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Abstract

We have studied the effect of the AIGaN insertion and SiN buffer layers of ultraviolet light-emitting diodes (UVLEDs) on efficiency
and electrostatic discharge (ESD) characteristics of UVLEDs grown by metalorganic chemical vapor deposition. The etching pit density

2.

was reduced from 3.6 x 108 cm ™2 in conventional samples to 1.6 x 107 cm ™2 in UVLEDs grown with the AlGaN insertion layer and SiN
buffer layer. During the ESD tests at the negative biases of 3000 V, the live percentage of UVLEDs increased from 67% in conventional
samples to 86% in samples with AlGaN insertion layers and SiN buffer layers. In addition, the device shows a low leakage current of
1.1 x 107 A at —5V and the light output power was 70% higher than the conventional UVLEDSs at an injection current of 20 mA.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

III-V nitrides are of great interest for using in blue/green
and ultraviolet light-emitting diodes (UVLEDs) and laser
diodes (LDs) [1-4]. The UVLEDs with emission wave-
lengths in 300-390nm range are ideal pumps for fluor-
escent display devices. This is one of the most promising
ways for producing solid state white light. Short wave-
length UV light can be additionally used in applications
such as optical data storage, microscopes, and lithography
instruments. In most cases, these nitride-based UVLEDs
were grown on sapphire substrates. Although nitride-based
UVLEDs have been developed for several years, many
problems still remain to be solved. For example, large
mismatches in lattice constants between GaN epitaxial
layers and the underneath sapphire substrates result in an
epitaxial layer with poor quality. It has also been shown
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that GaN-based UVLEDs often suffer from electrostatic
discharge (ESD) due to the insulating nature of sapphire
substrates [5,6]. Normally a thin low-temperature (LT)
GaN nucleation layer prior to the epitaxial growth was
deposited to overcome a relatively large lattice mismatch
[1,2]. However, the large dislocation density still remains to
hinder the performance of devices. In order to reduce
dislocation density further, the epitaxial lateral overgrowth
(ELO) was proposed to grow a 2—-3 um-thick GaN layer on
a sapphire substrate prior to the sample patterning and
then regrowth [7]. However, such a procedure is relatively
complex that inevitably results in a low production yield.
Recently, it has been reported that one can reduce the
defect density in nitride-based epitaxial layers using
GaN-SiN as the nucleation layer [8-15]. Many nan-
ometer-sized porous SiN layer probably serves to enhance
the lateral growth, which is quite similar to that in ELO to
reduce dislocation density. On the other hand, polariza-
tion-induced electric fields between the AlGaN and GaN
lead to a significant increase of the sheet carrier concentra-
tion and narrower confinement of the two-dimensional
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electron gases (2DEGs). Such a 2DEG can be used to
spread the current effectively, and this AlGaN/GaN
heterostructure can also be used to confine the holes,
which escaped from MQW. Thus, the injection current
overflow was diminished and the light emission efficiency
was greatly improved [16]. In this paper, the UVLEDs with
a SiN buffer layer and an AlGaN insertion layers were
prepared. Physical, optical, and electrical properties of the
fabricated UVLEDs with different underlying GaN layers
will also be reported.

2. Experiments

Samples used in this paper were all grown on c-face
(0001) 2-in sapphire substrates by metalorganic chemical
vapor deposition. During the growth, trimethylgallium
(TMGa), trimethylindium (TMIn), trimethylaluminum
(TMALI), and ammonia (NH3;) were used as the gallium,
indium, aluminum, and nitrogen sources, respectively. Bis-
cyclopentadienyl magnesium (Cp,Mg) and silane (SiHy)
were used as the p-type and n-type doping sources,
respectively. Prior to the epitaxial growth, the sapphire
substrates were annealed at 1100°C in H, ambient to
remove surface contamination. Three different structures
were grown for comparisons. Sample I consisted of a 30-
nm-thick GaN nucleation layer grown onto the sapphire
substrates at 535°C, an 1.5-um-thick undoped GaN layer
grown at 1070°C, an 1.3-um Si-doped GaN grown at
1070°C, a 0.1-um—thick Si-doped Aly03Gag9oN layer
grown at 1000 °C followed by an 1.3-um Si-doped GaN
grown at 1070 °C, the quantum well region consisted of five
periods of 20-nm-thick GaN barrier layers, and 2-nm-thick
In,Ga;_,N well layers with x ~5% followed by a 35-nm-
thick Mg-doped Al 16Gag g4N layer grown at 950 °C and a
0.12-um-thick Mg-doped GaN cap layer grown at 950 °C.
For sample II, an additional 0.1-um-thick undoped
Aly 93GaggoN layer was inserted into the undoped GaN
bulk layer with 0.2um thickness under the n-GaN
layer based on the structure of the sample I. Meanwhile,
Fig. 1 shows sample III with a SiN buffer layer deposited
before the GaN nucleation layer based on the structure of
sample II.

The surface of these samples was then etched until
n-GaN exposed. Indium-tin oxide (ITO) and Ni/Au
were subsequently evaporated onto the sample surface to
serve as p-type electrode. Ti/Al/Ni/Au contact was
deposited onto the exposed n-GaN layer to serve as the
n-type electrode. The epitaxial wafers were lapped down
and then scribed to the fabrication of 300 x 300 pm?>
UVLEDs. The I~V characters and optical properties
were investigated. In order to investigate the quality of
n-GaN layer of samples, photoelectrochemical (PEC)
etching was performed by 2.2M KOH solution for
30min. Scanning electron microscopy (SEM) was then
used to check the surface of samples after the PEC etching.
Negative biases were applied to the UVLEDs to examine
their ESD sustainability.
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Fig. 1. The schematic diagram of UVLED sample III.

3. Results and discussion

Fig. 2(a—c) shows SEM images of the UVLED samples I,
I1, and 111, respectively. As shown in Fig. 2(b), it was found
that the surface morphology of the LED with AlGaN
insertion was rough and the result is similar to conven-
tional UVLED (Fig. 2(a)). Fig. 2(c) clearly shows that the
LED with SiN buffer has the flat surface morphology and
lower threading dislocation (TD) density. The TD densities
of all samples calculated from the SEM images
were 3.6 x 105, 3.9 x 10%, and 1.6 x 10’ cm ™2, respectively.
Fig. 2(b) shows lightly higher TD density than the
conventional UVLED. It was found that the TD density
was not reduced by inserting an undoped AlGaN layer
onto the GaN film. However, it was found that there were
not any deep V-shape defects in sample II. Fig. 2(c) shows
that the TD density was effectively suppressed by inserting
the SiN buffer. It was found that the TD density can be
lowered one order of magnitude than the conventional
UVLED by inserting the SiN buffer layer. The density of
dislocations is remarkably lower in GaN layers grown after
SiN buffer than the density in layers obtained using the
conventional process [13—15].

Fig. 3 shows the live percentages of three batches of 1000
testing samples when the negative biases applied on the
three UVLEDs from 100 to 3000 V. Here we define the
devices are not live in which the leakage current is larger
than 1pA in the reverse voltage region even through the
UVLED survived at this reverse ESD pulse voltage. The
live percentage of sample I decreased from 82% to 72%
when the negative bias increases from 100 to 200V, and
then decreased slowly to 67% when the negative bias
increased further to 3000 V. The live percentage of sample
IT was about 95% at initial negative bias of 100V and
remained 82% at negative bias of 3000 V. The improved
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Fig. 2. The SEM top view images of (a) sample I, (b) sample II, (c) sample 111 treated with 2.2 M KOH solution PEC etching for 30 min.
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Fig. 3. The live percentage of samples I, II, and III as function of negative
ESD biases applied onto the UVLED:s.

ESD characteristics of the UVLED with AlGaN insertion
layer could be due to higher current tolerance and the
reduced strain between the GaN layer and sapphire
substrate. The live percentage of sample III was about
97% at initial negative bias of 100V and remained 86% at
negative bias of 3000 V. The highest ESD survival rate in
sample III was probably the results of further improved
GaN quality with lower TD density.

Fig. 4 shows the reverse voltage versus current char-
acteristics of sample I, II, and III. It is found that the
leakage currents of all UVLEDs at —5V were in the order
of magnitude of 107 A. The leakage current of sample III
is the lowest about 1.1 x 107 A. Fig. 5 shows the effects of
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Fig. 4. Leakage current as function of reverse voltage of UVLED samples
I, II, and III.

injection current on the light output power of UVLED
samples. The light output powers of sample II and III were
greater than conventional sample I at an injection current
of 20 mA, respectively. The light output powers of sample
IT and III increased 25% and 70% more than sample I,
respectively. Fig. 6 shows the electroluminescence spectra
of three LED samples at the injection current of 20 mA.
The three UVLED samples showed the same EL peak of
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Fig. 5. The effect of injection current on the light output power of
UVLED samples I, 11, and III.
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Fig. 6. The electronic emission spectra of UVLED samples I, 11, and III at
an injection current of 20 mA.

385nm since the growth conditions of active region of
multiple quantum wells were the same. In addition, sample
IIT showed a narrower full width at half maximum
(FWHM) of spectrum (about 11nm) than that of the
sample I (about 15nm). The surface morphology of n-type
GaN has been improved by inserting SiN buffer layer. The
narrower FWHM of sample III should be related to more
uniform indium distribution than that of sample I.

4. Conclusion

In conclusion, we studied the effects of an AlGaN
insertion layer and SiN buffer of UVLEDs on the efficiency
and ESD characteristics of UVLED samples. For the
optimized AlGaN insertion layer and SiN buffer, the
leakage currents of all UVLEDs at —5V were in the order
of magnitude of 107% A. Meanwhile, the light output power
of UVLED increase 70% compared with the conventional
UVLED sample. The live percentage of UVLED remains
about 86% at negative bias of 3000 V higher than that of
conventional UVLED sample of 67%. PEC etching
confirmed that the improvement of the optical properties
was accompanied by a reduction in the dislocation density.
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