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The effects of the hole injection modulated by using a three-terminal GaInN-based
light emitter, light-emitting triode (LET), on carrier recombination behavior and effi-
ciency droop are investigated. It was found that the lateral electric field created by
applying voltage bias between the two anodes effectively reduces efficiency droop
as well as dynamic conductance of LETs. Detailed analyses of LETs under various
operation conditions by APSYS simulations reveal that the asymmetry in carrier
transport between electrons and holes is alleviated by promoted injection of hot holes
over the potential barrier, increasing the hole concentration as well as the radiative
recombination rate in the multiple quantum well active region. C 2015 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4932632]

The external quantum efficiency (EQE) of III-Nitride-based light emitting diodes (LEDs) has
remarkably improved over the last two decades, enabling new energy-saving white light sources for
mankind. However, GaInN LEDs suffer from a long-lasting EQE-loss mechanism called efficiency
droop, a gradual decrease in LED efficiency with increasing driving current, which hinders a world-
wide adsorption of LED-based solid-state lighting.1–4 Although numbers of suspected droop-causing
mechanisms such as Auger recombination,5,6 delocalization of carriers,7 and carrier leakage8,9 have
been suggested, the technical community does not have yet consent to a major single cause of effi-
ciency droop.10

The asymmetry of carrier transport due to lower concentration and mobility of holes than those
of electrons, which causes leakage of electrons out of the active region at high driving currents, was
suggested as one of the major causes of efficiency droop.11,12 Enhancement of the hole concentra-
tion at cryogenic temperatures by the field-enhanced ionization of acceptors13,14 and improvement of
hole-injection efficiency by energy-band-engineered electron-blocking layers (EBLs)15,16 have been
demonstrated to reduce efficiency droop, indicating that alleviation of such asymmetry is crucial for
overcoming efficiency droop. Consequently, understanding the effect of the hole injection into the
active region on radiative recombination behavior can provide an important clue for tackling effi-
ciency droop by implementing suitable countermeasures. With light-emitting triodes (LETs) having
two anodes, it was reported that injection of holes can be modulated by applying voltage biases be-
tween the two anodes, and enhanced hole-injection enabled by the LET mitigates efficiency droop.17

However, the presence of the lateral electric field in the p-GaN layer of LETs under operation, and
its effects on the recombination behaviors of injected carriers in the active region as well as on the
electrical property of the device have not been systematically investigated with appropriate modeling
and simulations based on experimental results.

In this study, we present the effect of the hole-injection modulated by the lateral electric field
in the p-GaN layer of LETs on the transport of carriers and their recombination behaviors by using
APSYS simulations. Variation of electrostatic potential distribution in LETs under various operating
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conditions, and resultant distribution of injected holes and radiative recombination rate are investi-
gated in detail. In addition, variation of dynamic conductance in LETs with varying anode-to-anode
bias is measured and interpreted in terms of the hole temperature.

A commercial LED wafer with epitaxial structure consisting of a Si-doped n-GaN (electron
concentration n = 5 × 1018 cm−3), a 5-period of GaInN/GaN multiple quantum well (MQW) active
region with peak emission wavelength of 440 nm, an AlGaN EBL, and a Mg-doped p-GaN was grown
on c-plane sapphire substrate. Conventional LED fabrication process was employed for LET fabri-
cation including mesa-etching by inductively-coupled plasma reactive ion etching, metallization of
Ti/Al/Ni/Au (30/120/40/200 nm) ohmic contact for n-GaN, Ni/Au (20/200 nm) ohmic contact for p-
GaN, followed by the deposition of Ti/Au (20/200 nm) pad metal. Fig. 1(a) shows top-view optical
microscopy image of a LET (300 × 300 µm2) with interdigitated two anodes, Anode 1 and Anode 2,
on p-GaN. The spacing between the anodes is 8µm, so that a large modulation of lateral electric field
inside the p-GaN layer is available by modulating anode-to-anode bias. Fig. 1(b) shows a schematic
cross-sectional structure of the LET along the red line marked in Fig. 1(a), together with an equivalent
circuit in the device. The lateral electric field along the p-GaN layer can be modulated by applying
an anode-to-anode bias VA1A2, which is the voltage difference between Anode1 (VA1C) and Anode
2 (VA2C) with respect to the cathode, so that the acceleration of holes by the field along the lateral
direction of the p-GaN can be controlled. The higher the VA1A2, the more the holes get accelerated.
For the characterization of LETs, VA1A2 remains constant at each measurement sweep. For instance,
in case of VA1A2 = 5 V, VA1C is swept from 0 V to 7 V, while VA12 is swept from -5 V to 2V simulta-
neously. To examine the device with different hole-injection, VA1A2 is varied from 0 V to 10 V with
1 V step.

Relative EQE of the LET is estimated by light-output power divided by cathode current density
considering the effective area modulation (EAM) model.17 Fig. 2 depicts relative EQE as a function of
current density of the LET at various VA1A2. For all VA1A2, conventional efficiency droop behavior is
found, i.e., the LET shows a peak EQE at current densities ∼ 10 A/cm2, above which EQE gradually
decreases. However, it is found that efficiency droop, defined in this study as (Peak EQE – EQE at
100 A/cm2) / Peak EQE, significantly decreases from ∼25 % to ∼10 % by increasing the VA1A2, as
shown in the inset of Fig. 2. It remarks that droop-causing component is alleviated by increasing
VA1A2, consistent with the previous report.17

The distribution of holes and radiative recombination rates in the LET structure, and resultant IQE
at various VA1A2 conditions are calculated by using APSYS device simulator. A simplified vertical
LET structure having two anodes on p-GaN with 8 µm spacing between them, and cathode on n-GaN,
as shown in the inset of Fig. 3, is used for the simulation. Typical parameters for GaInN-based LEDs
epitaxial structure grown on a c-plane sapphire substrate are used, including SRH lifetime of 3 ns, and
spontaneous and piezoelectric polarization charge densities of 7.01 × 1012 cm−2 and 3.92 × 1012 cm−2

in the MQW and EBL, respectively.18 For the realization of LET operation conditions, same sets of

FIG. 1. (a) Top-view optical microscopy image of the fabricated LET device having two anodes, Anode 1 and Anode 2, and
a cathode. (b) Schematic cross-sectional view of the red line in Fig. 1(a) of the LET device with an electrical circuit design.
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FIG. 2. Relative external quantum efficiency (EQE) as a function injection current density at different anode-to-anode biases
(2 V ∼ 10 V) measured at room temperature. Inset shows efficiency droop at 100 A/cm2 as a function of anode-to-anode
bias.

VA1C and VA2C with those for used for experimental measurements are implemented. Fig. 3 shows
calculated IQE at various VA1A2 ramping from 1V to 10V as a function of cathode current density. Effi-
ciency droop is reduced with increasing VA1A2, consistent with experimental results shown in Fig. 2.

Distribution of holes during the device operation at a steady state gives important information on
the carrier transport and recombination processes in the device. Figs. 4(a) and 4(b) show the distribu-
tion of hole concentration in each layer across the whole device and radiative recombination rate at
the last quantum well (QW), respectively, calculated at VA1C = 3.5 V with VA1A2 ramping from 0 to
10 V by using APSYS simulator. Hole concentration at the last QW increases as VA1A2 increases, as
shown in the magnified curves of red squared region in the inset of Fig 4(a), indicating enhancement
of hole injection from the p-GaN over the EBL into the active region by applying VA1A2. Accordingly,
radiative recombination rate in the QW increases as shown in Fig. 4(b). Inset of Fig. 4(b) shows the
peak intensity of radiative recombination rate at the last QW as a function of VA1A2, clearly showing
enhancement of light output with increasing VA1A2, which is attributed to increased hole-injection
into the active region enabled by electric field between two anodes.

FIG. 3. Internal quantum efficiency (IQE) of an LET shown in inset as a function of current density at various VA1A2 from
1 V to 10 V simulated by APSYS device simulator. The inset describes simulated structure with two anodes with spacing of
8 µm between them, and one cathode.
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FIG. 4. (a) Distribution of hole concentration in each layer constituting the whole LET under VA1C= 3.5 V and varied VA1A2
from 0 V to 10 V. The inset shows a magnified view of the hole concentration of the last quantum well (QW) close to p-GaN.
(b) Radiative recombination rate in last QW. The inset shows the peak intensity of radiative recombination rate at the last QW
as a function of VA1A2.

The effect of VA1A2 on the electrostatic potential, thus electric field distribution over the whole
LET structure is investigated. Fig. 5(a) shows three-dimensional contour map of the electrostatic
potential over the whole LET structure under operating condition of VA1A2 = 5 V and VA1C = 3.5 V
calculated by APSYS simulation. A deep potential “valley” is formed in the p-GaN layer near Anode 2
due to negative voltage bias applied to Anode2. Electrostatic potential in the horizontal direction along
the p-GaN layer linearly drops from Anode 1 to Anode 2, while that in the n-GaN layer shows almost
no change, indicating that the VA1A2 creates an electric field along the p-GaN which can accelerate
the holes in the horizontal direction. Fig. 5(b) depicts the electrostatic potential between the two an-
odes with varying VA1A2. For all cases, the electrostatic potential linearly decreases from Anode 1
to Anode 2. As VA1A2 increases, the difference in the electrostatic potential between the two anodes
increases as well, resulting in higher electric field in the lateral direction along the p-GaN, as shown
in inset of Fig. 5(b). Note that increased electric field by applying a high VA1A2 is likely to produce
hot holes with energy enough to overcome the potential barrier between the p-GaN and EBL, thus
increase the injection efficiency of holes into the active region.

FIG. 5. (a) Three-dimensional contour map of the electrostatic potential energy in LET over p-GaN, MQW, and n-GaN
region under VA1A2= 5 V and VA1C= 3.5 V. (b) Electrostatic potential distribution along horizontal direction of the p-GaN
between the two anodes under various VA1A2. The inset shows the electric field along the horizontal direction in the p-GaN
between Anode 1 and Anode 2.
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FIG. 6. Dynamic conductance calculated at the VA1C of 3.3 V as a function of anode-to-anode bias. The inset shows the
dynamic conductance as a function of Anode 1 voltage at various VA1A2.

In order to investigate the effect of VA1A2 modulation on the electrical property of the LET,
dynamic conductance (dI/dV ) is calculated from current-voltage (I-V ) characteristic of the LET at
various operating conditions. Current collected from Anode 1 is used for calculating the dynamic
conductance due to the difficulty in independent analysis of cathode current dependency on VA1C.
Fig. 6 shows the dynamic conductance measured at 3.3 V (after turn-on) as a function of VA1A2. The
inset shows Anode 1 voltage dependent dynamic conductance at various VA1A2. Dynamic conduc-
tance increases linearly with VA1A2, which is mainly attributed to increase in electrical conductivity
in the p-GaN layer.

Under an LET operating condition, holes are accelerated gaining energy by the lateral electric
field in the p-GaN between two anodes, resulting in redistribution of holes with respect to energy in the
valence band.19 As hot electrons in metal oxide semiconductor field-effect transistors are responsible
for the gate leakage through gate oxide,20 accelerated hot holes by VA1A2 likely to have enough energy
to overcome the potential barrier, flying over the EBL into the active region. Valence band offset
between p-GaN and AlGaN EBL is regarded as unintentional energy barrier for injection of holes,
prohibiting their injection into active region, thus aggravating the asymmetry in transport between
electrons and holes, which consequently causes the flow of electrons through the active region without
recombining, i.e., electron leakage. Let us consider an LET under operation condition of VA1A2 = 0 V
and VA1C = 3.5 V. The energy difference between hole quasi-Fermi level of p-GaN and valence band
edge of EBL under the operation condition is calculated to be 0.27 eV by APSYS simulation, which
is the energy barrier for hole injection into the active region. Fraction of holes overcoming energy
barrier can be estimated by utilizing Maxwell-Boltzmann distribution which describes the number of
carriers with respect to energy at a temperature. Assuming the measurement temperature of 300 K and
VA1C = 3.5 V, fraction of holes overcoming the energy barrier is only ∼0.3%. Next, let us consider
the LET under lateral electric field E by applying VA1A2. The hole temperature, Th, is given by

Th − T = eµhE2τe
2

3k
,

where T is lattice temperature, µh is hole mobility in p-GaN region, and τe is optical phonon scatter-
ing time. µh = 10 cm2 V−1 s−1 and τe = 10−12 s are used for the calculation.21 Under VA1A2 of 10 V,
Th − T = 12 K, the fraction of energetic holes overcoming the energy barrier between the p-GaN and
the EBL is increased by 45% compared to that without lateral electric field, resulting in increase of dy-
namic conductance through the device, as well as increase in hole concentration into the active region
in accordance with the simulation result shown in Fig. 4(a). Note that Th − T can be more increased
either by applying higher VA1A2 or by using smaller distance between two anodes at the same VA1A2,
which promotes injection of holes into MQW region, thereby further reducing efficiency droop.
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LET may not be a practical visible light emitter due to additional voltage bias required for oper-
ation and more complex circuit design. However, it can provide a deep understanding of physical
mechanism responsible for limited efficiency and efficiency droop, thus a clue for suitable counter-
measures to overcome the long-lasting problem in GaInN-based LEDs. In addition, the LET can be
a practical, we believe, deep ultraviolet light emitter because the EQE of conventional AlGaN-based
deep ultraviolet LEDs is fundamentally limited by extremely severe asymmetry in carrier transport
which can be effectively alleviated by LETs.14

In summary, the effect of the hole-injection modulated by the lateral electric field in the p-GaN
layer on both optical and electrical properties of a three-terminal light emitter, LET, is systematically
investigated. It is found that efficiency droop is reduced from ∼25 % to ∼10 % at 100 A/cm2 by
increasing VA1A2 from 2 V to 10 V. APSYS simulations on the LET under various operation condi-
tions show that both hole concentration and radiative recombination rate at the active region increase
with increasing VA1A2, thus, reduced efficiency droop. These consistent results can be explained in
terms of the alleviated asymmetry in carrier transport enabled by promoted hole injection into the
active region. Variations in electrostatic potential in the horizontal direction along the p-GaN layer
linearly drops from Anode 1 to Anode 2, indicating that the VA1A2 creates an electric filed along the
p-GaN which can accelerate the holes in the horizontal direction. Applying lateral electric field in
the p-GaN accelerates holes increasing the hole temperature, therefore the number of holes that can
overcome the potential barrier at the GaN spacer and the EBL increases, promoting the injection of
holes into the active region, which is supported by increased dynamic conductance calculated from
the current-voltage characteristics.
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of Korea Institute for Advancement of Technology (KIAT) (M0000078, Development of Deep UV
LED Technology for Industry and Medical Application), and the Brain Korea 21 PLUS project for
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