of GaN and
AIN, respectively, the values Py, , accompanied by super-
scripts GaN and AlGaN denote the spontaneous polarization
densities of GaN and AlGaN calculated based on Eq. (1),
respectively, 4/Gqy 1s the dielectric constant of Al,Gaj_xN,
d is the thickness of the Al,Ga;_,N barrier layer, ¢ is
the Schottky barrier height of Al,Gaj_,N, EFr is the Fermi
energy, AE, is the conduction-band offset ratio, and Ny is the
donor concentration. It was confirmed that the two- dimen-
sional (2D) carrier concentrations calculated from Egs. (2),
(3) and (4) at low to moderate Al concentrations
(i.e., x < 0.20) were in very good agreement with those
expected to arise from the combined effects of spontaneous
and piezoelectric polarization [24].

We first evaluated the simulated IQE values obtained for
a LED device with a SL-EBL in structure A at an injection
current of 200 mA as a function of the GaN layer thickness
b with the AlGaN layer thickness a varied from 1-5 nm.
The results are presented in Fig. 2. We note that the IQE
of the LED devices reaches maximum values in the range
of 16% to 21% with varying b when @ = 1 nm. This is
accompanied by a high 2D electron sheet concentration in the
AlGaN/GaN heterostructures, and the electrons are very close
to the AlGaN/GaN interfaces. We also note that a decreas-
ing QB-EBL thickness leads to a significant increase in the
transconductance [25]. Therefore, the thickness of AlGaN in
EBL is 1 nm in the subsequent simulations and experimental
prepared device.

The simulated curves reflecting the IQE versus the injec-
tion current and the injection current versus voltage (I-V)
obtained for LED devices with an SL-EBL conforming to
structure A for various values of b and a fixed value of
a = 1 nm are presented in Figs. 3(a) and (b), respectively.
As shown in Fig. 3(a), the IQE increased with increasing b
at an injection current ranging from 100 to 250 mA. The I-V
curves exhibit a leftward shift for b values in the range of 1
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FIGURE 3. Simulated results obtained for LED devices with an SL-EBL in
structure A for various of GaN thickness with a fixed 1 nm AlGaN; (a) IQE
versus injection current; (b) inject current versus voltage (I-V).

to 3 nm, but further increases in b lead to a rightward shift.
When the thickness of GaN increased from 1 to 3 nm, the
polarization effect at the interface will be enhanced and hole
injection improved, so the turn-on voltage will decrease and
the I-V curves show the left shift. But when the thickness
continues to increase, the injected carriers do not continue
to increase, and the turn-on voltage increases for the device
thickness greatly increased, so the curves show the right shift.
Accordingly, we can conclude that » = 3 nm is the optimal
value. Therefore, a value of b = 3 nm was applied in all
subsequent simulations.

The simulated IQE-current curves and the optical power
output versus injection current curves obtained for LED
devices with an optimally designed SL-EBL conforming to
structure A for various values of the EBL polarization com-
pensation factor p in the range of 0 to 0.6 are presented in Figs.
4(a) and (b), respectively. The figures clearly indicate that the
IQE and optical power output of the LEDs with the half-peak
SL-EBL decrease as p increases from 0 to 0.6. Polarization
arises at the AIGaN/GaN interfaces due to the different lat-
tice constants of the materials, which generates tensile and
compressive stresses that deform the lattice to form additional
dipole moments by separating positive and negative charge
centers [26], [27]. In addition, high-quality epitaxial growth
of AlGaN materials is difficult to achieve due to the severe
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FIGURE 4. Simulated (a) IQE curves and (b) current-optical output power
curves of the LEDs EBL polarization compensation factor of 0 to 0.6 in
structure A.

lattice mismatch and thermal expansion coefficient mismatch
between AlGaN and the sapphire substrate, which results in
AlGaN layers with high threading dislocation density (TDD)
values. Therefore, these crystalline defects limit the extent to
which the value of p can be reduced [13]. Accordingly, all
subsequent simulations employed a value of p = 0.2.

The simulated I-V curves, IQE-current curves and
current-optical output power curves obtained for LED devices
having SL-EBL structures conforming to the three optimally
designed structures A—C and the conventional EBL struc-
ture D are presented in Figs. 5(a), (b), and (c), respectively.
As shown in Fig. 5(a), the I-V curves of the LED devices
with the three SL-EBL structures A to C progressively shift
rightward owing to the increasing overall thickness of the SL-
EBLs. In addition, we note that the thickness of structure
D lies between those of structures A and C. Therefore, the
I-V curve of the LED device with EBL structure D also
lies between those of the LED devices with SL-EBL struc-
tures A and C. As shown in Fig. 5(b), the IQE values at
an injection current of 200 mA are 21.7%, 24.7%, 26.9%,
and 19.7% for LEDs with EBL structures A, B, C, and D,
respectively. Accordingly, the IQE value obtained for the
LED device employing structure C was ~24% greater than
that obtained when employing structure A. Moreover, the

65249



IEEE Access

Y. Huang et al.: Improved Performance of GaN-Based Ultraviolet LEDs With EBLs

3501 ' ' [ E
(a)
300 E
~
g 250+ — Structrue A |
=~ 200 — Structrue B
= ) ——— Structrue C 1
e — Structrue D
= 150 :
=
O 100 1
50 .
0 T T T
1 2 3 4
Voltage (V)
0.4+ (b) Structure A
Structure B
— Structure C

03 Structure D

0.2 1

0.1+

Internal quantum efficiency (%)

0.0 T T T T T T T
0 50 100 150 200 250 300 350

Current (mA)
z 5, ©
30 1
g —— Structure A
A
- — Structurc B
g —— Structure C
8. 204 — Structure D
-
=
=%
N
=
S 10
=
13}
=
[=H
o
0 T T T T
0 50 100 150 200 250
Current (mA)

FIGURE 5. Simulation results obtained for LED devices having SL-EBLs
conforming to the three different structures with optimal values of a =

1 nm and b = 3 nm (structures A-C), and the conventional EBL (structure
D): (a) (I-V) curves; (b) IQE-current curves; (c) current-optical output
power curves of the four LEDs.

IQE value obtained for the LED device employing structure
C was ~38% greater than that of the device employing the
conventional EBL structure D. These results demonstrate that
the IQE of the LED devices is sensitive to the structure of
the p-type Al,Ga;_,N/GaN SL-EBL, and the EBL structure
accordingly affects the overall device performance. The IQE
values also demonstrate a standard optimization behavior,
where the IQE values of the devices initially increase with
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an increasing number of Al,Gaj_,N/GaN SL layers from
half-peak to double-peak structures.

These results can be further analyzed from the perspective
of the energy band diagrams given in Fig. 6(a)—(d). Here,
we note that the electron barrier heights of the LEDs with
SL-EBL structures A, B, and C were 514 meV, 600 meV,
and 613 meV, respectively, while that of the LED with
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conventional EBL structure D was 454 meV. The increas-
ing electron concentration with increasing electron barrier
height observed for structures A—C increased the IQE values
obtained by the LEDs, but also increased the leakage current,
which in turn increased the extent to which the IQE droops
with increasing injection current [28], [29]. However, we fur-
ther note from Fig. 6 that the hole barrier heights of the LEDs,
given as Er — Ey, where Ey is the valence band energy,
were also affected by the four EBL structures. Here, the hole
barrier heights of the LEDs with SL-EBL structures A, B,
and C were 303 meV, 195 meV, and 143 meV, respectively,
while that of the LED with conventional EBL structure D was
389 meV. The increasing hole concentration with decreasing
hole barrier height observed for structures A—C increased
hole injection, which in turn increased LED efficiency.

Fig.7 shows the electron concentration and hole concen-
tration in the active region of the four structure devices
at an injection current of 200 mA respectively. The hor-
izontal position of carrier concentration has been slightly
right-shifted for structure B, C, and D. The progressively
increasing electron concentration and decreasing hole injec-
tion barrier observed for the LED devices employing SL-EBL
structures A—C can be analyzed as follows. We first note that
surface states are the source of 2D electron sheet concentra-
tions, and these states varying according to the thickness and
alloy composition of the AlGaN barrier layers [7]. Moreover,
according to equation (2), Py, (Al,Gaj_N) increases with
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temperature for four types of EBL in UV LED, and the inset figure shows
the current-optical output power curves of the four LEDs.

increasing x. Therefore, the initially successive addition of
Al,Gaj_,N layers with increasing x progressively increased
the spontaneous polarization density of the SL-EBL struc-
ture, and the increasing spontaneous and piezoelectric polar-
ization effects of the Al,Ga;_,N/GaN layers decreased the
hole barrier height owing to the progressive shifting of the
valance band. In addition, grading the Al composition pro-
gressively increased the lattice mismatch at the interfaces
of the AlGaN/GaN heterostructures, which generated large
polarization-induced electric fields. The reason that the hole
injection and electron overflow differed between the LED
employing single-peak SL-EBL structure A and the LED
employing half-peak SL-EBL structure B is because the
lower Al composition on the p-type GaN side of structure
B reduced the potential barrier to hole injection, decreased
the lattice mismatch between the AlGaN and GaN layers, and
lowered the overall Al content in the SL-EBL [27]. The LED
employing double-peak SL-EBL structure C has the lowest
electron leakage and largest hole concentration in the QWs
due to the double electron blocking effect of the SL-EBL
structure and the greatest hole injection efficiency.

Finally, Fig. 8(a) and (b) presents measured EQE values,
the current-optical output power and the I-V curves of the
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multiple QW LED devices fabricated with the three SL-EBL
structures and conventional EBL structure D as a function of
the injected current at room temperature. The experimental
EQE values of the LEDs employing SL-EBL structures A,
B, and C, and that employing conventional EBL structure D
obtained at an injection current of 200 mA, are 13.0%, 14.1%,
16.4%, and 11.8%, respectively. Accordingly, the EQE value
obtained for the LED device employing structure C was
~26% greater than that obtained when employing structure
A. Moreover, the EQE value obtained for the LED device
employing structure C was ~38% greater than that of the
device employing conventional EBL structure D.

IV. CONCLUSION

This paper addressed the absence of systematic investigation
into the optimal Al-grading structure of SL-EBLs by eval-
uating the effect of three types of step-graded Al,Ga;_,N
SL-EBLs on the performance of GaN-based UV LEDs via
simulations. The results obtained at an injection current
of 200 mA demonstrate that UV LEDs with double-peak
SL-EBL structures provide the maximum IQE, which is
~38% greater than that of devices employing the conven-
tional EBL at an injection current of 200 mA in simulations,
and this improvement was confirmed by experiments. The
double-peak SL-EBL structure was demonstrated to improve
the hole injection and electron overflow performance of
GaN-based LEDs owing to the polarization charge and lattice
mismatch at the p-type Al,Ga;_,N/GaN interfaces. Lower
Al composition on the p-type GaN side reduced the potential
barrier to hole injection. Finally, the predicted increase in
the IQE of GaN-based UV LEDs with the optimal SL-EBL
structure was verified experimentally.
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GaN-Based High-Response Frequency and
High-Optical Power Matrix Micro-LED for
Visible Light Communication

Yong Huang™, Zhiyou Guo

Abstract—Light-emitting diodes (LEDs) with high
response frequency and high power can be applied in
visible light communication(VLC). This letter studies the
response frequency and optical output power of the gallium
nitride (GaN) based matrix micro-LED (xLED) for visible
light communication. The blue-emitting GaNuLEDs with
the format from 1 x 1 to6 x 6 are fabricated and used to
analyze the relationship between the matrix format and
the response frequency, as well as the output optical
power and the data transmission performance of the matrix
uLED. The experimental and analysis results show that
the GaN-based matrix uLED responsefrequency can be
improved by an increase in the injection current density
increased and a decrease in device capacitance. The
experimental comparison result indicates that the —3 dB
response frequency changed from 85 MHz to401 MHz at
a 60mA injection current progressively increased as the
matrix array size from 1 x 1to 6 x 6, the 6 x 6 matrix uLED
optical output power reaches a value of 356.7 mW.

Index Terms—Matrix micro-LED, response frequency,
visible light communication.

|. INTRODUCTION

ISIBLE light communication (VLC) has numerous

advantages over typical radio-based communication,
including ultra-high data transmission rates, high security
requirements, and no need for radio spectrum authentica-
tion [1], [2]. These advantages make the VLC light-emitting
diodes (LEDs) suited for short-distance communication,
indoor positioning, indoor internet networks, and commu-
nication under electromagnetic field sensitivity conditions.
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Fig. 1. (a) Schematic illustrating the structure of a single cylindrical GaN

LED composed of epitaxial layers and toroidal electrodes. (b) Image of
a 6 x 6 matrix uLEDarray chip.

The common transmissioncomponent of a VLC system is

a LED andan optimal VLC system capable of high-speed

data transmission requires an LED device with high optical
output power coupled with a high electrical-to-optical response
frequency [1]. The —3 dB response frequency of an LED
device can be dramatically increased to hundreds of MHz
by using micro light-emitting diodes (¢LEDs) [3], [4]. Also,
by forming a quenching center by doping the epitaxial layers
of a device to enhance the modulation speed [2], [5], or by
adopting a quantum well structure to reduce the carrier lifetime
to the order of a tenth of a nanosecond, the device’s response
frequency improved [3]. Xie et al. [6] fabricated a matrix
array, and the achieved optical output power was greater than
18.0 mW at the —6 dB modulation bandwidth of 285 MHz.
In the mentioned studies, carrier diffusion has been demon-
strated to be related to the structural characteristics of uLEDs,
including the electrode shape, electrode conductivity, and the
degree to which the resistivity of epitaxial layer materials is
matched [7]. Also, the capacitance characteristics have been
demonstrated to be related to the device’s operating frequency
and active area size. The presence of mutually influential
relationships between the mentioned factors has also been
demonstrated [8].

To improve the device’s response frequency and optical
output power, this letter reports a series-connected6 x 6
matrix #LED, where the —3 dB response frequency reached
401 MHz at an optical output power of 356.7 mW.

II. EXPERIMENT AND TESTING
A. Electronic Device Fabrication

The structure of the epitaxial layers and toroidal elec-
trodes of cylindrical GaN LEDs analyzed in this study is
presented in Fig.1(a). To ensure high response frequency and
brightness, the epitaxial layers consisted of the following:

0741-3106 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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1) a 800 nm thick un-doped GaN buffer layer on a c-plane
substrate; 2) a 3000 nm thick n4-doped GaN confinement
layer; 3) a multi-quantum well (MQW) active region consist-
ing of five 3 nm thick Ing 15Gagp gsN quantum wells separated
by six12nm thick GaN barrier layers; 4) a 20 nm thick
p-Alp.1GagoN confinement layer; and 5) a 100 nm thick
p-doped GaN capping layer. The ITO film and a multi-layer
metal conductive coating (Pad) consisting of Cr/Al/Cr/Ti/Au
with thicknesses of 20/2,000/250/ 450/20,000 A was applied.
The diameter of the fabricated cylindrical layered LED was
uniform andequal to 30 um for all matrix arrays. In the
processing of the prepared LED, SiO, was deposited in the
erosion channel as a pad bridge between the matrix array unit,
and eachunit was independently connected in series using
conductive metal wires to ensure a high optical output power.
The imageof a 6x6 yLED array chip is displayed in Fig.1 (b).
The outer ring of each unit was the negative electrode, and the
inner ring was the positive electrode, which is connected in
series. Six ¢LEDs were manufactured by the similar design
and preparation processing with the matrix format from 1 x 1
to 6 x 6.

B. Testing System

In the test system, a DC bias current and a continuous sine
wave modulation signal were both fed to the LED by Bias
Tee DC bias Pulsar. The test equipment included the Vector
Network Analyzer ZNB 4, and a high-speed photodetector
Newport 818-BB- 21 A. The Vector Network Analyzer ZNB
4 was used in the small signal response frequency test, and an
oscilloscope (Tektronix DSO73304D 33 GHz) and arbitrary
waveform generator (AWG, Tektronix AWG7122C 24 Gsa/s)
were used for theeye diagram testing. The optical output
power was tested by an Optical power meter (HAAS-2000
EVERFINE).

[11. RESULTS AND DISCUSSION

There are two major influencing factors of the optical
response frequency of LEDs: the carrier recombination time
and the RC time constant [9].

The I-V curves of six matrix #LEDs are shown in Fig.2 (a),
where it is presented how the operating voltage was related
to the unit number of the uLLEDs. The operating voltage of
the 6 x 6 matrix uLED was ~ 114V. The optical output
power of the 4LEDs is shown in Fig.2 (b), where the injection
current was 60 mA, and the output optical power of the 6 x 6
matrix #LED reached 356.7 mW.

The —3 dB response frequency, which is proportional to the
current density J, can be expressed as follows [3]:

1 BJ
_ = — | — 1
f-3aB 22\ 7d (D
Based on the spontaneous emission time of carriers and
recombination mechanism in the LED, the carrier lifetime 7
can be calculated by [10]:

1 1 1
==t — @)
T Tr Tnr
A shorter lifetime 7 can be achieved by reducing both radiative
(7,) and non-radiative () times, as they are both related
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the current density J. The normalized responses concern-
ing the response frequency of 6 x6 ¢LED matrix arrays, where
the response frequency varied from 103 MHz to 401 MHz,
at the injection current from 10 mA to 60 mA are presented
in Fig. 3 (a). As shown in the inset imagein Fig. 3 (a),
the current was larger than 60 mA, i.e., 65 mA, and the metal
wire was burnt due to the excessive current. This occurred
because the width of the metal wire was only 3 xm and the pad
temperature increased dramatically when the current reached
about 65 mA.

The response frequency of a LED represents the relationship
between the modulation frequency and the output power. Since
the speed at which a LED injects carriers is lower than the
frequency of the modulation signal, the output power decreases
at high frequencies. The power transfer function of a LED
device can be expressed as [11]

1
V1+ Qrfr)?

where P(f) donates the response frequency, f represents the
modulation frequency, and 7 is time constant and 7 &~ RC in
this equation.

When a LED turns on, the junction capacitance consists of
two main parts: the depletion layer capacitance Cg;, and the
diffusion capacitance Cy;ry. For an array consisting of n LED
units, the capacitance decreases linearly concerning n, so the
capacitance of the array is given as:

P(f) = 3

C,=Cy/n 4

The diffusion capacitance was caused by the rearrangement
of a few carriers when the device was biased forward. The
diffusion capacitance is [12]:

1
Caiff = %(T /20)* )
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of the 6 x 6 uLED matrix array at the injection current from 10 mA to
60 mA. The inset image shows the wire break between matrix units when
the injection current over 60 mA. (b) Normalized response frequency of
1 x 1 to 6 x 6 matrix uLEDs at 60 mA injection current, and (c) for the
capacitance of uLEDs when they are superimposed on a 60 mA and
30 MHz signal frequency.

where ¢ is the electroncharge, K is Boltzmann constant,
I donates the forward bias current, T is the thermodynamic
temperature, 7 is the minority carriers’ lifetime and w is the
signal frequency, The excess carriers’ lifetime in a LED was
the minority carriers’ lifetime.

As shown in Fig. 3 (b), the —3 dB response frequency
from 8 MHz to 401 MHzat a 60 mA injection current
progressively increased as the matrix array size from 1 x 1
to 6 x 6. According to (5), Cyjsy is inversely proportional to
signal frequency w, so when the time constant decreases, and
in (3), P(f) could be increasing and the tested -3 dB response
frequency improves.

Fig.3 (c) shows that the capacitance decreased from 165 pF
to 96.4 pF, 80.9 pE, 74.2 pF, 68.3 pF, and 67.3 pF gradually
(device capacitance was tested using a Hewlett Packard 4192A

400 -Mbps

(c) (d)

Fig. 4. The eye diagrams of a 6 x 6 matrix VLC LED at (a) 400 M,
(b) 600 M, (c) 800 M and (d)1G bps.

LF impedance analyzer, andthe test signal frequency was
30 MHz). Before the matrix #LED turns on, the capacitance
is ~61pF. Inthe LED timeconstant formula, R consist

of the resistance of each light-emitting diode unit, the wire
resistance, and ohmic contact resistance. According to (4),
capacitance reduction was fixed. In 5 x 5 and 6 x 6 devices,
the resistance increased faster than the capacitance decreased
according tothe series resistance formula. So, the —3 dB
response frequency was not further increasing remarkedly
when the matrix number increasing.

In the eye diagram test, the signal obtained by the arbitrary
waveform generator peak to peak voltage was V,, = 0.6 V,
and the device was superimposed on a 60 mA dc bias with
bias tee. The optical signal was coupled by a high-speed
photodetector (Newport 818-BB-21A). Fig. 4 (a)-(d) show the
eye diagrams of the 6 x 6 matrix uLED triggered by an
arbitrary wave generator at 400 Mbps, 600 Mbps, 800 Mbps,
and 1 Gbps, respectively. When the signal frequency increased
from 400 Mbps to 1 Gbps, the rise time increased from 10 ns
to 40 ns, the fall time increasedfrom 5ns to 30ns, and
the eye-crossing percentage decreased from ~75% to ~50%.
Therefore, a poor signal-to-noise ratio in small-size devices
can limit largesignal modulation. When thetransmission
rate reached 1 Gbps, the eye diagram gradually became
obscured, which indicated that the inter symbol interference
has increased significantly.

IV. CONCLUSION

This letter studies the response frequency and optical output
power of a VLC LED by fabricating a series of high-operating
voltage blue-emitting GaN pLED arrays in various matrix
formats from 1 x 1 to 6 x 6 and evaluating their VLC
performancesin terms of the response frequency, optical
output power, and susceptibility to the eyediagram. The
experimental comparisonresults indicated that the —3 dB
response frequency increased from 85 MHz to401 MHz at
an injection current of 60mA when the matrix array size
changed from 1 x 1 to 6 x 6, and the optical output power
of the 6 x 6 matrix #LED reached 356.7 mW. The designed
GaN-based matrix micro-LED with high response frequency
and high optical output power could be applied to visible light
communication systems.
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Influence of Current Density and Capacitance
on the Bandwidth of VLC LED

Yong Huang, Zhiyou Guo™, Hongyong Huang, and Huiqing Sun

Abstract— Visible light communication devices have attracted
significant attention recently due to their advantageously high
transmission rates. It has been shown that current density and
device capacitance has a significant effect on the frequency
of visible-light GaN communication devices. We demonstrate a
similar linear relationship in a micro-light emitting device (LED)
between the —3 dB response frequency, current density, and
device diffusion capacity. An experiment was conducted in which,
when the device’s single light-emitting unit size is between
60-120 pm, increasing the LED current density, the lifetime of
the device is substantially reduced for the period of the device’s
light emission process, and reducing device capacitance improved
the device response frequency. To show the relationship between
device capacitance and response frequency, four groups of devices
with a single unit of the visible GaN communication device was
reduced from 120 to 60 pum, the current was set to 35 mA,
and the matrix of devices was increased from 1 x 1 tod x 4,
generally, as the numberof series increases, the capacitance
decreases. As a result, the —3 dB device response frequency
increased from 18 to 74 MHz and luminous efficiency increased
from 37 to 74 Im/W, the linear relationship between capacitance
and response frequency has been confirmed.

Index Terms—Light-emitting diodes, optical communication,
capacitance.

I. INTRODUCTION

ISIBLE light communication (VLC) light emitting

devices (LED) are of significant interest due to their
security for data communication and high speeds. White LED
lights feature high-speed modulation characteristics, enabling
the device to simultaneously provide lighting and display to
achieve additional functions such as internet communication.
The use of white LEDs as a visible light source provides
two primary benefits: luminous efficiency and response rate.
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Fig. 1. A prepared LED with the 4x4 micro-LED array.
In addition, improvements have recently been made to the
transmission rates for white LED devices [1].

The visible light transmission rate can be improved using
an off-the-shelf LED chip (—3 dB with a response frequency
of 10-20 MHz) or byoptimizing the transmission system.
This allows for data transmission speeds ranging from 1Gbps
to several Gbps [2]. The LED modulation bandwidth is the
most significant bottleneck in a VLC. Ferreira et al. used
an LED chip with a 60MHz —3 dB modulation bandwidth,
significantly higher than most available LEDs, to achieve a
3Gbps communication speed by orthogonal frequency division
multiplexing (OFDM) [3]. LED response frequency can also
be improved by optimizing the structural parameters of the
device. The micro-LED able to both support communication
and illumination base on color shift keying (CSK) modula-
tion [4]. Micro-LEDs have significant potential as a visible
light communication device. Kottke et al. reported on the use
of micro-LEDs, composing a array of individually-addressable
72um diameter pixels with a center-to-center pitch of 100 yxm.
These devices were shown to have bandwidths of up to
245 MHz per pixel [2]. The response frequency of micro-LED
devices is affected bycarrier lifetime, current density, and
capacitance. After analyzing the relationship betweenthese
device parameters, we propose a multi-element LED series
structure which ensures brightness without affecting device
performance. This provides simultaneous improvements in
response frequency and optical efficiency. The effects of
carrier lifetime and capacitor frequency on the visible optical
communication device were studied systematically [5].

II. EXPERIMENTAL VALIDATION

Fig. 1 shows the prepared device (Non-illuminated) for
a portion of 4 x 4 micro-LED arrays used in the high-
speed Li-Fi communication device, the device is composed
by 16 independent light-emitting units, and the light-emitting
units are connected inseries by wires. The tworectangles
at the two ends are the positive and negative electrodes of
the device respectively. Inside ringis the positive electrode
and the outside ring is the negativeelectrode, under the
positive electrodeare the epitaxial wafer structure layers,
which includes ITO (Indium tin oxide), p-type layer, the active

1041-1135 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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layer and n-type layer. The ring electrode facilitates the rapid
expansion of the electrons onthe ITO surface, which plays
animportant role in improving the response speed of the
device. Thetwo sides of the box serve as the anode and
cathode electrodes. Four groups including 16 kind of white
LEDs with different unit diameters were fabricated. These
groups consisted of 1x1, 2x2, 3x3, and4 x4 micro-LED
arrays. Each arrayforms asinglelight-emitting unit with
varying diameters of 60, 80, 100, and 120 xm. These units
wereconnected in seriesto ensure a high output power.
In the proposed design, the spacing between individual device
lighting areas was increased to 60um and a copper substrate
was included in the working circuit board to enhance the
cooling effect. We employed circular electrodes to accelerate
the current distribution of N and P poles and the device
frequency response. This improved the efficiency of current
diffusion and reduced the spontaneous recombination time.

III. RESULTS

Current density and capacitance are the two factors impact-
ing GaN LED —3 dB cut-off frequency. The relationship
between frequency response f, carrier lifetime, and current
density can be expressed as follows [6]:

1 BJ

f-3dp = — 7d (D

2rt
In this expression, f_3qp is the —3 dB cut-off frequency,
7 is the carrier lifetime, B is the bimolecular coefficient,
J is the injected current density, ¢ is the elementary charge,
and d is the thickness of the active layer. Generally, B and d
cannot be changed over a wide range. It can be concluded
that the relation between the cut-off frequency and the current
density is quadratic. Specifically, current density increases
with increasing frequency. In addition, we observe an inverse
relationship between frequency and carrier life. Since mod-
ulation bandwidth is directly proportional to current density,
higher currents result in shorter carrier lifetimes for the device.

The injection carrier life can be expressed as:
T = An = __r 2)

R B(Py+ An)
Where R is the carrier recombination rate and An is the
inject excess carrier:
Jt

An = q_a’ 3)

This expression can also be written as:

—BP()qd+\/(BP()61d)2+4BJqd A
i 2B @

Where Py is the hole concentration and d is the thickness
of the active layer.

From (1) and (4), the cut-off frequency is affected by
J and Py. In the previous study, it was found that the higher
the current density and the higher the response frequency [6],
the experiments in this letter show that the current density
affects the frequency and is present certain conditions.
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Fig. 2. Four different matriceswith single unit areasof 60, 80, 100,
and 120um, and the resulting light intensity and luminous efficiency for
(a) 1x1 micro-LED arrays, (b) 2x2 micro-LED arrays, (c) 3x3 micro-LED
arrays, and (d) 4 x4 micro-LED arrays.

In addition, the capacitance of the GaN visible light com-
municationdevice is dividedinto a diffusionand parasitic
capacitance. In p-n junction, when the bias voltage superim-
posed DC and AC voltage, the alternating current will affect
the rearrangement of carriers within the device, from another
perspective, it will affect the device capacitance. Among
them diffusion capacitance and carrier lifetime are directly
related [7]:

qlt
Caitt = 5kT

In the above expressions, / is the forward bias current across
the device, and when the area of the device is fixed, 7 and J
changedsimultaneously. There is acertain correspondence
between f and C which is affected by changes in the current
density. Larger active areas have a smaller modulation band-
width at the same current density [8]. This is primarily because
the equivalent junction capacitance is larger and the effect of
increasing capacitance is more significant on the bandwidth
than the effect of reducing the resistance.

Micro-LEDs are of significant importance in visible light
communication because a single structure can enhance the
total luminous power of the device [9]. In this experiment,
four LED groups of varying diameters were selected, forming
arrays of 1x1,2x2, 3x3, and 4 x4 to provide a comparison
of luminous efficiencyand brightness. Luminous efficiency
and power are critical parameters for visible light commu-
nication devices. The luminous efficiency of four micro-
LEDs decreased as the diameter was gradually reduced from
120 to 60 xm. This is demonstrated at 25 mA in Fig. 2(a)—(d).
For example, the luminous efficiency of the 4x4 device was
drastically reduced from 96 to 57 Im/W at 25 mA. This
is mainlydue to a constant current, area reduction, and a
decrease in device efficiency, as shown in Fig. 2(d). At25 mA,
a 4x4 device with a single size of 60 microns can still produce
nearly 60 Im.
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Fig. 3(a) shows the device frequency response curve for
1x1, 2x2, 3x3, and 4x4 devices with a unit diameter
of 60 um at a current of 35 mA. In the frequency response
testing, the input signal which pulse wave source with a peak
of £ 0.1V as firstly generated and the transmitted signal was
obtained using R&S vector network analyzer. The generated
signal was subsequently passed through an amplifier for the
purpose of increasing themodulation depth of each LED
pixel, whichwas under a DC bias provided by a Keithley
2420 source meter instrument. The amplified signal was then
superimposed onto the DC bias current of each pixel via a
Pulsar BT-52-400S Bias Tee. The Bias-Tee output was directly
supplied to each LED pixel. After the white light from the
micro-LED array passes through the filter which the average
transmittance of the filter at 380-420nm was 92% and the
visible light transmittance of other wavelengths Less than 2%,
only remainder blue light in order to avoid the impact of
phosphor response and half-life on the frequencyresponse,
for the remaining blue light reaches the Newport 8 18-BB-21A
high-speed photo-detector, As seen in the Fig. 3(a), the —3 dB
response frequencies for the four devices were 35, 42, 50,
and 61 MHz. This indicates the cut-off frequency has a linear
relationship with the number of seriesconnections in the
device which have the same current density and single device
size. This relationship increases the cut-off frequency for the
device as the number of tandems increases. Fig. 3(b) shows a
device cut-off frequency diagramfor the 4 x4 array at different
currents. Device response frequency increases as the current
density increases. At a current density of 40 mA, the device
—3 dB cut-off frequency reached 74 MHz, with a brightness
of 80 Im and a luminous efficiency of 40 Im/W. This is shown
in Fig. 2(d).

Fig. 4 demonstrates this change in —3 dB cut-off frequency
for four different constant device sizes at an input current
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Fig. 5. Frequency response curves for varying numbers of matrices. The

single light emitting unit diameter was 120 um, the current was 20, 40,
and 80 mA. The single light emitting unit diameter was 60 xm for currents
of 5, 10, and20 mA. These are shown for a (a) 1 xlmicro-LED array,
(b) 2x2 micro-LED array, (¢) 3x3 micro-LED array, and a (d) 4x4 micro-
LED array.

of 40 mA. For example, the 60 um 3 x 3 matrixdevice
with 9 units —3 dB cut-off frequency is 36 MHz. The —3 dB
response frequency gradually increased for this group as the
number of devices in the series increased. This change is
particularly evident with a device size of 60 um, increasing
from 17 to 74 MHz for the 16 series in a 4x4 array. The
number of tandem pairs has a significant effect on both
thedevice response frequency and thenumber of series.
In 4 x 4 matrix device, according to the formula (1),
the diameters are 60um and 120um, when the current is 40mA,
the current densities differ by 4 and the cutoff frequencies
by about 2 times. As the number of devices in a series
continued to increase during the same preparation process
(ie., 5x5 or 6x6), the device was unable to pass the set
current value of 40 mA given the same parameters, which
resulted in device failure.

IV. DISCUSSION

Fig. 5 shows 1x1, 2x2, 3x3, and 4x4 matrixes device
series with varying diameters and working currents. The unit
diameter of 120um corresponded with currents of 20 mA,
40 mA, and 80 mA, and the unit diameter of 60um cor-
responded with currents of 5 mA, 10 mA, and 20 mA.
When the diameter is two times different, the area is 4 times
different, so when thedevice with a diameter of 60 um is
SmA, its current density is equal to the device whose diameter
is 120um, and so on. These figures demonstrates that when
the current densities are the same, that is, when the single area
is 120um and the current is 20mA, the as a corresponding
area with thesame current density is 60 um at acurrent
of 5SmA, the cut-off frequency response curves all exhibit
a shift to the right. This corresponds to a higher —3 dB
cut-off frequencyvalue, showingbetter frequencyresponse
characteristics. For example, as shown in Fig. 5(d), the —3 dB
cut-off frequency is was increased from 8, 12, and 18 MHz
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Fig. 6. Device capacitance test results for a (a) 1 x1, (b) 2x2, (c) 3x3, and
(d) 4x4 matrix structure single light-emitting unit withdiameters ranging
from 120 to 60 um.

to 24, 24.5, and 29 MHz for the same current density for the
two kind of devices.

Equation (4) demonstrates the relationship between carrier
lifetime, current density, and the cut-off frequency. Experimen-
tal results also demonstrate that the carrier lifetime is related to
other device factors. In the process of making device changes,
the device capacitor cannot be ignored. This is particularly true
as the number of series increased from a 1 x 1 to a 4 x4 process.
This increase in the light-emitting unit can be regarded as a
capacitor series, the total capacitance of which will be reduced
by 1/n. We can conclude that the more devices in series, the
higher the response frequency. However, as can be seen in
Figure 5, different sizes affect the frequency differently. This
effect depends on the relationship between the device cut-off
frequency and capacitance. The device frequency is mostly
affected by the diffusion capacitance.

Device capacitance was tested using a Hewlett Packard
4192A LF impedance analyzer and a signalfrequency
of 13 MHz. It can be seen from the Fig. 6 that for a
single device, the capacitance decreases from 180 to 80 pF
when the individual light emitting diameter decreases from
120 to 60 um at the appropriate operating voltage. When the
voltage is lower than the turn-on voltage, no more carriers are
distributed inthe device due to the non-excited state of the
device. As a result, less electron holes and diffused capacitance
are not displayed. When the voltage continues to increase,
Excited, the internal distribution of more electronics, this time
a larger capacitor, in order to reduce the impact of capac-
itance, the use of inductive balance capacitor, and achieved
goodresults, the frequencyhas been effectively improved.
Epitaxial quantum well structure, electrode shape and other
measures can reduce the capacitance, the specific programs to
be continued research. The frequency was also increased from
18 to 74 MHz. Devices in series configuration exhibit good
data transfer performance, and the data transfer performance of
similar device devices is described in [10]. Because of micro-
size, relatively close performance and more subtle differences,
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this letter has not been analyzed. The structure of the epitaxial
quantum well and the shape of the electrode can reduce the
capacitance. The specific scheme needs to be studied. As the
number of devices gradually increased, maximumcapacitances
of 165, 96, 80, and 74 pF were achieved for grids of 1x 1,2 x2,
3x3, and 4 x4, respectively. With the physical structure of the
device remaining consistent, and a single light-emitting unit
used as a capacitor, an increase in the number of capacitors
resulted in a decrease in the overall capacitance of the device.

V. CONCLUSION

This letter examined the influence of single device size and
varying series on the —3 dB response frequency of visible
optical communication devices, by adding a series of light-
emitting units, increasing the response frequency of the device
when the device’s single light-emitting unit size is between
60-120 «m, while also increasing the device’s luminous power.
For a fixed size, increasing the number of series over a certain
range had a significant impact onthe response frequency.
The impact of different sizes on response frequency was a
function of device diffusion capacitance. The influence of
current density on the device was analyzed in this study. Cur-
rent density remained constant for varying sizes. The device
also exhibited different response frequency performance. The
response frequency of smaller devices can be improved by
varying thecurrent density. Theseresults demonstratethe
relationship between device capacitance, carrier lifetime, and
current density for visible light communication devices.
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We demonstrate high-speed blue 4 x 4 micro-light-emitting-diode (LED) arrays with 14 light-emitting units (two
light-emitting units are used as the positive and negative electrodes for power supply, respectively) comprising multiple
quantum wells formed of GaN epitaxial layers grown on a sapphire substrate, and experimentally test their applicability for
being used as VLC transmitters and illuminations. The micro-LED arrays provide a maximum —3-dB frequency response
of 60.5 MHz with a smooth frequency curve from 1 MHz to 500 MHz for an optical output power of 165 mW at an
injection current of 30 mA, which, to our knowledge, is the highest response frequency ever reported for blue GaN-based
LEDs operating at that level of optical output power. The relationship between the frequency and size of the device single
pixel diameter reveals the relationship between the response frequency and diffusion capacitance of the device.

Keywords: light-emitting devices, optical communications, diffusion capacitance

PACS: 85.60.Jb, 42.79.5z, 84.37.+q

1. Introduction

Light-emitting-diodes (LEDs) are key transmitter compo-
nents for light fidelity (Li—Fi) communication networks by us-
ing plastic optical fibers (POFs)[! or visible light communi-
cation (VLC) systems due to their relatively low complexity
and low cost, and market dominance. They have incompa-
rable advantages in particular environments, such as under-
water communication, traffic safety data transmission, indoor
environments, 2 and secure communication, and potential ap-
plications in implementing wireless communications in envi-
ronments where radio communication is impossible.[>*! The
use of diverse structures and materials for visible-light LEDs
has received considerable attention, and the study of their per-
formances has made significant progress.'>®! Appropriate de-
vice size, the employment of advanced epitaxial materials,
and optimum pixel arrangement are the areas of concern in
VLC chip development. Micro-LEDs, which are high-density
micrometer-sized LED arrays, have aroused the considerable
interest in being used as transmitter devices in VLC systems!”!
because the structure not only offers numerous benefits such as
low power consumption, small size, and long life, but also pro-
vides the rapid response conditions required by communica-
tion systems. Shi ez al.®°1 demonstrated linear cascade arrays
of GaN-based LEDs, which were modulated by using a res-
onant driving technique, resulting in an overall bandwidth of
90 MHz. Arrays of four LEDs provided around four times the

DOI: 10.1088/1674-1056/26/10/108504

optical output power of a single LED, with a maximum out-
put power near 20 mW. McKendry er al.!' evaluated a series
of micro-LEDs with different pixel diameters, and concluded
that micro-LED pixels with smaller areas generally provide
higher modulation bandwidths than those with larger areas,
which was attributed to the ability of small-area pixels to be
driven at higher current densities. The high-frequency modu-
lation of individual pixels in 8 x 8 arrays of IlI-nitride-based
micro-pixellated LEDs, where the pixel diameters ranged from
14 um to 84 um, were reported. The arrays were driven with
a complementary metal-oxide—semiconductor (CMOS) driver
array chip, which allowed for simple computer control of the
individual micro-LED pixels. The highest optical —3-dB mod-
ulation bandwidth from these LED devices was shown to be in
excess of 400 MHz, and a maximum output power of about
5 mW was obtained. Liao et al!'!l reported on high-speed
GaN-based green LEDs with an aperture diameter of 75 pm,
and obtained a maximum optical —3-dB modulation band-
width of 463 MHz at a current of 50 mA. The LED device
exhibited a relatively high optical output power of 1.6 mW.
For enhancing the diffusion velocity of electrons, a new con-
ductive material was utilized as a top transparent conductive
layer. Liao et al.!'?] later reported on high-speed GaN-based
blue LEDs with an aperture diameter of 75 wm, which ex-
hibited a —3-dB modulation bandwidth of 225.4 MHz and an
optical output power of 1.6 mW. The researchers employed

*Project supported by the Science and Technology Program Project for the Innovation of Forefront and Key Technology of Guangdong Province, China
(Grant Nos. 2014B010119004, 2014B010121001, and 2013B010204065), the Institute of Science and Technology Collaborative Innovation Major Project
of Guangzhou City, Guangdong Province, China (Grant No. 201604010047), the Special Project for Key Science and Technology of Zhongshan City, Guang-
dong Province, China (Grant No. 2014A2FC204), and the Fund from the Huadu Science and Technology Bureau of Guangdong Province, China (Grant

No. HD15PT003).
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InSnO/Ga-doped Zn oxide (ITO/GZO) or a GZO contact layer
deposited by sputtering as a current-spreading layer to enhance
the optical output powers of GaN/InGaN LEDs.

Device dimension has also been shown to play a key role
in providing optimal LED transmitter device performance.
While the decreased size allows for higher frequency opera-
tion, the smaller size also leads to a decreased optical output
power.!3! In addition, because the sidewall heat radiation is
increased with pixel size decreasing, the ohmic contact and
the PN junction can be destroyed by over-heating, resulting in
overall device failure.'*! Different device structures have also
been reported in previous studies, such as heterojunction bipo-
lar LEDs (HBLEDs), which have been utilized as a high-speed
LED structure."*! This device structure allows the distribution
of electrons to be altered during the device working cycle, and,
owing to the increased operational frequency of the device, a
high-speed —3-dB bandwidth of greater than 1 GHz can be
obtained. As the size decreases, the current density increases;
Walter et al.!'5) demonstrated a large frequency modulation
bandwidth of 524 MHz at a current density of 10 kA/cm?

In this paper, we demonstrate high-speed blue 4 x 4
micro-LED arrays (two light-emitting units are used as the
positive and negative electrodes for power supply) compris-
ing multiple quantum wells (MQWs) formed of GaN epitaxial
layers grown on a sapphire substrate, and experimentally test
their applicability for being used as VLC transmitters. The
proposed transmitter device (14 light emitting units) achieves
a maximum —3-dB frequency response of 60.5 MHz without
driver or modulation circuit, and a smooth frequency curve
from 1 MHz to 500 MHz is obtained for an optical output
power of 11.7 mW for each single unit, and reaches 165 mW
for whole chip at an injection current of 30 mA with an active
area diameter of 60 um for single light emitting unit, which,
to our knowledge, is the highest bandwidth ever reported for
blue GaN-based LEDs operating at that level of optical out-
put power. As is well known, the optical output power has
a significant practical influence on transmitter device perfor-
mance in a VLC system. We also demonstrate that LEDs with
smaller mesa areas generally exhibit higher modulation band-
widths than LEDs with large mesa areas, which is attributed
to their ability to be driven at higher current density. The
bandwidth is set to be 250 MHz in our experiment. Therefore,
an aggregate data rate of 1.375 Gbit/s is successfully demon-
strated by using bit and power loading orthogonal frequency
division multiplexing (OFDM) with the bit error rate (BER)
of 3.3 x 1073 under the forward-error-correction (FEC) limit
of 3.8 x 1073,

2. Experiment
2.1. Device preparation

Four groups of blue LEDs with different unit mesa di-
ameters were fabricated, where each LED consisted of 4 x 4

micro-LED arrays (two light-emitting units are used as the
positive and negative electrodes for power supply respec-
tively). These units were connected in series to ensure a
high output power. Figure 1 shows the LED transmitter device
mounted on a circuit board. As the size of a single device
unit decreases, a high density of current will cause heat to
increase. In the design of the device, the spacing between
the individual devices in the lighting area was increased to
60 um, and copper substrate was used in the working circuit
board for enhancing the cooling effect. The epitaxial layers
of the LEDs wafers were grown by metal-organic chemical
vapor deposition (MOCVD). To ensure high response and
high brightness, these layers were: 1) an 800-nm thick un-
doped GaN buffer layer, 2) a 3000-nm thick n™-GaN confine-
ment layer, 3) an MQW active region consisting of fourteen
3-nm thick Ing,5Gag7sN quantum wells separated by thir-
teen GaN barrier layers, specifically, a GaN barrier layer is
sandwiched between the two adjacent Inp,5Gag 75N quan-
tum wells, 4) a 20-nm thick p-Aly ;Gag 9N confinement layer,
5) a 100-nm thick p-GaN capping layer, and 6) a 110-nm
thick ITO film deposited by magnetron sputtering. After con-
ducting epitaxial growth, the LED devices were fabricated
using standard processing techniques, including sample clean-
ing, photolithography and metallization, lapping, polishing,
scribing, and bonding. In the photolithography process, the
wafer was divided into a 4 x 4 array of pixels of equal size
(with sizes varying from 60 pm to 120 um), and a multilayer

ITO (110nm)

p-GaN capping layer (100 nm)

p-Alp.1GagoN (20 nm)

*

n*-GaN confinement layer (3000 nm)

un—doped GaN bufferlayer (800 nm)

substrate

(b)
Fig. 1. (color online) (a) The LED transmitter device mounted on a cir-

cuit board, and (b) schematic diagram of visible light communication
LEDs.
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Fig. 2. (color online) 4 x 4 high-speed light fidelity communication light-
emitting diode structure image after metal wire has been deposited on p-GaN
prior to the silicon oxide passivation layer deposition, observed by optical
microscopy, and two dark square areas are the position of the metal wire.

metal conductive coating consisting of Cr/Al/Cr/Ti/Al with re-
spective thickness values of 20/2000/250/450/20000 nm was
applied. Connected between pixels is a conductive metal wire.
Prior to depositing a metal wire, a SiO; layer was deposited
on the area where the metal wire must pass through a deep
erosion channel to ensure that the wire properly connects two
neighboring pixels. To accelerate the current distributions of
the N and P poles, and thereby accelerate the frequency re-
sponse characteristics of the device, we employed circular
electrodes, which can improve the efficiency of current dif-
fusion and shorten the spontaneous recombination time. Fig-
ure 2 shows an optical microscopy image of a portion of a4 x 4
micro-LED array designed for high-speed Li—Fi communica-
tion after conductive metal wire deposition on the p-GaN cap-
ping layer, but prior to SiO, passivation layer deposition. The

signal generation and
conversion

TektronixA
! 2C
WG 7122C DC
power Keithley

bias-Tee PULSAR
BT-52-400S

two dark square areas are the positions of the metal wire. Sim-
ulations have shown that circular p-electrodes can effectively
improve the current distribution inside the device, and it was
useful for improving the frequency response of the device.

2.2. Measurement system

The experimental system and procedure are shown in
Fig. 3. The LED optical data transmission performance test-
ing was conducted as follows. The input signal was first
generated using a Tektronix 7122C arbitrary waveform gen-
erator (AWG). The generated signal was subsequently passed
through an amplifier for the purpose of increasing the modula-
tion depth of each LED pixel, which was under a DC bias pro-
vided by a Keithley 2420 source meter (SMU) instrument. The
amplified signal was then superimposed onto the DC bias cur-
rent of each pixel via a Pulsar BT-52-400S Bias Tee. The max-
imum operating voltage of the amplifier (Coaxial ZHL-32A) is
24 V. In this experiment, the input signal voltage is 0.3 V. Itis
also found that the signal inputs with different voltages and the
response frequencies are the same. The Bias-Tee output was
directly supplied to each blue LED pixel. Light from the blue
micro-LED array was imaged onto a Newport 818-BB-21A
high-speed photo-detector consisting of an avalanche photo-
diode (APD), and the transmitted signal was obtained using a
high numerical aperture (NA) Tektronix DSO 73304D oscil-
loscope. The received signal was then displayed and analyzed
via a computer using MATLAB software.

signal reception

and analysis

oscilloscope

O 73304D

blue array LEDs

Fig. 3. (color online) Experimental setup of the VLC-LED measurement system composed of an arbitrary waveform generator (AWG),
a bias tee to overlay the amplified signal with the DC bias current provided by a source meter (SMU) instrument, and an avalanche

photodiode (APD) as a high-speed photo-detector.

3. Results and discussion

As is well known, the frequency response of an LED is
mainly limited by its diffusion capacitance!'® and carrier life-
time, and the number of injected carriers in the active region

of the device; of course, there are links between these three
factors. For all sizes of LEDs, the corresponding frequency re-
sponse increases significantly as the injected current increases,

which results in carriers lifetime shortening. In addition, the
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injected carrier density in the active region increases with in-
creasing current injection.

Faum=grm /o M)
where B is the bimolecular coefficient, J the injected current
density, g the elementary charge d the thickness of the active
region, and 7 the carrier lifetime.

In addition to the effect of carrier lifetime, the capaci-
tance is also an important factor limiting LED bandwidth. In
the LED device, the capacitance is divided into parasitic ca-
pacitance and diffusion capacitance, in which the diffusion ca-
pacitance and carrier life are related to each other.

The diffusion capacitance

_ 4
kT
where I is the current of the device, g is the elementary charge,
k is the Boltzmann constant, 7 is the absolute temperature, T

Cp T, (©))

is the carrier lifetime.
The device parasitic capacitance is

&
Cr=A—, (€©))
7%

where A is the junction area, Ct is dependent on the character-
istics of the device & the dielectric constant of the semicon-
ductor, x is the depletion layer width related to the bias of the
p—n junction.

Therefore, the current density of the device, carrier life,
the device diffusion capacitance, and the device response fre-
quency have a direct relationship.

Figure 4 shows the /-V characteristics of LEDs with mesa
diameters ranging from 60 um to 120 pm. From the /-V char-
acteristics, it can be observed that the smaller diameter mesa
areas tend to have higher turn-on voltages and work voltages
than their larger counterparts, which may be attributed to the
relatively great laser dry-etching induced damage and/or poor
p-contact quality.

30

[\S]
(=)
1

Current/ mA
=
S)

Voltage/V

Fig. 4. (color online) /-V characteristics of LEDs with different mesa
diameters.

Figure 5 shows the optical output power of LED arrays
as a function of the forward current (L-/) measured at room

temperature for the LEDs with different mesa diameters. The
optical output power values measured by HAAS-2000 (EV-
ERFINE) at a 30-mA injection current are 356, 305, 275, and
165 mW for the LEDs with mesa diameters of 120, 100, 80,
and 60 um, respectively. We see that the output power of the
device decreases as the device dimension decreases because
the effective area of the LED device decreases. The device lu-
minous efficiency decreases mainly due to the current density
increasing caused by the droop effect of the device. In order to
reduce the influence of this effect on the device, in the exper-
iment a ring electrode is used as shown in Fig. 6, so that the
current distribution in the device is in equilibrium.

400
—=— 120 um
= 350 —e— 100 pm
E 300 480 um
g —v— 60 um
% 250
Q
3
2 200
=
=
° 150
+
=
3 100
50 T T T T T T
5 10 15 20 25 30
Current/mA

Fig. 5. (color online) Optical output powers of LEDs with different mesa
diameters.
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Fig. 6. (color online) Current distribution in cross-section of the ring
electrode device.

Figure 7 shows the room-temperature electrolumines-
cence (EL) spectra of the LED with a 60-um mesa diameter
under various injection currents. Each of the LEDs investi-
gated provides a peak emission wavelength of around 450 nm.
A slight red shift is observed with increasing injection current
due to the quantum confined Stark effect (QCSE) in the MQW
layer. As discussed previously, the sidewall heat radiation in-
creases with reducing pixel size, and the ohmic contact and
the PN junction may be destroyed due to excessive heating. In
addition, an increasing junction temperature will lead to more
of the active layer and stronger non-carrier leakage radiation.
Finally, an increasing junction temperature also affects the EL
spectrum of the LED.
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Fig. 7. (color online) Room-temperature electroluminescence (EL)

spectra under various injection currents for an LED with a mesa di-
ameter of 60 pm.

Figure 8 shows the frequency response of the LED with a
mesa diameter of 60 pm at different injection currents. For in-
jection currents of 5 mA, 10 mA, 15 mA, 20 mA, 25 mA, and
30 mA, the values of f_3 4g obtained are 25 MHz, 43.7 MHz,
51.2 MHz, 55.1 MHz, 58.3 MHz, and 60.5 MHz, respectively.
With increasing current density in LED device, T decreases,
and hence, f 34p increases. From the measured values of
f-3 4B, it can be concluded that f_3 gg is proportional to the
square root of the current density and we see that f_ 3 gg and
7 exhibit an inversely proportional relationship. According
to Eq. (2), for the device current increasing, the capacitance
and current which are proportional to the response frequency
should also increase proportionally, but the experimental re-
sults indicate that when the current increases, the response fre-
quency increases only to a certain extent, especially when the
current increases to a certain value such as 20mA. When the
current continues to increase to a certain percentage, the re-
sponse frequency has a smaller increase, so it can be found
that the current grows to a certain extent, the device diffusion
capacitance has a significant effect on device frequency.

—12

Normalized response/dB

1 10 100

Frequency/MHz

Fig. 8. (color online) Frequency response measured at different injection
currents for an LED with a mesa diameter of 60 um.

Figure 9 shows the frequency responses in linear and log-
arithmic graphs (the inset) measured at an injection current of
20 mA for LEDs with mesa diameters ranging from 60 pm to
120 um. For mesa diameters of 60, 80, 100, and 120 pum, the

values of f_3 4 obtained are 55.1, 42.2, 24.8, and 18.4 MHz,
respectively. The maximum —3-dB response frequency curves
obtained from the devices are smooth, which are suitable for
the application to high-speed VLC systems.

According to Eq. (1), with other factors unchanged, only
changing the area of the device, that is, only changing the cur-
rent density, current per unit area, the frequency ratio of the
four devices should be 20:15:12:10. As a result of the test,
the response frequency of the four devices is approximately
30:23:13:10 in the same current condition. The difference
between them is greater than the difference between the cal-
culated results according to Eq. (1), so we can confirm that
the relationship between the frequency and size of the device
single pixel diameter reveals the relationship between the re-
sponse frequency and diffusion capacitance of the device.
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Fig. 9. (color online) Frequency response curves measured at an injection
current of 20 mA for LEDs with different mesa diameters. The inset presents
the values of f_3 g and the current density obtained at an injection current
of 20 mA for different LED pixel diameters.

4. Conclusions and perspectives

In this paper, we demonstrate high-speed blue micro-
LED arrays comprising MQWs formed of GaN epitaxial lay-
ers grown on a sapphire substrate, and experimentally test their
applicability for being used as VLC transmitters and illumina-
tions. The device with 14 pixels achieves a maximum —3-dB
frequency response of 60.5 MHz and a smooth response fre-
quency curve from 1 MHz to 500 MHz for an optical output
power of 165 mW at an injection current 30 mA. The device
performance verifies its applicability to high-speed VLC sys-
tems. To the best of our knowledge, the proposed device pro-
vides the highest —3-dB frequency response and modulation
bandwidth in all ever reported blue GaN-based LEDs operat-
ing at that level of optical output power. Smaller mesa area
LEDs generally exhibit higher modulation bandwidths than
larger mesa area LEDs, which is attributed to their ability to
be driven at higher current densities, and the effect of the dif-
fusion capacitor plays an important role in the response fre-
quency of the device. We conclude that the relationship be-
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tween the frequency and size of the device (i.e., single pixel
diameter) reveals the relationship between the response fre-
quency and diffusion capacitance of the device.
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ABSTRACT: The storage mechanisms of Li, Na, and K in hard carbon anodes are
investigated through systematically exploring their electrochemical behaviors. Two
charge/discharge voltage regions are observed for all the Li, Na, and K storage, a
slope at a high voltage, and a plateau in a low-voltage range. Considerably different
behaviors are revealed by the galvanostatic intermittent titration technique and
electrochemical impedance spectroscopy measurements, and accordingly different
storage mechanisms are proposed. The sloping region is mainly attributed to the
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adsorption at defects/heteroatoms for all the Li, Na, and K storage. In the plateau » °
region, pore filling contributes very little to Li storage but much to Na and K~ "7~ T 0 o %
storage. Furthermore, significant effects of ionic sizes on the storage behavior in hard s J \’{ P> °&o\oo’° %
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carbons are revealed by the electrochemical performance from Li to Na to K. These ~<Z-~
findings not only offer a fundamental understanding of storage mechanisms of alkali
metal ions in hard carbons but also help develop and design innovative electrode
materials for low-cost and large-scale energy storage systems.

KEYWORDS: potassium-ion battery, sodium-ion battery, hard carbon anode, micropore filling, intercalation

B INTRODUCTION

The fast increasing demand for large-scale energy storage
systems has raised great concerns over Li-ion batteries (LIBs)

a more efficient material design is needed for high-performance
Na storage.
In contrast to sodium, potassium can be intercalated into

in terms of affordability and cost due to the limited and
unevenly distributed lithium resources in the Earth’s crust.'
Therefore, new energy storage technologies that use earth-
abundant and nontoxic materials are urgently desired to enable
low cost and high-performance power devices for large-scale
applications.

Sodium- and potassium-ion batteries (NIBs and KIBs),
as alternative energy storage systems to LIBs, have recently
attracted considerable attention because of their massive
reserves, wide distribution, and nontoxicity of sodium and
potassium, as well as the similarity in chemical and physical
properties to those of lithium. Significant advancements have
been made in sodium storage materials. In particular,
encouraging performance has been achieved in cathode
materials of NIBs, such as metal oxides,>®”>%7 phos-
phates,""M’?'S’39 sulfides,”**™* and organic materials. >~ *
The biggest challenge for NIBs lies in the anode side due to
the poor activity of sodium intercalation into graphite,”** a
standard anode in commercial LIBs. Hard carbon, as a
promising anode for sodium, is capable of delivering capacities
of ~300 mA h/g, comparable to those of the graphite anode in
LIBs.”'”'®* However, the poor kinetics and ultra-low
reaction potential (<0.1 V) of sodium storage in hard carbons
cause poor rate capability and high fire hazards, which may
diminish its resource merit for future applications.*” Therefore,

2—-36
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graphite to form potassium—graphite intercalated compounds
(GICs).*® Electrochemically reversible intercalation of potas-
sium into graphite has been demonstrated in KIBs.'°™"
Although a moderate reversible capacity of ~240 mA h/g was
reported for the graphite anode, the sluggish kinetics leaves a
poor rate capability due to the large radius of K ions.”¥*”**>
Recently, enhanced performance was obtained on hard carbon
anodes in KIBs.>"*> Particularly, superior rate capability was
reported for hard carbon anodes in KIBs than NIBs, with a
high capadity retention of 73% at 2 C in the former versus only
30% in the latter. Electrospun carbon nanofibers also
demonstrated an extremely high rate capability with a
retention of 100 mA h/g at a high current rate of 7.7 A/g
and a very low decay rate of 0.01% per cycle over 1200 cydes,
which are much better than those in sodium-ion batteries.>
These results show that hard carbon anodes have different
storage mechanisms and behaviors in LIBs, NIBs, and KIBs.
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The storage of alkali metal ions in hard carbon is very
complicated due to the diverse structures of hard carbon.>*
Hard carbon has an amorphous structure that comprises
abundant defects, edges, and functional groups, numerous
randomly aligned graphene sheets and graphitic microcrystals,
and a vast amount of micropores, which provide various active
storage sites. Different storage mechanisms have been
proposed, including adsorption on defects, edges, and
functional groups, intercalation into graphitic layers, and filling
into micropores.”*"® Recently, though much effort was
focused on materials structure modification and character-
ization to improve the Na storage efficiency,”®”® controversial
Na storage behaviors were reported,®*~** showing that it is still
a great challenge to achieve a comprehensive understanding.
The lack of a fundamental understanding of the storage
mechanism undoubtedly plagues the design and development
of hard carbon electrode materials for high-performance NIBs
and KIBs.

In this paper, the energy storage mechanisms of Li, Na, and
K in hard carbon anodes were systematically investigated based
on electrochemical analysis. Considerably different electro-
chemical processes and performances were revealed by the
charge/discharge profiles, galvanostatic intermittent titration
technique (GITT), and electrochemical impedance spectros-
copy (EIS) measurements. The cycling stability and rate
capability become better and the voltage hysteresis between
charge/discharge processes becomes smaller from Li to Na to
K, suggesting a dependent relationship of the storage behavior
on the alkali metal ions. Accordingly, different storage
mechanisms were proposed for Li, Na, and K in hard carbons.

B EXPERIMENTAL SECTION

Materials. Sucrose (>99.5%), LiPF¢ (>99.99%), NaPF, (98%),
KPF¢ (99.5%), ethylene carbonate (EC, 99%), propylene carbonate
(PC, 99.7%), sodium metal (99.8%), potassium metal (99.5%), and
lithium metal (99.9%) were purchased from Sigma-Aldrich, USA.
Sucrose (99.9%) was bought from J & K, China, and sulfuric acid
(98%) was purchased from Sinopharm Chemical Reagent Co., Ltd.,
China. All the chemicals were used as received.

Synthesis of Hard Carbon. The hard carbon was prepared
according to a previously reported method.” Typically, pure sulfuric
acid was diluted to form a 6 M solution using distilled water. Then, 20
g of sucrose was dissolved in 6 M sulfuric acid to form 5% sucrose
solution. After refluxing in a 1 L round-bottom flask at 120 °C
overnight, a product with a brown color was collected by filtering and
washing with distilled water several times. After drying at 100 °C for
24 h in a vacuum oven, the product was carbonized at 1000 °C for 3 h
in an argon atmosphere with a heating rate of 5 °C/min.

Material Characterization. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images were
taken by a Hitachi TDCLS-4800 scanning electron microscope
(Japan) and a JEOL (Japan) 2100F field-emission tranmsission
electron microscope, respectively. X-ray diffraction (XRD) data were
recorded with a Bruker D8 Advanced (Bruker AXS Inc., USA) using
Cu Ko radiation. Raman measurements were performed on a Horiba
Jobin Yvon Labram Aramis using a 532 nm diode-pumped solid-state
laser, attenuated to give ~900 yW power at the sample surface. The
porous structure of the microporous carbon was analyzed using CO,
(at 273 K) adsorption on an Autosorb-iQ MP (Quantachrome
Instruments, USA).

Electrochemical Measurement. Electrodes were prepared by
mixing the hard carbon with carbon black and sodium alginate binder
to form a slurry at a weight ratio of 80:10:10, which was cast onto a
Cu foil using a doctor blade and dried in a vacuum oven at 60 °C
overnight, forming films at a thickness of ~10 gm. The mass loading
of the active material was ~1 mg/ cm> Coin-type batteries were

assembled with Li, Na, and K metals as the counter electrodes; 1 M
LiPF,, 1 M NaPF, and 0.8 M KPF, in EC/PC (1:1 by volume) as
electrolytes for Li-ion, Na-ion, and K-ion batteries, respectively; and
Celgard2400 (Celgard, LLC Corp., USA) as separators. Electro-
chemical performance was tested using Land battery test stations
(CT2001A, Land Electronics Co., Ltd,, China). GITT and EIS data of
the HC anodes were recorded using a CHI 600 electrochemical test
station (China). GITT measurements were performed by applying a
series of current pulses at 20 mA/g for 1.0 h, followed by a 10 h
relaxation process. EIS data were measured on fully charged states
after two cydes in the frequency range of 0.01-105 Hz at 10 mV
amplitude.

B RESULTS AND DISCUSSION

The hard carbon was prepared using a previously reported
method and characterized by SEM and high-resolution TEM
(HRTEM). The SEM image shows that the hard carbon
material has a spherical shape with a particle size of about 500
nm (Figure la). The HRTEM image reveals that the hard
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Figure 1. Characterization of the hard carbon: (a) SEM image, (b)
HRTEM image, (c) XRD spectrum, and (d) Raman spectrum. Micro-
nanocrystallites (yellow doted cycles) and microvoids (purple doted
cycles) are clearly displayed in the HRTEM image (b).

carbon contains randomly oriented graphene layers and
nanoctystallite domains (Figure 1b). The disordered arrange-
ment leaves a large amount of microvoids with a pore size of
0.5 nm (Figure 1b). Each nanocrystallite domain is composed
of a few stacked graphene layers with a locally ordered
structure and an interlayer distance of ~0.37 nm, which is
larger than 0.335 nm of graphite. The enlarged spacing is
preferred for Na storage.”*>

The structure of the hard carbon was further characterized
by using XRD, Raman spectroscopy, and CO, adsorption/
desorption. The XRD pattern shows a broad peak at 26 =
23.6°, corresponding to the (002) plane and an average
interlayer distance of ~0.37 nm (Figure 1lc), consistent with
the TEM observations. Two strong bands at 1350 and 1580
cm™ are presented in the Raman spectrum. The former is
assigned to the defective carbon structures, corresponding to
the disordered carbon, while the latter from graphitic carbon,
which is associated with the crystallite structure. The Raman
spectrum reveals a partially graphitic structure of hard carbon.
In the CO, adsorption/desorption measurements (Figure S1),
two pore sizes were measured. One is 0.37 nm assigned to the

https://doi.org/10.1021/acsami.1c12150
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Figure 2. Voltage profiles of (a) Li, (b) Na, and (c) K in the hard carbon anodes in the first five cycles at 20 mA/g and 0—2.5 V, and the
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Figure 3. (a—c) dQ/dV and (d—f) enlarged dQ/dV curves of the hard carbon in (a,d) Li-, (b,e) Na-, and (c,f) K-ion batteries.

interlayer space of isolated crystallites and the other at 0.5 nm
attributed to micropores produced by the disordered graphene
sheets. The large quantity of disordered graphene sheets and
micropores provides plenty of active sites for energy storage.
The electrochemical performance of the hard carbon was
investigated in coin cells. The insertion/extraction behaviors of
Li, Na, and K in the first five cycles are compared in Figures 2
and S2. Small discharge voltage plateaus at 1.3/0.8, 1.3/0.6,
and 1.7/0.6 V are displayed in the first cycles for Li, Na, and K
storage, respectively, but disappeared in the following cycles
(Figure 2a—c). This is attributed to the decomposition of
electrolytes to form solid-electrolyte interphase (SEI) films,
leading to irreversible capacities. A Coulombic efficiency of
58.3% in the first cycle was observed for K, which is lower than
the values of 66.8% of Li and 71.4% of Na (Table S1) and is

38443

associated with the larger volume changes induced by the
larger K ions.

From the second cycle, a voltage slope at a high voltage
above 0.1 V and a plateau close to 0 V are presented in LIBs
and NIBs (Figure 2ab), suggesting two different storage
behaviors in the two regions. In the sloping region, different
models have been hypothesized, especially those regarding Na
storage. The “card house” model ascribed this region to the
insertion of Na® between graphene sheets within the
nanocrystallites,*>** while recent studies support the adsorp-
tion mechanism at defects/ heteroatoms.>>*>%5%68 The highly
disordered structure consists of numerous structure defects,
such as edge hexagonal carbon fragments and heteroatoms
(such as oxygen, nitrogen and hydrogen), which provide plenty
of storage sites with a wide distribution of binding energy, thus

https://doi.org/10.1021/acsami.1c12150
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Figure 4. Cycling performance of the hard carbon anodes: cycling performance in (a) LIBs, (b) NIBs, and (c) KIBs at 20 mA/gand 0—2.5 V. (d,e)
Rate performance of hard carbon anodes in LIBs, NIBs, and KIBs at current densities from 20 to 1000 mA/g.

forming a voltage slope when binding with metal ions. In
contrast to the sloping region, two conflicting mechanisms
were proposed for the low-voltage plateau in NIBs. One
attributes the plateau capacity to the intercalation between
graphene layers within the micro-nanocrystallites,”***°>%® and
the other to the pore-filling process into the micropores.>36°
However, it should be pointed out, that they are both mainly
derived from XRD measurements. Apparently, it is significantly
challenging to elaborate the storage mechanism in hard
carbons via surface analysis. In fact, in carbonate-based
electrolytes, Na ions are hard to intercalate between graphene
layers to produce a voltage plateau below 0.1 V, even with an
enlarged interlayer spacing, as revealed by the observations on
the expanded graphite.”” Therefore, the plateau capacity can
only be contributed from the pore-filling process, in which the
low-voltage plateau can be explained by the extremely weak
binding energy between the filled Li or Na ions and carbon
atoms in the micropores.

Different from Li and Na storage, the low-voltage plateau
shifts up to 0.25 V in the K storage (Figure 2c), implying a
different storage behavior for K from those of Li and Na. The
voltage change is more clearly illustrated in the logarithmic
voltage curves (Figure S2). The rise in the plateau voltage
should be associated with the stronger chemical interaction
between K ions and C atoms. Similar plateau voltages of hard
carbon and graphite anodes in KIBs suggest a similar storage
mechanism between them (Figure S3). The pore size of hard
carbon is 0.5 nm (Figures 1b and S1), which is smaller than
the spacing of potassium-intercalated graphite (0.53 nm).”'
Therefore, when K ions are inserted into micropores, a strong
coordination occurred between the K ions and C atoms,
making the insertion analogous to the intercalation of
potassium into graphite. In contrast, the porous space is
relatively larger to accommodate the smaller Li ions, making it
impossible to form GICs like that in graphite. It is also noted
that, with a larger ionic radius, a weaker chemical interaction
with defects/heteroatoms would result in a smaller hysteresis
for Na and K than that for Li (Figure 2d—f).
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The dimension effects of metal ions on the storage behavior
of the hard carbon are further illustrated by the dQ/dV curves
in Figure 3. The pore-filling peak shifts from a voltage close to
0V for Li to 0.1 V for Na and then to 0.29 V for K (Figures 3
and S2), suggesting a dependent relationship on the ionic size
of the inserted alkali metal ions. More interestingly, if looking
into the enlarged dQ/dV curves, a well-defined anodic peak at
around 1.0 V is observed for Li (Figure 3d), which has been
assigned to the adsorption at heteroatoms in amorphous
carbon materials.”> This peak becomes weak for Na and almost
disappears for K (Figure 3ef), confirming the variation trend
of the chemical binding interaction between the alkali metal
ions and heteroatoms from strong to weak as the ions become
larger.

Superior performance was achieved for K storage to those of
Li and Na. An initial capacity of 247 mA h/g was delivered in
the first cycle in K storage, lower than those of Li (429.1 mA
h/g) and Na storage (274.9 mA h/g) (Table S1). However, K
storage displays the best stability as revealed by the good
overlap of voltage profiles in the initial five cycles (Figure 2c).
In the fifth cycle, K retained 99% of the capacity in the first
cycle, while only 83.8% for Li and 96.4% for Na (Table S1).
During the long-term cydling (Figure 4), Li and Na underwent
a fast capacity decay in the first 30 cycles, retaining only 76 and
93.5% of their initial capacities, respectively. While K retained
94.3%, much higher than those of Li and Na (Table 1). After
30 cycles, a slow capacity decay still occurred in Li and Na

Table 1. Comparison of Capacity Retention of Hard Carbon
Anodes in LIBs, NIBs, and KIBs in the 1st, 30th, and 100th
Cycles

capacity retention

1st cycle 30th cycle 100th cycle
batteries (mAh/g) (%) (mA h/g) (%) (mA h/g) (%)
LIB 429.1 100 326.2 76.0 319.6 74.4
NIB 274.9 100 257.1 93.5 254.9 2.7
KIB 247.2 100 2332 94.3 237.2 96.0

https://doi.org/10.1021/acsami.1c12150
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Figure 6. Schematic structure illustration of (top), lithiated (bottom left), sodiated (bottom middle), and potassiated (bottom right) hard carbons.

storage, but there was no capacity loss for K storage (Figure
4a). The exceptional reversibility and stability of the hard
carbon for K storage may be associated with the weak
interaction between carbon atoms and K ions.

The rate capability of the hard carbon was evaluated at
current densities from 20 to 1000 mA/g (Figure 4d,e). Li
suffers from a quick capacity roll-off as current increases,
particularly at low current density ranges, dropping from 322
mA h/g at 20 mA/g to 215 mA h/g at 200 mA/g. This is
mainly caused by the poor tolerance to polarization as a result
of the low reaction plateau near 0 V. Na is slightly better than
LIBs due to the slightly higher plateau voltage but still show a
fast capacity roll-off from 243 to 113 mA h/g as the current
density increases from 100 to 500 mA/g. Surprisingly,
although K has a much slower diffusion kinetics, better rate
capability was achieved with no fast capacity dropping over the
testing current rate range. At 500 mA/g, it still retained 161
mA h/g, much higher than the 113 mA h/g of Na (Figure 4d).
The exceptional rate capability of the hard carbon electrodes in
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KIBs is attributed to the high tolerance to polarization because
of the high voltage plateau (Figure S4).

The electrochemical insertion behavior and kinetics of Li,
Na, and K in the hard carbon anodes were further investigated
by GITT, in which the equilibrium potential and overpotential
were measured by applying a series of 1 h current pulses at 20
mA/g, followed by a 10 h relaxation process for each current
pulse (Figure SS). The open-circuit voltage after 10 h
relaxation is assumed to be thermodynamically equilibrium
potential. The equilibrium voltage profiles show similar voltage
shapes as those obtained by constant current tests (Figures
Sa—c and 2d—f), which are composed of a sloping region in
the high voltage range and a plateau at a low voltage. A
significant voltage hysteresis is displayed for Li (Figure Sa),
while it is much smaller for Na and K (Figure Sb,c). In
particular, the hysteresis becomes extremely small in the
plateau region for Na and K, revealing a different storage
behavior in the plateau region from that in the sloping region.
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Figure 7. Nyquist plots of the hard carbon anodes in (a) LIBs, (b) NIBs, and (c) KIBs obtained from EIS tests after two activation cycles. Red
circle lines are obtained from the experiment, and the black solid lines are the fitted data.

It was also noted that the low-voltage plateau almost
disappeared in the equilibrium voltage curves in LIBs (Figure
Sa), suggesting that very few Li ions are stored through the
pore filling mechanism. Li ions should be mainly attributed to
the adsorption at heteroatoms and defective structures. It has
been reported that the elimination of heteroatoms and
improvement of ordering quality of the micro-nanocrystallites
by the heat treatment at a high temperature can significantly
reduce the slope capacity,’” manifesting the adsorption
mechanism in the sloping region. In contrast, pore filling
behavior contributes a large fraction of capacity in Na and K
storage with higher plateau voltages. Unlike the plateau region,
however, similar shapes were observed in the sloping region for
all three kinds of metal-ion storage except the reducing
hysteresis from Li to Na to K, indicating that the adsorption of
metal jons at the defects/heteroatoms occurred, regardless of
the kind of stored ions. Nevertheless, because of the
intercalation capability of Li and K into graphite, it is hard
to rule out the insertion of Li and K between graphene layers
within the locally ordered micro-nanocrystallites.

On the basis of the above analysis, different storage
mechanisms are proposed for the storage of Li, Na, and K in
hard carbon anodes, as illustrated in Figure 6. Defect/
heteroatom adsorption mainly accounts for the slope capacity
for all the Li, Na, and K storage, with a strong dependence of
the voltage hysteresis on the ionic diameter. While a notable
difference was displayed in the plateau region, that is, pore-
filling processes. Within the micropores, it is believed that Li
ions are mainly bound to the defective carbon/heteroatom
atoms at the edge or/and functional groups on the surface of
graphene sheets that form the micropore walls, and very few Li
ions overlapped above the bound Li ions as revealed by the
absence of a low-voltage plateau in the equilibrium profiles
(Figure S). In contrast, Na ions have a larger ionic radius and
are more easy to coordinate with the pore walls, leading to a
higher storage potential during the pore filling. Furthermore,
the filling of even larger K ions into the micropores produces a
stronger coordination with pore walls, resembling the
intercalation of K in graphite. It is noteworthy that even if
there is no intercalation between the graphene layers for Na
ions, the adsorption at defects/heteroatoms within the
microcrystallites may enlarge the interlayer space of local-
ordered graphene layers as observed in partially oxidized
graphite anodes in NIBs.”” This may explain why a peak shift

of the (002) plane in the XRD measurement occurred upon
Na-ion insertion.*®

The reaction kinetics of the hard carbon anodes was also
investigated by exploring the reaction resistance that is
obtained by dividing an overpotential by the pulse current
density (Figures Sd—f and SS). During the insertion process,
potassium shows a much higher reaction resistance than Liand
Na (Figure S6), which is ascribed to the slow kinetics caused
by the larger radius of K ions. However, despite the fact that
Na ions are larger than Li ions, a smaller reaction resistance
was observed for Na ions than that for Li ions. This can be
explained by the stronger interaction of Li ions with defective
carbon atoms/heteroatoms as a result of the higher charge
density of Li ions. In addition, the reaction resistance decreases
along with the insertion advancing for all three kinds of alkali
metal ions, which is assigned to the improved conductivity and
volume expansion by the inserted metal ions.*®”® Similar
phenomena were also reported for Li- and K-ion insertion in
graphite anodes.”’ Upon extraction, K and Na show reverse
processes to the insertion due to the reduced conductance,
volume contraction, and/or weaker coordination with the host
material. Nevertheless, Li suffers from a rapid increase during
the deinsertion (Figure Sa), consistent with the strong
chemical interaction between the heteroatoms/defects and Li
jons.>°

The insertion kinetics of the hard carbon anode was
examined by using EIS at a full deinsertion state after two
activation cycles. Figure 7 shows the Nyquist plots of the hard
carbon electrodes in LIBs, NIBs, and KIBs. Typical impedance
curves are presented for the three kinds of batteries, with a
depressed semicircle in the high-frequency range followed by a
straight line in the low-frequency region. The high-frequency
depressed semicircle represents the total resistance of the
electrolyte, contact, SEI films, and charge transfer, while the
low-frequency sloping line is owing to the ion diffusion and
phase transformation in the hard carbon anode. The radius of
the high-frequency depressed semicircles gets bigger from Li to
Na to K, implying that the kinetics becomes worse as the ionic
diameter becomes larger.

To gain further insights into the reaction kinetics of the hard
carbon anodes, impedance curves were modeled with
equivalent circuits, as shown in Figure S7, where R is the
Ohmic resistance related to the electrolyte resistance; R, and
R; represent charge-transfer resistance and contact resistance
associated with films, respectively, which are determined by the

https://doi.org/10.1021/acsami.1c12150
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diameter of the depressed semicircle; CPEs are capacitors
paralleled with R and R.; and Z,, is the Warburg impedance.
The values of the resistances are summarized in Table S2.
Owing to the weaker solvating effects for larger ions, Ohmic
resistance decreases from Li to Na to K, consistent with
previous reports.”’ Na shows a much smaller charge-transfer
resistance than Li as a result of the weaker binding interaction
with defects/heteroatoms. The charge-transfer resistance of K,
however, is larger than those of Li and Na, implying a
dependence of the charge-transfer kinetics on the ionic
diameters. The contact resistance for K is almost 2 times
higher than that of Na, which is attributed to the larger volume
change for the K-ion insertion/extraction. It is also noted that
the sum of the resistances including the electrolyte, charge
transfer, and contact resistances becomes bigger as the metal
ions become larger. These results are consistent with the
observations in the GITT measurements.

B CONCLUSIONS

The storage mechanisms of Li, Na, and K ions in hard carbon
were for the first time systematically investigated based on
electrochemical analysis. In light of voltage profiles, cycling
performance, and GITT and EIS measurements, different
storage mechanisms are proposed for the storage of Li, Na, and
K ions in hard carbon anodes. Li ions are mainly adsorbed at
defects, edges, and functional groups, producing a sloping
voltage shape, but pore filling contributes very little to Li
storage capacity. Besides the adsorption effects in the sloping
region, a large fraction of capacity at the low-voltage plateau is
assigned to the pore-filling process in NIBs. K ions are
adsorbed at defects/heteroatoms with a reduced voltage
hysteresis and inserted into the micropores at an elevated
plateau voltage compared to those of Li and Na. The elevated
voltage plateau not only enhances the rate capability but also
reduces the safety hazards caused by plating/stripping on the
anode electrode surface. Therefore, larger ions might be
potentially favorable for hard carbon anodes to achieve high
reversibility, good cycling stability, and excellent rate capability
as revealed by the superior storage performance of K compared
to those of Li and Na. Our findings provide a comprehensive
understanding of the storage mechanisms of alkali metal ions
in hard carbon anodes from an electrochemical point of view.
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