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Temperature dependence of electrqlliminescence (EL) spectral intensity of the super-bright green
and blue InGaN single-quantum-well (SQW) light-emitting diodes has been studied over a wide
temperature range (7'=15-300 K) under a weak injection current of 0.1 mA. It is found that when
T is slightly decreased to 140 K, the EL intensity efficiently increases, as usually seen due to the

- improved quantum efficiency. However, with further decrease of T down to 15 K, it drastically
decreases due to reduced carrier capture by SQW and trapping by nonradiative recombination
centers. This unusual temperature-dependent evolution of the EL intensity shows a striking
difference between green and blue SQW diodes owing to the different potential depths of the InGaN
well. The importance of efficient carrier capture processes by localized tail states within the SQW
is thus pointed out for enhancement of radiative recombination of injected carriers in the presence
of the high-density dislocations. © 2001 American Institute of Physics.

[DOLI: 10.1063/1.1421416]

Super-bright green and blue light-emitting diodes
(LEDs) using group-Ill nitride semiconductor quantum
structures have been manufactured successfully.'™ The
quantum-well LED shows very bright emission chagacteris-
tics in spite of the existence of high-density misfit disloca-
tions. Thus, the origins of the high quantum efficiency have
been receiving much attention.*® Previously, quantum-
confinement effects on the InGaN alloy well and efficient
carrier capturing by the localized radiative recombination
centers in quantum-dot-like states*™ have been claimed to
be important for the origins of the high emission efficiency.
Although the temperature dependences of the emission ener-
gies and their dyna\.micss'g'10 have been investigated previ-
ously to exploit the origins, quantitative evaluation of the
electroluminescence (EL) intensity as a function of lattice
temperature has not been reported so far. In this letter, the
spectral EL intensity of green and blue InGaN single-
quantum-well (SQW) LEDs with high recombination quan-
tum efficiency has been studied over a wide temperature
range. In contrast to a commonly expected trend of reduced
nonradiative recombination with decreasing the lattice tem-
perature, anomalously decreased EL intensity has been ob-
served for both diodes at lower temperatures below 100 K.
Dramatic differences are observed in the decreased EL inten-
sity between the two diodes. These results are explained in
terms of the carrier capture efficiency due to the different
potential depths of the InGaN well.

EL spectral characteristics of super-bright green and blue
InGaN SQW-LED chips, fabricated by Nichia Chemical In-
dustry Ltd.? have been studied. The nominal InGaN well
width is 3 nm and the claimed In mole fraction in the SQwW
layer is 0.45 and 0.20 for green and blue SQW LEDs,
respectively.” The InGaN SQW layer is -confined by
P-Aly,GaygN and n-GaN barrier layers. The detailed diode
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heterostructure was described previously.* The SQW-LED
chip was mounted on a semi-insulating GaAs wafer piece for
wiring. Then, we fixed it with metal tape on a Cu cold stage

of a temperature-variable closed-cycle He cryostat to vary

the sample temperature over a wide range (T=15-300K).
Current—voltage characteristics of the diodes were measured
and found to be similar to the ones reported previously."$
The typical forward voltage at a forward current of 0.1 mA
was 2.6 V at 300 K and 3.6 V at 15 K. EL spectra were
measured by a conventional lock-in technique using a GaAs
photomultiplier. In order to avoid carrier heating and band-
filling effects, the injection current level is kept low at 0.1
mA. For supplementary information about the absorption
spectra, photocurrent (PC) spectra were also measured using
a combination of a halogen lamp and a monochromator for
illumination and a dc electrometer for current detection.

EL spectra for the green diode are shown in Fig. 1 as a

‘function of temperature. In the EL spectra, a leading green

peak is observed around 2.3 eV with multiple fine structures
due to Fabry—Pérot fringes. When T is slightly decreased to
140 K from 300 K, the EL spectral intensity efficiently in-
creases and reaches its maximum around 140 K. This en-
hancement of the radiative recombination efficiency at 140—
260 K is similar to those usually seen for the reduced
nonradiative recombination at lower T. However, with fur-
ther decrease of T down to 20 K, significant reduction of the
EL intensity is observed. That is, it is found that the EL
efficiency at lower T (80—15 K) is unexpectedly decreased
from the maximum value around 140 K. This reduction of
the EL efficiency for the green diode is also seen at higher
injection currents up to 10 mA, though quantitative differ-
ences in intensity exist.

In Fig. 2, a similar plot of EL spectra for the blue diode
is shown. It is noted that, with decreasing T, the same trend
of increases and then decreases of the EL intensity is also
seen as the green diode for the main blue peak located
around 2.65 eV. However, three important differences are

© 2001 American Institute of Physics
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FIG. 1. EL spectra of the green SQW LED as a function of temperature at
injection current of 0.1 mA. Spectra are shifted vertically for clarity.

pointed out. The first one is that when 7T is decreased to 140
K, the enhancement of the EL intensity in Fig. 2 is moderate
in comparison with that of the green diode (shown in Fig. 1).
Second, when 7 is further decreased from 140 to 60 K, the
reduction of the EL intensity is much faster and steeper for

the blue diode. That is, electrically injected carriers are not

efficiently captured and recombined in the blue diode below
80 K. Third, a new EL peak appears additionally at 3.1eV, as
seen in Fig. 2, below 80 K at the expense of the leading
SQW peak. In Fig. 3, the wavelength-integrated EL intensity
-is plotted and compared for both diodes as a function of 7.
We note that the EL reduction at lower 7" is remarkable for
the blue diode. These behaviors of the EL intensity and spec-
tral characteristics observed at lower T are quite astonishing
and they are obviously not because of the heating effects.
They reflect the particular recombination processes of the
InGaN SQW heterostructures by current injection, since ac-
cording to our preliminary photoluminescence (PL) experi-
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FIG. 2. EL spectra of the blue SQW LED as a function of temperature at
injection current of 0.1 mA. Spectra are shifted vertically for clarity.
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FIG. 3. Wavelength-integrated EL intensity of the green and blue SQW
LED:s as a function of temperature. Injection current level used for this plot
is 0.1 mA.

ments any decreases of the PL intensity are absent at
lower 7.

In order to investigate the EL spectral properties, PC
spectra of the two diodes were measured at 15 K. The resulis
are shown in Fig. 4, together with the EL spectra. The PC
and EL spectra are normalized to the respective peak inten-
sity. In the solid EL spectra the green and blue SQW LEDs
show a leading emission band centered around 2.3 eV (540
nm) and 2.65 eV (468 nm), respectively. The emission peak
at 2.3 eV (2.65 eV) of the green (blue) SQW LED is red-
shifted from the broad absorption peak located around 3.0 eV
(3.05 eV), as confirmed by the PC spectra, indicating strong
localization of the injected carriers within the SQW emission
bands.*’ The peak-like nature of the transitions indicates ex-
citonic origins of the absorption features in the SQW layer,"*
although the linewidth is very large (~350 meV) due to in-
homogeneous broadening of the confinement potentials. The
weaker PC peak observed for the blue SQW: diode is as-

——EL(0.1mA)
- PG (-05V)

NORMALIZED EL&PC INTENSITY (arb. units)

16 20 24 28 32 36
PHOTON ENERGY (eV)

FIG. 4. Normalized EL (solid curves) and PC (dotted curves) spectra of the
green and blue SQW LEDs at 15 K. For EL spectra, the injection current
level is fixed at 0.1 mA, while for PC the reverse bias voltage is —0.5 V.
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cribed to the smaller In concentration in the well, which
should lead to the weaker quantum confinement due to the
shallower potential depth. In Fig. 4, a strong absorption peak
is also observed at 3.45 eV due to the excitonic transitions of
the GaN barrier layer'"'? for the‘both diodes. In addition, a
strong emission around 3.1 eV is definitely observed at 15 K

for the blue SQW LED. We tentatively attribute the emission-
band to the GaN layer, although the exact origin of such .

large Stokes shift is not clear at present.

The observed differences (in Figs. 1-3) between the two
diodes should be attributed to the different In content in the
SQW layer, since all other parameters are the same. The
significantly reduced EL intensity in the blue SQW LED
below 80 K is easily explained by considering the shallower
SQW potential depth because of the weaker carrier capture
and' quantum-confinement effects. The observation of the
second EL emission band at 3.1 eV appearing at 15-60 K
supports this argument, since those carriers that are not cap-
tured by SQW can overflow to the clad layers where they are
either radiatively recombined or extinguished nonradiatively
after being trapped by defects. We note that the weakened
quantum confinement seen in the PC intensity of the SQW
for the blue diode (Fig. 4) is also consistent with the ob-
served trends of the weaker EL intensity. We note that the
green EL intensity is much stronger than the blue one at 15
K. When the carrier acceleration voltage (external field) is
higher at lower T than at 300 K, we expect enhanced differ-

ences in the decreased EL intensity. The experimental obser-

vations (shown in Figs. 1-3) are consistent with this expec-
tation and indicate that the localization and capture of
injected electron-hole pairs or excitons within the SQW tail
states is really stronger in the green SQW LED at lower T.
Therefore, these results suggest that the high radiative re-
combination efficiency in the InGaN SQW LED:s is originat-
ing from the stronger capture rate of injected carriers rather
than the intrinsic radiative recombination rates.
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In summary, T dependence of EL intensity of InGaN
SQW-LED chips has been studied over a wide T range. It is
found that when T is decreased down to 15 K, drastic de-
crease of the EL intensity is observed due to decreased car-
rier capture by the localized radiative recombination centers
after reaching a maximum at intermediate T ranges. This
decrease is more severe for the blue SQW diode. The re-
duced carrier population in the InGaN well is due to the
carrier overflow at lower T. This conversely indicates that
efficient carrier capture is crucial to enhance the radiative
recombination of injected carriers in the presence -of the
high-density dislocations.
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