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In this study, the traditional electron-blocking layer (EBL) in (In,Ga)N/GaN light-emitting diodes is
replaced by a circular EBL that is the same size as the »n-pad. The three-dimensional (3D) nonlinear Poisson,
drift-diffusion, and continuity equations are adopted to simulate current transport in the LED and its
characteristics. The results indicate that the local carrier-density distribution obtained for the circular EBL
design is more uniform than that for the traditional EBL design. This improves the uniformity of local
radiative recombination and local internal quantum efficiency (IQE) at high injection levels, which leads
to a higher lumped IQE and lower efficiency droop. With the circular EBL, the lumped IQE is higher
in the outer active region and lower in the active region under the n-pad. Since most emissions from
the active region under the n-pad are absorbed by the n-pad, obviously, an LED with a circular EBL
will have a higher external quantum efficiency (EQE). The results also show that this LED works at lower

applied voltages.
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I. INTRODUCTION

Light-emitting diodes (LEDs) have attracted much interest
for solid-state lighting and display technology. However,
the efficiency droop in LEDs, due to a reduction in internal
quantum efficiency (IQE) that occurs at high injection
levels, remains a challenge to be overcome. Efficiency
droop is not caused by any single mechanism, but is related
to a variety of factors that includei current crowding [1],
the quantum-confined Stark effect (QCSE) [2], radiative-
recombination saturation [3], Auger recombination [4], direct
carrier leakage [5, 6], and leaked electrons [2]. Efficiency
droop can mainly be attributed to nonradiative recombi-
nation and electron leakage inside and outside the active
region. Auger recombination is an internal nonradiative
processes that plays a major role in the efficiency droop in
LEDs when the carrier density is high [4]. Hot carriers are
generated outside of, or can be retaken by, the quantum

wells (QWs) [7]. The hot-carrier effect, also known as
direct carrier leakage [8], is considered to be one of the
internal nonradiative processes. Here the electrons that do
not completely recombine in the active layer overflow from
the active region into the p-side layers, a process called
leakage of electrons by thermionic emission. Electron
leakage is also one of the most debated droop mechanisms
[2]. Current crowding leads to higher carrier concentration
under the n-pad region [9], which then causes a rise in
Auger recombination and leakage of electrons in an LED,
due to enhancement of local carrier densities [9, 10]. This
is also a major factor in efficiency droop.

The electron-blocking layer (EBL) is a thin layer of
wide-band-gap material that is inserted between the active
region and the p-type layer. It creates a barrier to current
flow in the conduction and valence bands at the active
region/EBL and EBL/p-type interfaces. The barrier in the
conduction band at the active region/EBL interface is
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capable of reducing the leakage of electrons out of the
active region. Several kinds of EBLs have been developed
to reduce efficiency droop in LEDs: for example, (Al,Ga)N
EBLs [11], (In,ADN EBLs [12], (In,Al)N/GaN superlattice
(SL) EBLs [13], and (Al,Ga)N/GaN SL EBLs [13]. How-
ever, the barrier in the valence band at the active region/
EBL interface also blocks the flow of holes to the active
region, which can lead to low hole-injection efficiency [14].
As a result of polarization due to the mismatch between
materials in the different layers, a positive sheet charge
exists at the interface between the EBL and the active
region [2], pulling down the conduction band of the EBL.
This results in a reduced barrier height at the active
region/EBL interface for electrons in the conduction band,
while the barrier height for holes in the valence band
increases. The reduced barrier height in the conduction band
decreases the blocking effect of the EBL for electrons, and
the increased barrier height in the valence band causes low
hole-injection efficiency into the active layer, which is
linked to electron leakage [14]. The blocking effect of the
Al,Ga;, N EBL on electrons depends on the Al composition
xa [14, 15]. An increase in the Al composition of
Al,Ga;,N results in a wider band gap, which leads to a
higher barrier at the active region/EBL interface, thereby
reducing electron leakage [2] and leading to an increase in
the efficiency of the LED. However, inserting an (Al,Ga)N
EBL into an LED chip leads to an increase in the internal
resistivity [16, 17], especially for higher Al compositions.
The efficiency of the LED decreases as the Al composition
in the p-(Al,Ga)N EBL increases [14].

The current-crowding effect, a common problem in LED
structures both with and without EBLs, causes nonuniform
distribution of the current density [9, 18]. Enhancement
of local carrier densities leads to increased nonradiative
recombination and electron leakage. Current crowding in
the region under the n-pad of the active layer in a vertical
LED structure [9] causes a faster increase in electron-current
leakage in this region than in other regions; furthermore,
most emissions from this region are absorbed by the n-pad.
A more uniform current-density distribution is the key to
achieving a high-efficiency LED. In a vertical LED, the
EBL usually covers the entire p-GaN layer, although its
function to counter the severe current crowding is only
applicable in the region under the m-pad of the active
layer. It is not useful for blocking electron leakage outside
this region, although it does cause higher internal resistivity
and lower hole-injection efficiency. A better design would
allow the current to spread more easily away from the
n-pad to the region not covered by the EBL. Less internal
resistivity would lead to a more uniform distribution of
current density. Such a specially designed (Al,Ga)N EBL
would both improve efficiency and reduce efficiency droop
in single quantum well (SQW) LEDs. LEDs with this
circular EBL structure are capable of working at lower
applied voltages than LEDs with the traditional EBL
design. In this work, current transport is simulated using a

fully three-dimensional (3D) self-consistent finite-element
method (FEM) developed with COMSOL Multiphysics. The
3D numerical model used to investigate the current transport
is calculated by solving the continuity equation and the
drift-diffusion equation, along with the Poisson equation.
Fermi-Dirac statistics are applied to solve the Poisson,
drift-diffusion, and continuity equations. The lumped IQE
of an LED with the standard (Al,Ga)N EBL is compared
to experimental results [19].

II. PHYSICAL MODELING AND
NUMERICAL METHOD

Figures 1(a) and 1(b) show the structure of a vertical
(In,Ga)N/GaN SQW LED design with a 0.003-um-thick
Aly1GagyN EBL sandwiched between the 0.0023-pum-thick
active region and the 0.18-pm-thick p-type GaN layer,
212212 um’ in area (structure 1, (S1)) [19, 20]. The
p-pad, n-pad and n-GaN layer are 0.01 pm, 0.01 pm, and
5 um thick respectively. The active region includes two
GaN barrier layers with one (In,Ga)N active layer. The
Ing 19Gag N active layer and GaN barrier layer are 3 nm
and 10 nm thick respectively. A 40-um-radius circular
n-pad is formed on the top #-GaN surface [20]. As can be
seen in Figs. 1(c) and 1(d), the square shape of the EBL in
Fig. 1(a) is changed to a circular Aly;GaggN EBL (structure
2 (S2)), only in the region under the n-pad; the diameter
is the same as that of the n-pad layer. The doping profiles
of the n-GaN, EBL, and p-GaN layer are 2 x 10" em?,
6% 10" em™, and 2 x 10" cm™ respectively. The active-
region layers are undoped. The thickness of the p-GaN is
0.183 pm. The doping profiles of the p-GaN, EBL, and
n-GaN are 2 x 10" cm”, 2x 10" em”, and 6 x 10" em”
respectively. In this study, the EBL’s Al composition in
S1 and S2 varies from 0.05 to 0.14.

The Poisson, drift-diffusion, and continuity equations [9,
10] are

VI - (n-p+ N, =N, )/, 0]
J,=—unVV+gD Vn, )
J, ==u,pVV +qD Vp, 3)
Vd, , =Ry + Ry + Ry + Ry “4)

where ¢ is the permittivity of a dielectric material; V is the
electrostatic potential; # is the electron concentration and p
is the hole concentration; v, represents the concentration
of ionized acceptors and N, the concentration of ionized
donors; J, and J, are the carrier current densities of
electrons and holes respectively; u, and u, are the electron
and hole mobilities respectively; Rgn is the rate of
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FIG. 1. Schematic diagrams of vertical SQW LEDs with (a, b) a traditional EBL and (c, d) a specially designed EBL: (a) and (c) show

the layer compositions, while (b) and (d) present the 3D structures.

Shockley-Read-Hall (SRH) recombination; Ryq is the rate
of radiative recombination; Rauer 1S the rate of Auger
recombination; and Ry is the total rate of carrier leakage,
which includes direct carrier and electron leakage. In this
study, the carrier mobilities were obtained using Arora
mobility model [21]. The leakage of holes generated by
thermionic emission is neglected, due to the lower hole
mobility compared to electron mobility in the highly doped
p-GaN. The recombination rates for both electrons and
holes are assumed to be the same in this study. The band
offset ratio between GaN and Al,Ga;N is 0.5, the same
as in previous studies [2, 17, 22]. Deformation of the
QWs is caused by polarization [2]; the total polarization
includes both spontaneous and piezoelectric components.
The model developed by Fiorentini et al. [23] is employed
to include the polarization effect in the internal LED
interfaces, which is a function of the compositions and
lattice constants of the materials. The alloy lattice constant
is calculated by Vegard’s Law. Polarization leads to a
surface charge [23] at the interfaces between different
materials, defined as follows:

o, (Rp + sz ) = P(bottom) — P(top)
= [Rp (bottom) +P, (bottom)] 5)

-2, (1op)+ P, (t0p) ]

where O, is the surface charge £, and F,. are the
spontaneous and piezoelectric polarizations respectively.
However, the value of the surface charge found in the
experiments in [24] is a factor of 0.2 to 0.8 smaller than

the value calculated by Eq. (5). In theoretical and simulation
studies, the surface charge calculated by Eq. (5) is usually
scaled down by a fit factor; here the fit factor is selected
to be 0.4, the same as in our previous study [24]. The
surface charge only appears at the interfaces between the
QW/GaN barrier layer, GaN barrier layer/EBL, and EBL/
p-GaN layer interfaces in this study. At the interfaces of
different materials, the condition (D, —D,)-i=0, is applied
for the displacement D of the electric field [25], where the
subscript represents the layer.

The rate of Shockley-Read-Hall (SRH) recombination
Rery [9] is given by

Ry = (pn—n,z)/(r,1 [p+ nie(E"E’)/k“TJ+rp [n+ nie(E”E')/k“TJ),

(6)

where £z is Boltzmann’s constant; 7 is the temperature of
the lattice; F, is the trap energy; and E; and »; are the Fermi
level and carrier density in the intrinsic semiconductor. 7,
is the SRH recombination coefficient for electrons and 7,
is the SRH recombination coefficient for holes. The SRH
carrier lifetime, including the PSF effect, developed in our
previous study [10] is given by

1 T, 1
T + )
"1+ (p/ny) 1+(N0/n)yl+(n/n0) ™)

Tsrr =

where ny represents the PSF-effect coefficient. The chosen
background electron density Ny is 1x 10" cm?, and a
dimensionless exponent 7 =0.4 is chosen to match the
simulation result to the experimentally measured IQE. The
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PSF coefficient is set to be 1x10" cm>, so that the
simulation results match the experimentally measured IQE
[26-28]. The term 7 is used to deal with the uncertainty
arising from the defect structure of crystals and material
impurities. The experimental carrier lifetime at very low
injection levels is from 1x10° to 5x 107 s [8, 29-32].
Here 7, =0.1 x 107s s chosen, as found in an LED that
has the same thickness and In mole fraction of the well
layer [33], while 7,,=0.15% 10" s is chosen to correspond
to the experimentally measured IQE.
The rate of radiative recombination [34] is given by

Ry = B(np—n}), ®)

where B is the radiative coefficient. The radiative coefficient,
based on electron density and the PSF effect [10, 35], is
given by

B:BO/(H(np/nj)), ©9)

where By, including the PSF effect coefficient ny, is the
radiative recombination coefficient at extremely low injection
levels. A B value is chosen from 1x 10" to 1.5x 107
e’ s [36, 37]; Bo=221x10" cm® s is used in this
study, to match the experimental IQE characteristics.

The Auger recombination rate [38] is given by

Ry =C, (W’ p=nl)+C, (np* —n), (10)

where C, and C, represent the Auger coefficients for holes
and electrons respectively. The Auger coefficient [35] is
given by C,=C,,/(1+(n/n,)) and C,=C,,/(1+(p/n,)),
where Cp, including the PSF effect coefficient ng, is the
coefficient at very low injection levels. The value of C,, is
in the range of 1.4 x 10 to 3.5 x 10°* em® s™' [27, 31, 39].
The selected values of parameters C, and Cp are 8 x 107!
em® s in this study, to match the experimental IQE cha-
racteristics. The direct leaked carrier rate assisted by Auger
recombination can be described by R =C,,(n’p-n’)

and R =C, ,(np"—n), [40] for electrons and holes
respectively. The direct leaked carrier coefficients can be
described by Cy,=FC, and C/k,,,=12Cp. A dimensionless
/=13 is chosen to match the experimentally measured IQE
[40]. Other carriers leak by thermionic emission, where R:’

indicates the leaked electrons and R:hp the leaked holes.

3

The local IQE, IQEj.., can be described by

IQE

local

:Rr/(Rv‘+RSRH+RAu+le)' (11)

The recombination currents are calculated by integrating
the recombination distribution rates over the whole active
layer. The lumped IQEmpa can be described by

]QElumped = [V /(]mtal )’ (12)

where I, and I, are the total radiative recombination
current and total injection current respectively.

The finite-element method (FEM) used to solve the 3D
Poisson, drift-diffusion, and continuity equations was
developed using the COMSOL Multiphysics software. The
numerical scheme has already been described in detail in
our previous work [10]. The number of elements used in
the convergence testing for both S1 and S2 are 92,400,
141,000, and 298,800. The simulation result for the 141,000
case is almost the same as that for the 298,800 case. To
save on computer memory and shorten computation time,
the 141,000-element example is chosen for both LED
structures. A relative tolerance of 1 x 107 is chosen for the
electrostatic potential and carrier concentration.

III. RESULTS AND DISCUSSION

The average injection-current density is defined as the
ratio of the injection current to the cross-sectional area of
the active layer. Figure 2 shows the energy-band diagrams
for S1 and S2, at the central and outer positions of the
chip, for two different injection-current densities. At 0.1
Alen?’, there is little carrier drift with the application of
the electric field. Carrier flow through the chip is mainly
due to diffusion; carriers must climb over a potential hill
to cross to the other side (Fig. 2(a)). The band bending at
the GaN barrier/QW, active region/EBL and EBL/p-GaN
interfaces appears due to the polarization charge, which is
similar to the mechanism predicted in previous studies [36,
41]. This also causes reduction of the barrier height at the
GaN barrier/EBL interface for electrons in the conduction
band, which is similar to the mechanism predicted in a
previous study [42]. The reduction in the barrier height in
the conduction band decreases the blocking effect of the
EBL; the EBL makes the potential hill higher. For S1
there is not much difference in the energy band between
the central and outer positions, so Fig. 2(a) only shows the
energy band for the center. For S2 the potential hill
between the active region and the p-GaN is lower at the
outer position, due to the absence of the EBL. As a
consequence, carriers need less energy to flow through the
outer region compared to the center.

The barrier height in the conduction band at the n-GaN
layer/GaN barrier layer interface is lower at the outer
position in S2 than in S1, so the electrons in S2 need less
energy to cross the barrier and flow into the QW. On the
other hand, in S1 more energy is needed for the holes to
climb the higher barrier in the valence band at the
EBL/GaN barrier layer than in S2. At 120 A/cm’ there is
greater carrier drift caused by the applied electric field,
and the flow of carriers through the chip is driven by both
drift and diffusion processes. The stronger applied electric
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field at the center in comparison to the outer region [43]
leads to a stronger carrier flow, which results in current
crowding in the central region. Moreover, the higher applied
electric field at the center also causes the energy-band level
in the n-GaN to be higher here than in the outer position,
while the energy-band level of the p-GaN is almost the
same for both positions (Fig. 2(b)). The potential hill is
not as steep as in the case for 0.1 A/cm” The energy-band
diagrams for S1 and S2 are quite similar at the center, due
to the presence of the EBL in both structures. The barrier
height of the conduction band at the GaN barrier/n-GaN
interface is higher in S2 than in S1, so electrons need more
energy to cross the barrier and flow into the QW. The
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barrier height of the valence band at the EBL/GaN barrier
layer interface is almost the same in both structures. In S1
the energy-band level of n-GaN is higher in the outer
location compared to that in S2, due to the higher applied
electric field. The valence band at the active region/EBL
interface in S1 acts as a barrier, which does not exist in
S2. Therefore, it is easier for holes to flow into the active
layer from the p-GaN in S2, leading to the higher hole
concentration in the outer region, in comparison to Sl1.
The electron current-density distribution at the center of
the yz plane of the LED chip, at various injection levels
from 0.1 to 120 A/em? for S1 and S2 is shown in Fig. 3.
The shaded region represents the region under the #-pad in
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FIG. 2. Energy-band diagrams for S1 and S2, for (a) 0.1 A/cm? and (b) 120 A/cm?, at the center and the outer position (x =5 x 10°
mand y =5 x 10° m) of the chip. £, and E, represent the conduction band and valence band respectively; “in” and “ou” represent the

energy band at the center and outer positions respectively.
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the active layer. The distribution of the electron current
density shows crowding near the »-pad, at all injection
levels. With rising injection level, the difference in carrier
current density between the shaded region and the outer
region becomes more significant. At high injection levels
there is current crowding in and near the shaded region,
due to the stronger carrier flow driven by a stronger applied
electric field in this region. The maximum electron current
density, which occurs near the edge of the »-pad, is due to
the singular electric field at the interface between the metal
and semiconductor layers [44]. For 0.1 A/cm’ (Figs. 3(a)
and 3(e)), the distributions of the electron current density
are quite similar in both structures, due to the energy-band
level of n-GaN being the same (Fig. 2(a)). Few electrons
have enough energy to cross the QW at this level of
injection current, because of the high potential hill (Fig.
2(a)), and the effect of the EBL on the electrons is insig-
nificant at low injection levels. At 5 A/em’ the electron
current density is slightly lower in the outer region of S1,
compared to the region under the n-pad (Fig. 3(b)). On
the other hand, for S2 the crowding effect is not very
significant (Fig. 3(b)), due to the absence of EBL in the
outer region. For higher injection currents (Figs. 3(c) and
3(d)), the crowding effect becomes more serious under
the n-pad region, for S1. For S2, the crowding becomes
significant (Figs. 3(g) and 3(h)) but is less severe than in
the S1 case. This is expected, since the energy band of the
n-GaN in the shaded region is higher in S1 than in S2
(Fig. 2(b)).

Figures 4(a) and 4(b) show the distributions of the
electron and hole concentrations along the x axis of the
active layer for the various injection levels, for S1 and S2
respectively. Here the carrierdensity distributions in the
active layer are nonuniform at all injection-current densities;
the degree of nonuniformity worsens as the injection current
becomes higher. In S1 the electron concentration in the
shaded region is always higher than in the outer region,
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regardless of the injection current, due to the stronger
applied electric field, while this trend is reversed in S2.

In S2 the electron concentration is lower in the shaded
region at lower injection-current densities, due to the higher
barrier in the conduction band at the »-GaN layer/GaN
barrier layer interface, and the higher potential hill generated
by the circular EBL (Fig. 2(a)). At higher injection levels
this concentration becomes higher, because of the crowding
effect caused by the stronger applied electric field. The
hole concentration under the »-pad is also always higher in
S1, due to the stronger applied electric field in this region.
In S2, the hole concentration is higher in the outer region
at lower injection levels due to the lower potential hill
without the EBL in this region (Fig. 2(a)), making it easier
for holes to flow into the active layer from the p-GaN. At
higher injection levels the trend is reversed, due to the
stronger crowding in the shaded region. The hole concent-
ration in the outer location is lower in SI than that in S2
at all injection levels, since the barrier generated by the
EBL does not exist in the outer region for S2 (Fig. 2).
From Figs. 4(a) and 4(b), we can see that the circular
EBL in S2 is capable of mitigating the crowding effect in
the shaded region at high injection levels.

The local radiative recombination in the active layer at
various injection levels for S1 and S2 is shown in Fig. 5(a).
There is a nonuniform distribution of radiative recombi-
nation in the active layer at all injection levels, due to the
current crowding effect, increasing in magnitude as the
injection level increases. In S1 the radiative recombination
is always higher in the shaded region than in the outer
region, regardless of the injection level, as expected from
the carrier-concentration distribution (Figs. 4(a) and 4(b)).
In S2, at low injection current the radiative recombination
is lower in the shaded region than in the outer region, due
to the effect of the circular EBL. At high injection-current
densities the trend is reversed, due to the higher carrier
density in this region (Figs. 4(a) and 4(b)).
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FIG. 4. Local carrier concentration along the x axis (y = 1.06 x 10 m) in the active layer of the LED chip, for various injection levels:

(a) electron concentration and (b) hole concentration.
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Figure 5(b) shows the local electron density in the
p-GaN, or electron leakage from the active region, at
various injection-current densities, for S1 and S2. The
local electron-density distributions in the p-GaN layer are
not uniform for all injection-current densities, due to the
crowding effect, which increases in magnitude as the
injection current rises. Electron leakage in the outer region
is much lower in S2 than in S1. It is obvious that the
leakage of electrons has been significantly reduced by using
a circular EBL (as in S2), rather than a traditional EBL
(as in S1).

Figure 6 shows the lumped recombination-current density
arising from the recombination processes in both the shaded
and outer regions, for various injection current levels, for
S1 and S2. When the injection level increases, the lumped
SRH recombination-current density starts to rise sooner
than the other recombination processes, due to its lower-
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order dependence on carrier density than those for the other
processes, after which the densities for radiative, Auger,
direct carrier-leakage recombination, and leaked electrons
begin to increase in turn. Figs. 6(a) and 6(b) show the
results for the lumped recombination-current density for
the shaded region in both structures, which is lower than
that in the outer region, at low injection currents. At
higher injection levels the trend is reversed, because the
applied electric field is higher in the shaded region than in
the outer region, leading to an increase in carrier density
in this region (Figs. 4(a) and 4(b)). In the shaded region
(Fig. 6(a)), all recombination processes occur earlier in
S1 and are higher in magnitude, compared to S2. In the
outer region (Fig. 6(b)), there is no significant difference
in the recombination processes between S1 and S2, at
low injection current densities. At high injection current
densities, however, the magnitude of each recombination
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FIG. 5. (a) Radiative recombination along the x axis (y = 1.06 x 10™* m) of the active layer and (b) leakage of electron density along
the x axis (y = 1.06 x 10™* m) in the p-GaN of the LED chip, for various injection levels.
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process is higher in S2 than in S1, due to the higher hole
density (Fig. 4(a)).

Figure 7 shows the local IQE in the active layer for the
various injection levels, for S1 and S2. The distributions of
the local IQE are nonuniform. In S1 there is an inversion
in the magnitude of the local IQE from higher to lower,
when the injection level rises. The reason for this is
saturation of the radiative-recombination current and the
fast rise of nonradiative recombination in the shaded region,
as shown in Fig. 7(a). In S2, at low injection levels the
local IQE is higher in the outer region rather than in the
shaded region, as expected from the radiative-recombination
distribution (Fig. 6); at higher injection levels the trend is
reversed, as expected from radiative recombination (Fig.
6). At this injection level more carriers accumulate in the
shaded region compared to the outer region, due to the
crowding effect, which leads to higher radiative-recombi-
nation results in the higher local IQE in this region. The
local IQE distribution is less uniform in S1 than in S2.
Obviously the circular EBL can elevate the IQE in the
outer region and mitigate current crowding in the shaded
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region, which will be of great benefit to LED performance.

The total lumped IQE in the active layer versus average
injection-current density is shown in Fig. 8. Lumped IQE
versus average injection-current density in the shaded
region, the outer region, and the entire region of the active
layer, for S1 and S2, are shown in Fig. 8(a). Galler et al.
[19] calculated the IQE from experimental measurements of
the external quantum efficiency (EQE) and the extraction
efficiency meyr through IQE = EQE/Mcy. The absorption effect
from the various layers in the LED, especially from the
n-pad, is included in mey. Both experiment and simulation
show that the lumped IQEs rise quickly and then drop
significantly after reaching their peak values. The peak
value is higher in S2 than in S1, and occurs at a higher
injection level. It is obvious that the efficiency droop can
be mitigated by using a circular EBL (S2) instead of a
traditional EBL structure (S1). The lumped IQE begins to
rise earlier in the outer region in S2 and is higher in
magnitude compared to that in S1, due to the higher lumped
radiative recombination (Figs. 6(b) and 7). The peak value
of lumped IQE in the outer region is much higher in S2.
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FIG. 7. Local distribution of IQE in the active layer for various injection levels. The top row is for S1, and the bottom row is for S2.
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FIG. 9. Computed current-voltage characteristics in (a) logarithmic scale and (b) linear scale for the two structures. # is the ideality factor.

In S1, the lumped IQE in the outer region reaches its
peak at 2 A/em’, while it peaks around 8 A/cm” in S2. In
the shaded region most of the photons generated from
radiative recombination in the active layer are absorbed by
the n-pad, which leads to a reduction of EQE in the LEDs.
The lumped IQE is much higher in the shaded region in
S1 compared to S2, at all injection levels. It is obvious
that an LED chip with a circular EBL will have a higher
EQE than one with a traditional EBL.

The lumped IQE versus average injection-current density
in S1 and S2 for various EBL Al compositions is shown
in Fig. 8(b). The peak value of the lumped IQE is higher
when the Al composition of the EBL is lower, which is
consistent with previous simulation results [17]. The
injection current needed to reach peak IQE is lower when
the Al composition of the EBL is higher. The lumped IQE
is more significantly affected by the Al composition of the
EBL in structure 1 than in structure 2. In other words, the
effect of increasing Al composition of the EBL on the
lumped IQE is less significant in structure 2 than in
structure 1.

The current-voltage (I-V) curves for S1 and S2 are shown
in Fig. 9. The current-voltage characteristics for S1 and S2,
plotted using a logarithmic scale, are shown in Fig. 9(a),
and using a linear scale in Fig. 9(b). The LEDs turn on at
around 2.9 V for S1 and 2.8 V for S2. An increase of the
injection current results in an increase of the voltage drop.
The LED moves from a low-injection region to a high-
injection region, where the ideality factor n changes from
1 to 2, at about 3.2 V in S2 and 3.4 V in SI.

IV. CONCLUSION

In this study, the traditional square EBL is replaced
with a circular EBL to improve the efficiency of an LED
chip. The distribution of the local carrier concentration in

the structure with the circular EBL is more uniform than
that in the structure with the traditional EBL, leading to a
more uniform distribution of radiative recombination and
of local IQE at high injection-current density. The results
show that one can obtain reduced efficiency droop by
replacing the traditional EBL with a circular one. The
lumped IQE in the outer active region is higher for the
circular EBL than for the traditional EBL. There is a
significant increase in lumped IQE in the shaded region
for the traditional EBL as the injection level rises, which
is the major contribution to the IQE for the entire chip at
higher injection levels. On the other hand, lumped IQE is
much lower in the shaded region in S2 than in S1, at all
injection levels; emission from the shaded region may be
absorbed by the n-pad, which causes a decrease in EQE.
The lumped IQE in the shaded region is lower in the
structure with the circular EBL than the one with the
traditional structure. It is clear that EQE can be enhanced
by replacing the traditional EBL with a circular structure.
The LED with a circular EBL works at a lower applied
voltage, and the effect of Al composition of the EBL on
the efficiency is greater for structure 1 than for structure 2.
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