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Abstract

The mechanisms of carrier injection and recombination in a GaN/InGaN single quantum well light-emitting diodes
have been studied. Strong defect-assisted tunneling behavior has been observed in both forward and reverse current—
voltage characteristics. In addition to band-edge emission at 400 nm, the electroluminescence has also been attributed to
radiative tunneling from band-to-deep level states and band-to-band tail states. The approximately current-squared
dependence of light intensity at 400 nm even at high currents indicates dominant nonradiative recombination through
deep-lying states within the space-charge region. Inhomogeneous avalanche breakdown luminescence, which is pri-
marily caused by deep-level recombination, suggests a nonuniform spatial distribution of reverse leakage in these

diodes.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

III-V nitrides involving Ga, Al and In have attracted
much attention in the past decade due to the emerging
applications for blue and ultraviolet optoelectronic de-
vices [1,2]. Owing to the lack of a lattice-matched sub-
strate, GaN and its alloys are most commonly grown
heteroepitaxially by metalorganic chemical vapor de-
position (MOCVD) on sapphire. As-grown films are
known to contain a high density of threading disloca-
tions traversing vertically from the epilayer/substrate
interface to the epilayer surface, due to the large lattice
mismatch and thermal expansion coefficient difference
between GaN and sapphire [3,4]. In contrast to GaAs-
based optical emitters, where a dislocation density of 10*
cm~? is sufficient to prevent laser operation [4], GaN-
based light-emitting diodes (LEDs) and laser diodes
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work efficiently despite high dislocation densities (103
10" ¢m~?). One common explanation to this contro-
versy is that threading dislocations do not contribute to
electronic states in the bandgap of GaN, or bandgap
states associated with dislocations are not electrically
active. This assumption was supported by previous cal-
culations [5] and experimental results [6]. On the other
hand, there is also experimental evidence that disloca-
tions in Ill-nitrides are nonradiative recombination
centers [7,8]. Results from a recent scanning capacitance
microscopy study suggest that negative charges exist
near dislocations [9], and calculations show that these
negatively charged defects may scatter the carriers, and
introduce deep-level states [10,11]. The threading dislo-
cations can also contribute to deep-level states or band
tails due to the dangling bonds at Ga and N atoms lo-
cated along or close to the dislocation core [12].

In addition to the dislocations, other possible can-
didates for the bandgap states in IlI-nitrides include
structural defects such as grain boundaries [13], and
nitrogen or gallium vacancies [14,15], or impurities such
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as oxygen [15], carbon [16] or hydrogen complexes [17].
It is important to understand the effects of these defect
states on the electrical and optical properties of light-
emitting devices, since they could act as recombination
channels and as carrier traps that result in a decrease in
carrier lifetime and emission efficiency. In this study, we
have observed strong tunneling behavior in GaN-based
LEDs with an InGaN single quantum well (SQW) ac-
tive region. Radiative and nonradiative recombination
involving bandgap states in the space-charge region in-
dicate the electrical and optical activity of defects in III-
nitride materials.

2. Experimental

The LED wafers were grown on sapphire (000 1)
substrates with a 30 nm GaN buffer layer by low-pres-
sure MOCVD. The device structure consists of a 3.5 um
Si-doped GaN, a 0.1 pm Si-doped superlattice consisting
of alternating layers of AlGaN (5 nm)/GaN (5 nm), a 3
nm undoped InGaN active layer, followed by 14 periods
of Mg-doped AlGaN (5 nm)/GaN (5 nm) superlattice,
and a 0.5 pm Mg-doped GaN epilayer. The wafer was
then annealed at 950 °C for 10 s in nitrogen. This pro-
cess produced room temperature p-doping and n-doping
concentrations of 5 x 107 and 2 x 10" cm™3, respec-
tively. Fig. 1 shows an AFM image of a 1 um? region
from the original epitaxial surface. The density of the
small pits (~3 x 10° cm~2) has consistently been found
to be comparable to the density of dislocations which
thread through the entire epilayer and intersect the top
surface, as determined by cross-sectional transmission
electron microscopy. In order to fabricate the LED de-
vices, the p-GaN was partially etched to form mesas of
300 x 300 pm? squares using an inductively coupled
plasma etching system. Ni/Au and Ti/Al were deposited

Fig. 1. AFM image of typical surface region (1 um?) of the
GaN/InGaN SQW LED samples.

by electron beam evaporation, and followed by a 550 °C
anneal to form p-type and n-type ohmic contacts,
respectively.

3. Results and discussion

Fig. 2 shows a series of forward current-voltage
(I-V) characteristics of the LEDs measured at increasing
temperatures ranging from 20 to 200 °C. At moderate
biases (1.9-2.7 V), the current does not follow k7 or 2kT
slopes, but the I~V behavior can be described by 7 =
Iyexp(qV /E). The energy parameter E has a value of 105
meV, and does not depend on temperature. The ex-
tracted unrealistic ideality factor of 4, and the temper-
ature independence of the parameter E, are typical
features of tunneling conduction in a p—n junction [18].
The current component with an energy parameter of
~105 meV has been associated with holes tunneling into
the InGaN QW region with involvement of deep ac-
ceptor states [19]. The excess current could also result
from a more complex process involving multiple-step
tunneling-recombinations. This could occur in these
diodes because of the presence of a high-density of mi-
crostructural defects. Similar defects are also believed to
be responsible for some deep-level states associated with
the mid-gap yellow luminescence band [15], which is
observed in the photoluminescence of our samples. The
reverse leakage currents in the LEDs are much higher
than the classical diffusion and generation-recombina-
tion currents, and weakly temperature-dependent. This
is another indication of the presence of tunneling cur-
rent. Defect-assisted tunneling was also found to be re-
sponsible for the current transport in most commercially
available blue and green emitters [20]. In our previous
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Fig. 2. Forward I-V characteristics of the GaN/InGaN SQW
LEDs measured at 20-200 °C.
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Fig. 3. EL spectra of the GaN/InGaN SQW LEDs at increas-
ing forward current. (The EL spectrum at 100 mA is shown in
the inset.)

work, we observed dominant temperature-dependent
diffusion-recombination process in a high quality GaN/
InGaN multiple quantum well LED, where the defect
density in the space-charge region was substantially
reduced [20].

Fig. 3 shows the electroluminescence (EL) spectra of
the LEDs at increasing forward current. At currents less
than 2 mA, only deep-level emission with a single peak
at ~483 nm is observed. This is evidence that carriers
tunnel into the deep-level states in the InGaN active
region followed by radiative recombination. The posi-
tion of the major deep-level states is about 0.54 eV from
the energy-band of InGaN. With the increase of current,
a separate sharp peak at 400 nm associated with the
InGaN band-edge transition appears. In the meantime,
the gradual band-tail luminescence becomes more and
more significant. The rapid growth of the band-edge
emission as well as the band-tail emission, as shown in
Fig. 3, indicates the dramatic increase of tunneling flux
to the corresponding bands. In the low injection regime,
carrier tunneling to deep-level states may dominate,
leading to the generation of defect luminescence with
negligible band-edge emission. Upon increasing forward
bias, the probability for electrons to inject to the band-
tail states and the InGaN energy-bands increases, lead-
ing to a substantial increase of the transition rate from
band-to-band and band-to-tail states. The InGaN band-
edge EL dominates at high currents, as can be seen in the
inset of Fig. 3.

Fig. 4 shows the evolution of total light output and
intensity of the 483 nm peak and the 400 nm peak. The
total output and intensity of band-edge emission are

107 100
—_—

108 10"
- 2 3
S 108 102 s
& =
= 104 10 5
g g

3 -4 3
§1° 104 3
= 102 105 E
= =)
2 401 —e— 400 nm 106~
]

—O— 483 nm

100 —A— light output 107

10- . . . 10

10" 100 10 102 108

Forward Current (A)

Fig. 4. The dependence of overall light output, and light in-
tensity at 483 and 400 nm on the forward current of the GaN/
InGaN LEDs.

approximately current-squared dependent, indicating
nonradiative recombination. While we observed radia-
tive emission associated with deep-level states, the cur-
rent transport through the p-n junction may be
dominated by nonradiative tunneling via one or multiple
bandgap states. On the other hand, the intensity of the
483 nm peak is nearly linear, following the forward
current. This suggests that the radiative tunneling may
be limited by the tunneling rate of carriers to the deep-
level states. As can be seen in Fig. 3, the nonradiative
recombination centers are not saturated even at high
currents, suggesting strong optical activity of the defects
in these devices. This is in a sharp contrast to commer-
cial GaN/InGaN MQW LEDs, where we found satu-
ration was reached at a current densities as low as
1.4 x 1072 A/ecm? [20]. The discrepancy may be partly
attributed to the poorer quality of the interface between
the active layer and the cladding layer with a higher Al
ratio, and reflects the epitaxial growth challenges fac-
ing efficient violet emitters. The relatively low quantum
efficiency in these LEDs may also result from nonop-
timized InGaN growth. It is well accepted that In seg-
regation in InGaN can localize the injected carriers and
prevent carrier recombination at structural defects in-
cluding dislocations. Differences in localization effects
may also partially explain the wide spread in quantum
efficiencies in the commercial blue and green LEDs.
The breakdown luminescence spectra at —5 and —10
mA for the LEDs are shown in Fig. 5. The overall in-
tensity is several orders of magnitude lower than that of
forward injection luminescence. In this case, the devices
are under moderate reverse biases (V' < —10 V). Strong
band-to-band tunneling occurs due to high doping
concentrations on both sides of the p—n junction. Car-
riers drifting in the high electric field to the boundaries
of the space-charge region gain sufficient energy to cause
impact ionization [21]. The breakdown luminescence
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Fig. 5. Avalanche breakdown luminescence of the LEDs at —5
and —10 mA. (The LED microphotograph at —10 mA is shown
in the inset.)

results from radiative recombination of a small portion
of these generated electron—hole pairs. The broad band
of the luminescence shown in Fig. 5 indicates that re-
combination via defect states dominates. The high-
energy edges of the spectra are at the band-edge of the
InGaN rather than the GaN, suggesting negligible band-
to-band recombination in the GaN cladding layers. It is
striking that the luminescence is strongly localized at
some particular regions (see the inset of Fig. 5), with a
density of the emission spots of ~10° cm™? readily
identified by the naked eye. This is indicative of inho-
mogeneous spatial distribution of reverse leakage cur-
rents in these devices. In the areas with high density of
structural defects, the electric field, and therefore the
impact ionization rate, are much higher, resulting in
much higher leakage densities. Nonuniform currents
were also reported in GaN Schottky diodes, where the
reverse leakage was found to occur primarily at micro-
structural defects such screw dislocations [22].

4. Conclusions

In conclusion, we have observed significant influence
of microstructural defects on the electrical characteris-

tics and optical efficiency of GaN/InGaN SQW LEDs.
Radiative and nonradiative tunneling has been found to
be responsible for the current transport across the p—n
junction. Inhomogeneous avalanche breakdown lumi-
nescence indicates that reverse leakage currents are
concentrated in the areas with high-density defects. Our
study shows that a significant number of defects in GaN-
based materials are electrically and optically active.
Understanding the origin and nature of these defects,
and minimizing the defect formation during epitaxy will
be an important endeavor in the near future for im-
provement of efficiency of IIl-nitride-based emitters.
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