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We report on carrier dynamics in the green InGaN/GaN light emitting diodes grown by metal organic
chemical vapor deposition. Two LEDs with the same structures grown on pattern sapphire substrates with
different surface roughnesses were prepared for comparisons (samples A and B). Sample A had the smoother
sapphire surface than sample B. Time-resolved four-wave mixing has been performed at room temperature
using 351 and 420 nm picosecond pulses for excitation. The determined diffusion coefficient in the upper
InGaN QWs of sample B was twice smaller than that in sample A. The latter observation of better carrier
confinement in sample B correlated with higher light emission efficiency in it.
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1. Introduction

InGaN light emitting diodes (LEDs) attract much attention due to
the advantages of high efficiency, compact size, and energy saving.
Spontaneous and piezoelectric polarization fields in InGaN multi
quantum well (MQW) active regions lead to the quantum confined
stark effect (QCSE) and the separation of the electron and hole wave
functions in the quantum well. Hence, the emission efficiency is
reduced and the emission wavelength is red-shifted. These problems
become more severe for higher-indium InGaN devices [1]. However,
as the indium (In) mole fraction increases, the QCSE and phase
separation were enhanced, deteriorating the crystalline quality and
optical properties of the InGaN alloys. In addition, In clusters tend to
aggregate around the existing extended defects such as threading
dislocations (TDs), promoting the formation of V-shape defects. Due
to the poor structural quality of high-In content InGaN alloys, the
performance of the state-of-the-art green LEDs is significantly lower
than those of other commercial LEDs. The “green” gap, one of the
bottlenecks for further progress in solid-state lighting, must be solved
to develop efficient color-mixing white LEDs [2,3].

The lattice mismatch between InGaN layers and substrates is also
an issue to optimize the emission efficiency of green LEDs. Epitaxial
ig
lateral overgrowth (ELOG) and Pendeo epitaxywere used tominimize
the lattice mismatch between GaN and sapphire substrates and to
reduce the defect density in InGaN layers [4]. The latter way is too
complicated to be processed. One-step GaN growth on the maskless
patterned sapphire substrates (PSSs) is a simplified method to
increase the emission efficiency. High-efficiency LEDs can be
fabricated on dislocation-free InGaN/GaN multiple quantum well
(MQW) nanorod arrays by using a metal organic chemical vapor
deposition (MOCVD) system [5]. Horng et al. fabricated conventional
and patterned sapphire substrates (PSSs) by metal organic vapor
phase epitaxy (MOVPE). It is evident that the improvement of the
output power depends on both the defect reduction of ELOG GaN and
the scattering of emitted light at the GaN/sapphire interface [6]. In
addition, Gap et al. demonstrated nano-patterned sapphire substrates
(NPSSs) fabricated by a chemical wet etching technology with nano-
sized SiO2 asmasks. This is a simple and effective technology to reduce
dislocation density and to improve the performance of GaN-based
LEDs [7]. There were several studies devoted to growth of blue InGaN
LEDs on PSSs. However, for green InGaN LEDs grown on PSSs, this
method is less developed and the mechanisms for improving the
emission efficiency are unknown.

The nonlinear four-wave mixing (FWM) technique is becoming a
versatile tool for characterization of bulk crystals as well as
semiconductor micro- and nano-structures, as it allows fast and
reliable evaluation of novel optoelectronic materials and related
technologies. The technique opens possibility to measure a number of
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electrical parameters of semiconductors in an “all-optical” way, using
well-established correlations between electrical and optical process-
es. The unique advantage of this technique is a possibility of direct
analysis of carrier transport by varying a spacing of light interference
pattern. The previous studies of InGaN materials by FWM technique
were carried out in heterostructures and single quantumwell samples
[8–10]. Okamoto et al. demonstrated that the main reason of the
reduction of ηext for a large amount of In is not the increment of
nonradiative recombination center, but the delocalization of carriers
due to fast diffusion [8]. We presented that decay times of free carrier
gratings with various spatial periods allowed determination of bipolar
diffusion coefficient D=2.1 cm2/s, effective carrier lifetime of 470 ps,
and estimate the corresponding hole mobility 40 cm2/V s at carrier
density of about 1018 cm−3 [9]. To get deeper insight into correlation
of photoelectric, transport, and structural properties of InGaN alloys,
the nonequilibrium carrier dynamics and competition of nonradiative
and radiative recombination in differently doped InxGa1− xN hetero-
structures have been studied by TR FWM and PL techniques [10].

In this study, we present the optical analysis of green emission
from InGaN MQW LEDs, grown on sapphire with different surface
roughnesses. The grown structures were evaluated by using time-
integrated luminescence and time-resolved four-wave mixing tech-
niques. In Section 2, growth conditions and experimental procedures
are discussed. The AFM images of the sapphire substrate, photo-
luminescence, and four-wave mixing results are presented in
Section 3. Finally, the conclusions are drawn in Section 4.

2. Sample structures and experimental procedures

Two LED samples (samples A and B)with the same structureswere
grown on two kinds of c-plane PSSs by MOCVD. PSSs with different
surface terrace patterns were prepared. As shown in Fig. 1, the layer
structures of the LED samples consist of a 2 μm GaN buffer layer, a
2.5 μm n-GaN layer, a 30 nm In0.01Ga0.99N, three InGaN/GaN QW
active regions with various In contents, and a 130 nm p-GaN cap layer.
The bottom, middle, and upper active layer structures are four periods
In0.05Ga0.95N/GaN, four periods In0.06Ga0.94N/GaN, and six periods
In0.2Ga0.8N/GaN MQWs, respectively. The thicknesses of the well and
barrier were about 2 and 7 nm, respectively.

PL measurements were carried out with the 325 nm line of a
50 mW He–Cd laser for excitation. Carrier dynamics in InGaN
quantum wells and p-type GaN layer were investigated using
picosecond four-wave mixing (FWM) technique [11]. A FWM scheme
Fig. 1. Schematic picture of the multiple quantum well structure used in this work.
with diffraction optical element as a beam splitter and Nd: YLF laser as
excitation source at 351 nm was used to record the transient free
carrier grating [12]. The carriers were generated in a submicron-thick
surface layer and their dynamics were monitored by the delayed
probe beam at 1064 nm wavelength.

3. Results and discussions

3.1. AFM images of the sapphire substrates

The surface roughness of the PSSs was monitored with atomic
force microscopy (AFM) measurement. The AFM images
(0.8×0.8 μm2) of samples A and B were shown in Fig. 2(a) and (b).
Fig. 2(c) and (d) shows the line-scan profiles in an atomic force
microscopy (AFM) measurement of samples A and B, respectively.
One can see the terrace of sample A with the scales of 32.8 nm in
width and 0.1 nm in height (0.063 nm in rms roughness). Sample B
with different polishing processes has a dimension of the terrace of
about 60.9 nm in width and 0.25 nm in height (0.12 nm in rms
roughness). Here we can see that the substrate of sample A has the
smoother surface than sample B.

3.2. Photoluminescence

Fig. 3 shows the temperature-dependent PL peak energy and
integrated intensity. In each sample, the temperature-dependent PL
peak energy exhibited an S-shape behavior. The S-shape behavior has
been attributed to the carrier dynamics associated with carrier
localization in potential minimums [13,14]. The relatively higher PL
intensity of sample B at high temperatures suggests that the internal
quantum efficiency of sample B is higher than that of sample A. The PL
peak position of sample B shows a blue shift to that of sample A. This
implies that a highly rough surface substrate can release more strain
in InGaN MQW layers. In such condition, the weaker Quantum
Confined Stark Effect (QCSE) in sample B leads to the blue shift of
emission wavelength [15].

3.3. Four-wave mixing

The picosecond nondegenerate FWM technique has been demon-
strated in Reference [12]. The energy of the grating recording beam
(I0), intensities of the transmitted (IT), diffracted probe beam (ID), and
background signal (IB) (the scattered light intensity in the first
diffraction) were recorded in the FWM measurement. The instanta-
neous diffraction efficiency η=(ID− IB)/ IT and its kinetics η(t)∝
[ΔNt=0 exp(−t /τG)]2 were measured at different grating periods and
used for determination of the carrier lifetime τR and the diffusion
coefficient D. The excitation energy density range I0 (=0.5–8 mJ/cm2)
corresponds to excess carrier density above 5·1018 cm−3. If the
absorption coefficient at 351 nm is 7·104 cm−1, this carrier density
corresponds only to the surface of the photoexcited layer. Carrier
recombination and diffusion diminished the high plasma density in
the cap layer (it is known that very fast carrier recombination rate is
typical for Mg-doped GaN [9]). The incident light also penetrated to
the InGaN/GaNMQWs below the cap layer and created free carriers. In
addition, the carriers were rapidly transferred from the cap layer and
the GaN barriers to the InGaN wells. Therefore, we assumed that the
subsequent grating decay after the end of the laser pulse was
determined mainly by the processes in the upper InGaN active region.
Kinetics of the diffraction efficiency at 351 nm excitation were shown
in Fig. 4(a) and (b) for sample A/B. For comparison, we also realized
direct carrier injection to the quantum wells by using 420 nm
picosecond pulses from the parametric oscillator. In the latter case,
the light penetrated via the GaN cap without absorption losses and
generated carriers only in the upper In0.2Ga0.8N active layers. In the
latter case, we observed much weaker diffraction and faster decay



Fig. 2. AFM images of 0.8×0.8 μm2 in size of the substrate of sample A (a) and sample B (b); (c) an AFM line-scan profile of sample A; (d) an AFM line-scan profile of sample B.
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signals, both in samples A and B. Therefore, further measurements for
determination of diffusion coefficient and carrier lifetime were
performed with 351 nm excitation.

In Fig. 5, we present the inverse grating decay time for different
grating periods, and this dependence provided directly both D and τR
values in the samples:

1
τG

=
1
τR

+
1
τD

; τD =
Λ2

4π2D
ð1Þ
Fig. 3. Temperature dependence of integrated PL intensity and PL peak position for
samples A and B. We note higher emission efficiency and longer emission wavelength
for sample B.
where τR is the recombination time and τD is the diffusion time of the
grating erasure. A slope of the plot provides D value, while the
intersection with the ordinate axis provides the 1/τR value. It was
observed that D=0.9 cm2/s and τR=1.2 ns for sample B were smaller
than those of sample A (D=2 cm2/s and τR=1.7 ns). Due to carrier
localization effect, carrier diffusion coefficient of In0.1Ga0.9N active
layers also revealed a smaller D value down to ∼1 cm2/s [9]. For the
In0.2Ga0.8N active layers in this work, the localization effect is stronger
(as evidenced by D value decrease). Due to a higher defect density in
the higher-In InGaN layer, nonradiative recombination is enhanced
and lifetime becomes shorter. Consequently, smaller amount of
carriers would be localized and the average carrier lifetime became
shorter. This situation was observed in carrier dynamics of
In0.15Ga0.85N [9]. On the other hand, localization may lead to a lower
threshold of stimulated recombination and shorter photolumines-
cence decay times [10]. Therefore, the smaller D and τR values of
sample B suggest a higher structural quality with respect to that of
sample A. This observation is in agreement with a higher lumines-
cence efficiency of sample B.
4. Conclusion

In summary, we investigated the optical properties of two green
InGaN LEDs grown on sapphire with different roughness substrates.
Photoluminescence data revealed higher emission efficiency and
short emission wavelength in sample B with large dimension terraces
on sapphire surface, which provided better strain release and stronger
carrier localization effect in the QW structure. FWM measurements
allowed determination of carrier diffusion coefficient and lifetime for
the samples at carrier injection directly to the top QW structure with
20% of In. The determined diffusion coefficient was twice smaller in



Fig. 4. Comparison of FWMsignal decay at carrier injection directly to theQWs (excitation
at 420 nm) or via the cap layer (excitation at 351 nm): (a) for sample A; (b) for sample B.

Fig. 5. Determination of diffusion coefficient and carrier lifetime in QWs at carrier
injection from the cap layer.
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sample B, thus indicating better carrier confinement in the QWs. The
latter observation correlated with higher light emission efficiency
from sample B.
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