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Abstract—This study demonstrated the enhancement of the
light output power of InGaN–GaN multiple quantum-well
light-emitting diodes (LEDs) that are grown with a pulsedtrimethylindium (pulsed-TMIn) flow process by metal–organic
vapor-phase epitaxy. At an injection current of 20 mA, the output
power of the pulsed-TMIn treated LEDs was improved by 16% as
compared to that of the conventional LEDs. In addition, a minor
droop (versus injection current) in terms of external quantum
efficiency was also observed in the pulsed-TMIn treated LEDs as
compared to conventional LEDs. This improvement could be attributed to the fact that the significant carrier localization effect in
the pulsed-TMIn treated LEDs can lead to higher recombination
efficiency. This contention is perhaps tentatively evidenced by the
temperature-dependent photoluminescence results in which the
activation energy of the pulsed-TMIn treated LEDs was increased
by 21.8% as compared to that of conventional LEDs.

the trimethylindium (TMIn) flow rate is unvaried during the
growth of InGaN quantum-wells. Some methods, such as the addition of InN interfacial layers between the quantum-wells and
the barriers, trapezoid/triangular QWs, and growth interruption
between the wells and the barriers, have reportedly improved
N–GaN MQW
the internal quantum efficiency of In Ga
LEDs [6]–[8]. Such methods result in interface improvement
and/or the formation of quantum-dot-like clusters for strong
localizing carriers [9]. In this letter, we report an approach that
N–GaN MQW
improves the light output power of In Ga
blue LEDs by using a pulsed-TMIn flow process during the
N QW layers.
growth of the In Ga

Index Terms—External quantum efficiency (EQE), GaN
light-emitting diode (LED), multiple quantum-well (MQW),
pulsed-trimethylindium (pulsed-TMIn).

All samples used in this study were grown on -plane (0001)
sapphire (Al O ) substrates by metal–organic vapor-phase epitaxy (MOVPE). Trimethyl–gallium (TMGa), TMIn, ammonia,
biscyclopentadienil (Cp Mg), and disilane (Si H ) were used
as the precursors and dopants. The layer structure consisted
of a 30-nm-thick GaN nucleation layer, which was grown at
550 C; a 4- m-thick Si-doped GaN layer, which was grown
N–GaN MQW active layer,
at 1060 C; an eight-pair In Ga
which was grown at 770 C; a 50-nm-thick Mg-doped AlGaN
electron blocking layer, which was grown at 1050 C; and a
150-nm-thick Mg-doped GaN cladding layer, which was grown
at 1050 C. Each pair of the MQW layers was composed of a
N well layer and an 11-nm-thick GaN
2.5-nm-thick In Ga
was 230 sccm during the
barrier layer. In this work, the
growth of each well layer for the conventional LEDs. For the
, which was provided by
pulsed-TMIn treated LEDs, the
two TMIn source lines (i.e., 230 and 170 sccm), was initially
400 sccm and continued for 10% of the growth time for each
was decreased to 230 sccm
well layer. After that, the
by shutting one of the TMIn source lines (i.e., 170 sccm)
immediately and maintaining a constant value of 230 sccm
with the other TMIn source line until the completion of this
well growth. After the growth of the whole LED structure, the
LED’s chip process was performed using a standard procedure
that is described in detail in a previously published study
[10]. Structural characterization was accomplished through
high-resolution X-ray diffraction (XRD) using a Bede D1
triple-axis diffractometer with a parabolic graded multilayer
Gutman mirror collimator. Photoluminescence (PL) measurements using a 325-nm He–Cd laser were utilized to study the
optical properties of the LEDs. The light output power was
measured using an integrating sphere with a large Si detector
(i.e., detector area 10 10 mm ).

I. INTRODUCTION

T

HE In Ga
N–GaN multiple quantum-wells (MQWs)
are widely used as the active layer in light-emitting
diodes (LEDs) and laser diodes that emit light in the ultraviolet-blue-green range [1], [2]. According to previous research,
the spatial indium concentration fluctuation or exciton localization effect tends to dominate the luminescence behavior of
the InGaN–GaN MQWs with higher indium concentrations
in thin quantum-wells, while the quantum-confined Stark
effect (QCSE) dominates the recombination emission in wide
quantum-wells [3]. Moreover, research has suggested that
N–GaN MQWs that are localized on
carriers in the In Ga
the local minimum in the energy landscape with a depth that is
at least comparable to the thermal energy of the carriers at room
temperature could act as a localization site [4], [5]. In general,
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Fig. 1. The 10 K normalized PL spectra and XRD spectra (inset) of (0004)
reflection for conventional and pulsed-TMIn InGaN–GaN MQW LEDs.

Fig. 2. Output power and EQE versus injection current for conventional and
pulsed-TMIn InGaN–GaN MQW LEDs.

III. RESULTS AND DISCUSSION
The PL spectra of the conventional and pulsed-TMIn
treated LEDs are shown in Fig. 1. The conventional LEDs
emit at a peak energy of around 2.79 eV and a full-width at
half-maximum (FWHM) of 80 meV, while the pulsed-TMIn
treated LEDs emit at a peak energy of around 2.81 eV and an
FWHM of 53 meV. Notably, the FWHM of the pulsed-TMIn
treated LEDs is 34% narrower in terms of magnitude than that
of the conventional LEDs. In addition, the pulsed-TMIn treated
LEDs show a blueshift of approximately 20 meV relative to
that of conventional LEDs, as shown in Fig. 1. The inset of
Fig. 1 shows the (0004) reflection XRD spectra for both samples, which exhibit apparent satellite peaks within the scanning
range. This implies that the interfaces between the wells and the
barriers of both LEDs are sufficiently sharp. By combining the
measured XRD spectra and the simulation results in addition to
following the method of dynamical theory [11], both LEDs are
found to be similar in terms of MQW structures, including the
nearly consistent well and barrier thickness and average indium
N
content. The thickness of the GaN barrier and the In Ga
well layers were around 11.2 and 2.45 nm, respectively. The
indium content of the InGaN QWs was around 22% for both
LEDs.
The light output power and external quantum efficiency
(EQE) are shown as a function of injection current for both
LEDs in Fig. 2. At a low injection current level (i.e., 10 mA),
the output power of the pulsed-TMIn LEDs was similar to that
of the conventional LEDs, whereas at a higher injection current
level (i.e., 10 mA), the output power of the pulsed-TMIn
LEDs is markedly higher than that of the conventional LEDs.
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At an injection current of 20 mA, the output power values of
the conventional and pulsed-TMIn treated LEDs are 3.1 and
3.6 mW, respectively. Clearly, the 20-mA output power of
the pulsed-TMIn LEDs is improved by approximately 16% as
compared to that of the conventional LEDs. In addition, the
graph of the light output power versus the injection current
shows similar and typical characteristics for both LEDs, which
can be seen in Fig. 2. However, the graph of the EQE versus the
injection current shows a fundamentally different behavior. The
EQE sharply increases at low injection currents (i.e., 5 mA)
and then starts to droop as the current increases for both LEDs,
which is universally observed in high-quality InGaN–GaN
MQW LEDs [12]. In addition to the presence of an efficiency
droop at high injection currents, the conventional LEDs show a
faster droop in terms of EQE as compared to the pulsed-TMIn
LEDs. For example, the EQE values at an injection current of
60 mA are approximately reduced by 19.7% and 30.4% for the
pulsed-TMIn treated and conventional LEDs, respectively, as
compared to the EQE at an injection current of 20 mA.
To clarify the reason for the enhancement of output
power and the minor EQE droop effect in the InGaN–GaN
MQW LEDs that were grown with a pulsed-TMIn process,
temperature-dependent PL measurements were performed and
examined using the Varshni law [13]. Fig. 3 shows the PL peak
energy as a function of temperature. Obviously, both curves
do not follow the Varshni law and show an “S” shape (i.e.,
redshift–blueshift–redshift) over a temperature range from
10 K to 300 K, indicating the existence of localized states in
both samples [14]–[16]. The localization effects can be studied
by the band tail model as suggested by Eliseev et al., which is
as follows: [15]
(1)
] describes the energy gap at zero temThe first term [i.e.,
perature; and are known as Varshni’s fitting parameters.
The third term comes from the localization effect, in which
indicates the degree of localization effect. Additionally,
is
Boltzmann’s constant. The value of was determined to be 14.7
and 17.9 meV for the conventional and pulsed-TMIn treated
LEDs, respectively. In particular, the degree of localization effects in the pulsed-TMIn LEDs is 21.8% higher in terms of
than that of the conventional LEDs. The insets of Fig. 3 show
Arrhenius plots of the normalized integrated PL intensity for
the InGaN-related PL emission over the temperature range. For
K, thermal quenching can be fitted with activation
energies ( ) of 35.3 and 42.8 meV for the conventional and
pulsed-TMIn LEDs, respectively, implying an improvement of
. Previous research has suggested that the
21.2% in terms of
in InGaN–GaN MQWs represents the localization energies
of excitons resulting from band edge fluctuations [16].
Generally, the thermal quenching of PL intensity with temperature can be explained by the thermal emission of the carriers
out of a confining potential with an activation energy that is correlated with the depth of the confining potential [14]. Studies
have suggested that the localization of carriers operates as excellent radiative recombination centers. In other words, high localization energies of excitons will cause a minor overflow of
carriers outside the InGaN MQW active region [1]. This kind of
InGaN QW will not have a smooth, sloping band edge, which
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The temperature-dependent measurements have shown that
the significant localization effect for the pulsed-TMIn LEDs
as compared to the conventional LEDs can improve the radiative recombination rate (i.e., internal quantum efficiency)
of InGaN–GaN MQW LEDs. Based on the aforesaid results,
the pulsed-TMIn technique is a controllable and realizable
technique for the growth of InGaN–GaN MQW LEDs by
MOVPE and is applicable to the fabrication of high efficiency,
nitride-based LEDs for solid-state lighting.
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