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An unwanted green satellite emission in blue GaInN light emitting diodes �LEDs� has been
investigated under various electrical bias conditions and temperatures. The dot-shaped green
satellite emission appears only under electrically biased conditions of the LED �but not under
photoluminescence excitation� and contributes directly to a high subthreshold leakage current of the
LED. A weak temperature dependency of the green satellite emission intensity is observed
indicating that tunneling-assisted radiative recombination involving Mg acceptors is the origin of
the green emission. © 2011 American Institute of Physics. �doi:10.1063/1.3541880�

GaInN-based light emitting diodes �LEDs� have received
much attention for display, automobile, and lighting applica-
tions. Rapid improvement of the power efficiency has been
made by optimized crystal growth and refined chip fabrica-
tion techniques.1,2 However, there still exist problematic
characteristics in these LEDs such as the large reverse leak-
age current and low reverse breakdown voltage, both of
which are very different from their theoretical expectations
for GaN-based devices. Furthermore, an undesirable satellite
emission with a much longer emission wavelength than the
band-to-band emission wavelength has been found in blue
GaInN LEDs.3–6 Understanding these deviant characteristics
is of importance for LEDs from the viewpoint of device re-
liability and also color purity.

The LEDs investigated in this study have an active re-
gion consisting of five pairs of GaInN/GaN multiple quan-
tum wells �MQWs� grown on a c-axis sapphire substrate by
metal-organic chemical vapor deposition. The wafer is pro-
cessed into 1�1 mm2 lateral-structure LED chips with a
transparent p-type electrode.7 The inset of Fig. 1 shows an
optical micrograph with broad-area blue electroluminescence
�EL� ��P�442 nm� originating from the band-to-band re-
combination and dot-shaped green satellite emission �“green-
dot”� with �P�510 nm under a 100 �A current injection.
The size of the green dots ranges from 1 to 10 �m in diam-
eter. In addition, we measured the photoluminescence �PL�
of the same devices by using 266 and 405 nm laser sources
to selectively excite either the GaInN QWs, or the GaN clad-
ding layers and AlGaN electron-blocking layer �EBL�. How-
ever, the green-dot emission is not observed in these PL mea-
surements. Interestingly, we observe the green-dot emission
only under EL injection conditions of the LEDs but not un-
der PL excitation conditions. Kudryashov et al.3 suggested
that the green dots were caused by tunneling-assisted band-
to-band recombination and developed a diagonal tunneling
model to describe this phenomenon. Onushkin et al.4 ob-
served red-dot emission from green GaInN LEDs and sug-
gested that the origin of the red-dot emission would be likely
the same tunneling-assisted radiative recombination. How-
ever, the characteristics of the undesired satellite emission

are not fully understood especially at high temperature. In
this letter, we study the satellite emission of blue GaInN
LEDs for various electrical biases and temperatures to under-
stand the properties and origin of the green-dot emission.

First, we investigate the current–voltage �I-V� character-
istics of two LEDs on the same wafer having two different
green-dot densities, 100 and 900 mm−2. As shown in Fig. 1,
the two I-V curves are very similar in the low voltage region
��1.5 V� and also in the voltage region after turn-on
��2.5 V�. However, in the subthreshold region �1.5–2.5 V�,
the LED with high density of green dots �900 mm−2� shows
a larger forward leakage current compared to the LED with a
low density of green dots �100 mm−2�. We therefore con-
clude that the green-dot density has a close relationship with
subthreshold carrier leakage in the LEDs.

Figure 2 shows the emission spectra of the LED with
high density of green dots under different injection currents.
The spectra show blue band-to-band recombination at around
442 nm �2.8 eV� and another emission peak with emission of
around 509–525 nm �2.36–2.44 eV�. A strong blueshift in the
peak wavelength of the green-dot emission is found as the
current increases from 10 to 90 �A; on the contrary, the
peak emission wavelength for the blue emission is almost
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FIG. 1. �Color online� Current–voltage characteristic for a blue GaInN LED
with high �900 mm−2� and low �100 mm−2� green-dot density. �The inset
shows an EL micrograph of blue and green-dot emission from the high-
green-dot-density LED injected with 100 �A. An example of a green dot is
circled.�
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constant. For the blue emission, the injected current into the
active region is too low to show the commonly found blue-
shift in the band-to-band recombination caused by a band-
filling effect.8 However, the green-dot emission, even though
it is measured in the same current range, shows a large blue-
shift that has a strong dependency on the applied voltage.
The photon energy ���� of the green-dot emission has a
linear relationship with the applied voltage V, which is con-
sistent with results reported in Ref. 3. We further note that
the EL spectra of a blue GaInN LED show a linear increase
in the blue emission and a sublinear increase in the green-dot
emission as the injection current increases, which are typical
dependences for band-to-band recombination and deep-level
recombination, respectively. Given these results, we attribute
the blueshift in the green-dot emission with increasing volt-
age to band flattening, which increases the energy difference
between electrons in a QW of the conduction band and re-
combining holes occupying levels in the forbidden gap close
to the valence band in the p-type region of the device.

Figure 3 shows temperature dependency of emission
spectra of the LED for two following conditions: �a� a con-
stant �fixed� injection current and �b� a constant �fixed� for-
ward voltage. When a fixed current of 50 �A is applied to
the LED, a redshift of 2.4 nm for the blue emission and a
much larger redshift of 8.2 nm for the green-dot emission are
observed when the temperature increases from 294 to 360 K
�see Fig. 3�a��. Comparatively, when a fixed forward voltage
of 2.37 V is applied to the LED, the redshift for the blue
emission is 3.1 nm when the temperature increases from 294
to 360 K; however, the peak wavelength of the green-dot
emission is almost constant �see Fig. 3�b��. That is, the mag-
nitude of the redshift in the peak wavelength of the blue
emission under both conditions is similar. However, the peak
wavelength shift in the green-dot emission shows a distinct
dependence on the operating methods. Though the redshift in
the blue emission under both conditions is attributed to the
band gap shrinkage with increasing temperature, the origin
of the temperature characteristics of the green-dot emission
still needs to be understood; �i� the redshift in the green-dot
emission with increasing temperature is much stronger than
the redshift in the blue emission at a fixed injection current;
�ii� the redshift in the green-dot emission is almost nonexist-
ent for a fixed forward voltage. The likely reason for these
phenomena is the voltage dependent properties of the green-

dot emission compared to the blue emission. At a fixed in-
jection current, in addition to the “band gap shrinkage” by
which the peak wavelength of green-dot emission naturally
shifts to the red, it further experiences a redshift driven by
the operating voltage reduction that is caused by the increas-
ing temperature. On the other hand, when the applied for-
ward voltage to the LED is fixed, the peak wavelength of the
green-dot emission remains almost unchanged because of its
dominant voltage dependence. These results clearly demon-
strate that the green-dot emission has a different recombina-
tion mechanism than the blue emission. From the results
shown in Fig. 3�b�, the light-output intensities can be plotted
as a function of temperature under a fixed voltage of 2.37 V
�not shown here�. The blue emission intensity increases
much more rapidly than the green-dot emission intensity
with increasing temperature. In other words, the green-dot
emission intensity is much less dependent on temperature
than the blue emission intensity.

We propose the following explanation for the fact that
the green-dot emission is not observed in PL but is observed
in EL; �i� PL uniformly probes MQWs except for the last-
grown QW. The last-grown QW has lower light output com-
pared to the other four QWs because electrons are likely to
escape from the last QW due to the build-in electric field at
the pn junction; �ii� EL mostly probes the last QW because
of the low mobility of holes and high mobility of electrons.
Accepting the fact that the two techniques, PL and EL, probe
different QWs can thus explain the observation of the green
dots exclusively by EL.

Finally, considering that the green emission has dot-
shaped distribution on the LED’s top emission surface, very
different from a uniform areal distribution, a fluctuation must

FIG. 2. �Color online� EL spectra of a blue GaInN LED under injection
currents ranging from 10 to 90 �A showing a linear increase in the blue
emission and a sublinear increase in the green-dot emission with injection
current.

FIG. 3. �Color online� EL spectra of a blue GaInN LED with high green-dot
density at �a� a constant injection current of 50 �A, �b� a constant forward
voltage of 2.37 V for temperatures ranging from 294–360 K.
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exist across the LED wafer that causes the green-dot emis-
sion. There might be a thickness fluctuation of the last quan-
tum barrier and/or AlGaN EBL; there could also be a Mg
p-type doping concentration fluctuation.9,10 So the tunneling
probability initiating the green-dot emission could be influ-
enced by these randomly distributed fluctuations. Above all,
we strongly suspect that the green-dot emission comes from
the Mg diffusion into the last barrier layer �spacer�. The Mg
diffusion may occur locally during the high-temperature
growth of the LED’s upper layers grown on top of the
MQWs and/or during the post-growth high-temperature heat-
treatment used for p-type acceptor activation. Microscopic
defects �i.e., dislocations, pits, pipes, V-defects, particles, or
other structural irregularities� could form a pathway for
strongly enhanced Mg diffusion toward the active region.
Figure 4 shows �a� a schematic LED structure and �b� a band
diagram proposing Mg diffusion into the last quantum-
barrier �QB� layer. This insight could motivate solutions on
how to decrease the undesirable green satellite emission.

In summary, characteristics of the dot-shaped green
emission in blue GaInN LEDs are investigated by EL and PL

measurements in the temperature range of 294–360 K. We
find that �i� green-dot emission is electrical bias-induced
phenomenon and only found in EL measurements at low
currents �not in PL�; �ii� a higher density of the green dots
contributes directly to the higher forward subthreshold leak-
age current; �iii� the temperature dependence of the green-dot
emission intensity is much weaker than that of the blue emis-
sion intensity; �iv� the green-dot emission increases sublin-
early with injection current. Tunneling-assisted radiative re-
combination by a locally enhanced Mg diffusion is proposed
to be the origin for the green-dot emission.
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FIG. 4. �Color online� �a� Schematic LED structure and �b� band diagram
showing locally enhanced diffusion of Mg doping atoms into the last QB
layer.
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