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1.1
Introduction

During the past decade, III–nitrides, which form continuous and direct bandgap 
semiconductor alloys, have undergone a phenomenal development effort, and 
have emerged as the leading materials for light-emitting diodes (LEDs) with peak 
emission spanning from green through blue to ultraviolet (UV) wavelengths [1, 
2]. High-brightness (HB) green and blue LEDs along with AlInGaP red and yellow 
LEDs complete the primary color spectrum and enable fabrication of large-scale 
full-color displays. Near-UV and blue LEDs, when used in conjunction with mul-
tiband or yellow phosphors, can produce white light and are therefore very attrac-
tive for solid-state lighting applications [3]. There are also plentiful ongoing 
endeavors to push emission wavelengths into the deep-UV regime for numerous 
applications including bioaerosol sensing, air and water purifi cation, and high-
density data storage.

One of the most defi ning features of the nitride material system is the lack of 
high-quality bulk GaN or AlN substrates. To date, all commercially available III–
nitride LEDs are grown heteroepitaxially on foreign substrates such as sapphire 
and SiC. Si has also received some attention as the substrate for low-power LEDs 
due to its clear advantages of low cost and high quality. Many efforts have been 
devoted to developing high-quality buffer layers to accommodate the mismatch in 
lattice constant and thermal expansion coeffi cient between the epilayers and sub-
strates. The presence of a high density of threading dislocations and large residual 
strain in the heteroepitaxial structures, along with strong piezoelectricity and large 
compositional fl uctuation of the nitride alloys, give rise to some unique electrical 
and optical characteristics of current III–nitride LEDs [4].

Bulk GaN and AlN would be a nearly perfect match to LED heterostructures, 
and meet most substrate requirements. Homoepitaxial growth signifi cantly 
reduces defect density and strain, and offers better doping and impurity control. 
These incentives are the driving force behind recent progress toward producing 
bulk GaN and AlN crystals [5, 6]. Some free-standing GaN substrates are now 
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commercially available, and preliminary results of homoepitaxy are encouraging. 
However, before large-area low-cost GaN wafers become available, sapphire and 
other foreign substrates will remain the common substrates for nitride LEDs due 
to the well-established heteroepitaxy technology.

In this chapter, key growth issues, design considerations, and the operation of 
III–nitride green, blue and UV LEDs on sapphire are described. An overview is 
then given that describes the growth and performance of nitride LEDs on other 
novel substrates, including Si, SiC, and bulk GaN and AlN. The infl uence of the 
substrates on the microstructual properties, electrical characteristics, light emis-
sion, and light extraction of the LEDs is discussed.

1.2
LEDs on Sapphire Substrates

1.2.1
LED Heteroepitaxy

Most commercially available III–nitride LEDs are grown on the c-plane of sapphire 
substrates. Large-area and high-quality sapphire is widely available in large quanti-
ties, and is fairly inexpensive. To date, much more knowledge and experience have 
been accumulated in the technology of growing III–nitrides on sapphire than on 
other substrates. Another advantage of using sapphire is its transparency to UV 
and visible light, reducing the parasitic light loss in the substrate. However, there 
are a few disadvantages associated with sapphire substrates. First, a large mis-
match in lattice constant (∼15%) and thermal expansion coeffi cient between nitride 
materials and sapphire gives rise to a high density of threading dislocations and 
biaxial stress in epitaxial layers. Second, sapphire is electrically insulating, making 
it necessary to fabricate LEDs in a lateral confi guration. In this case, current 
spreading is a key device design consideration (described in Section 1.2.2). Third, 
sapphire has a relatively poor thermal conductivity, limiting heat dissipation in 
top-emitting LEDs. This, however, is less of a problem in fl ipchip LEDs, where 
heat is removed through the p-type contact.

Metal–organic chemical vapor deposition (MOCVD) has evolved as the domi-
nant technique for growing III–nitride LEDs, not only on sapphire but also on 
other substrates [7]. However, the design of MOCVD reactors for nitrides is much 
less mature than for conventional III–V semiconductors. Currently both commer-
cial and home-built reactors are used, and the growth process conditions vary 
widely. MOCVD is a nonequilibrium chemical process, in which gaseous precur-
sors are injected from a precise gas-mixing manifold into a cold-wall reactor, where 
they react on a heated substrate. LED epitaxy is usually conducted under a low 
pressure. The common precursors include trimethylaluminum (TMAl), trimeth-
ylgallium (TMGa), and trimethylindium (TMIn) as the metal sources, and ammonia 
as the N source. Silane and bis-cyclopentadienyl-magnesium (Cp2Mg) are used for 
n- and p-type doping, respectively. Hydrogen or nitrogen is used as the carrier gas. 



The ideal growth temperatures for different layers of the LED structure are differ-
ent: GaN is grown at 1000–1100 °C, AlGaN requires a slightly higher temperature, 
and InGaN is grown at a much lower temperature ∼700–800 °C.

The realization of HB III–nitride LEDs on sapphire is based upon two epitaxy 
technology breakthroughs. The fi rst was the demonstration of p-type conductivity 
in GaN. As-grown Mg-doped GaN has a very high resistivity due to the formation 
of Mg–H complexes. It was found that Mg can be activated by dissociating H from 
Mg using low-energy electron-beam irradiation [8] or annealing at >750 °C [9]. The 
second breakthrough was growing high-quality nitrides on sapphire using a thin 
low-temperature buffer layer [10]. The crystalline quality of GaN fi lms grown 
directly on sapphire is generally poor due to the large mismatch between GaN and 
sapphire. Early work by several groups showed that GaN layers grown atop a thin 
AlN or GaN buffer layer greatly improved surface morphologies and crystalline 
quality [10, 11]. A buffer layer with a thickness of <100 nm, usually grown at 
∼500 °C, is critical to defect reduction and subsequent two-dimensional (2D) 
growth of device structures. Prior to the growth of the buffer, the sapphire sub-
strate is usually nitridated by exposure to ammonia gas in the reactor [12, 13]. The 
nitridation process promotes GaN and AlN nucleation on sapphire and further 
improves the quality of the overlayer.

The fi rst blue LED, reported by Nichia, consisted of InGaN/AlGaN double het-
erostructures (DHs) [14]. The active region was an InGaN layer codoped with Si 
and Zn, and an impurity-related transition was responsible for the blue emission. 
Their second-generation blue LEDs had an undoped InGaN single-quantum-well 
(SQW) active region, which exhibited effi cient direct bandgap emission [15]. Figure 
1.1(a) shows a typical layer structure of state-of-the-art green and blue LEDs, which 
consists of an InGaN/GaN multiple-quantum-well (MQW) active region [16, 17], 
an n-GaN lower cladding layer, a p-AlGaN upper cladding layer, and a p+-GaN top 
contact layer. The p-AlGaN cladding layer is necessary to prevent electrons from 
escaping from the active region. The top surface is usually doped heavily with Mg 
to reduce the p-contact resistance. Similarly, deep-UV LEDs would have an AlGaN 
MQW active region sandwiched between n- and p-type AlGaN cladding layers with 
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Fig. 1.1 Schematic of typical layer structures of state-of-the-art 
(a) InGaN-based visible LEDs and (b) AlGaN-based UV LEDs 
on sapphire substrates.
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Fig. 1.2 Electroluminescence spectra of III–nitride MQW 
LEDs grown on sapphire substrates using MOCVD.

a higher Al content (Fig. 1.1(b)) [18, 19]. Figure 1.2 illustrates a series of electro-
luminescence (EL) spectra of III–nitride MQW LEDs made on sapphire with the 
MOCVD technique and with peak emission ranging from green to deep-UV. The 
green and blue LEDs have a much larger full width at half-maximum (FWHM) of 
∼30 nm than the UV LEDs. The spectral broadening is believed to arise from large 
compositional inhomogeneity in the InGaN active regions [4].

During the LED overgrowth, the epilayer is essentially relaxed rather than being 
strained to lattice-match to the sapphire. However, a large biaxial compressive 
stress may be generated upon cooling to room temperature due to the larger 
thermal expansion coeffi cient of sapphire [20]. The actual magnitude and sign of 
the stress are a function of the growth conditions, and depend largely on the thick-
ness and doping level of the thick n-type cladding layer. It has been found that 
excessive Si doping may change the stress from compressive to tensile [21], which 
promotes wafer bowing and fi lm cracking, and limits the maximum size of wafers 
and the thickness of LED structures. Compared to GaN epilayers, AlGaN fi lms 
grown on sapphire are more subject to a large residual stress. To improve strain 
management, state-of-the-art deep-UV LEDs are grown on a thick AlN template 
with an additional AlN/AlGaN superlattice stress-relief layer [18, 19]. Zhang et al. 
[22] reported a pulsed atomic-layer epitaxy technique, which considerably sup-
presses gas-phase reaction, enhances adatom surface migration, and produces AlN 
and AlGaN template layers with reduced alloy disorder and improved surface 
morphology. The high-quality stress-relief layer has proven to be crucial for the 
subsequent growth of High-Al content AlGaN LED structures.

Despite the use of a buffer layer to accommodate the large lattice mismatch 
between nitrides and sapphire, a very high level of threading dislocations (108–
1010 cm−2) is present within LED heterostructures [23]. Some traverse vertically 
from the epilayer/substrate interface to the top layer and, depending on the growth 
conditions of the capping layer, may terminate by forming various types of surface 



defects. Figure 1.3 shows atomic force microscopy (AFM) images of three InGaN/
GaN MQW LEDs on sapphire with different surface morphologies. The root-
mean-square (rms) surface roughness of these samples is in the range of 0.4–
0.8 nm over a 2 × 2 μm2 area. The surface of LED A is microscopically rough but 
free of obvious pits, whereas LEDs B and C present a large number of surface 
defects. On sample B, there are ∼1.5 × 108 cm−2 pits with hexahedral cone morphol-
ogy and a size ∼100 nm. LED C shows a swirled step structure and 4 × 109 cm−2 
small surface pits, which are caused by the intersection of the top surface with the 
dislocations [24]. Cross-sectional transmission electron microscopy (TEM) showed 
that the densities of dislocations reaching the MQW active region in LEDs A, B 
and C were 6 × 108 cm−2, 3 × 109 cm−2, and 5 × 109 cm−2, respectively. In LED A, 
dislocation bending was found at 200–350 nm after the buffer layer, and a relatively 
small number of dislocations, mainly of edge character, propagated to the top 
layer. The hexagonal pits in LED B, usually called V-defects, were found to form 
in either the p-GaN capping layer or the MQW region, and were connected to 
threading dislocations. Large strain at the GaN/InGaN interfaces and In-rich 
regions [25, 26], or impurity complexes, are believed to be the cause of their 
formation [27].

The dislocation densities in III–nitride LEDs grown on sapphire are far higher 
than those observed in working LEDs based on conventional III–V semiconduc-
tors. GaAs-based LEDs with a dislocation density >104 cm2 would not show any 
band-edge emission [28]. The fact that effi cient blue and green LEDs can be made 
with highly defective InGaN materials suggests that threading dislocations do not 
act as effi cient nonradiative recombination centers [29, 30]. This is supported by 
the fi nding that blue and green LEDs grown on a high-quaity, laterally overgrown 
GaN template with a dislocation density of ∼7 × 106 cm−2 had an external quantum 
effi ciency similar to LEDs grown on a regular buffer layer [31]. It is now well 
accepted that In-rich quantum-dot-like (QD-like) regions self-formed in InGaN 
alloys due to strong compositional fl uctuation, enhance carrier localization and 
radiative processes [4]. The localization effects, which are however lacking in high-
quality AlGaN alloys, result in some unique EL behaviors of InGaN LEDs, and will 
be detailed in Sections 1.2.4 and 1.2.5.

Fig. 1.3 AFM images (2 μm × 2 μm) of three representative 
InGaN/GaN MQW LEDs grown on sapphire using MOCVD.
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1.2.2
Current Spreading

Due to the insulating substrate, InGaN/GaN LEDs grown on sapphire must be 
fabricated in a lateral confi guration. A mesa is defi ned using plasma etching so 
that the n-type electrode can be deposited on the exposed n-GaN cladding layer, 
whereas the p-type contact is formed atop the p-GaN layer. The resistivity of the 
top p-GaN layer is typically several orders of magnitude higher than that of the n-
type cladding layer. It is therefore necessary to add an additional conducting layer 
to spread current to regions not covered by the p-type bonding pad. In top-emitting 
LEDs, current spreading on the p-side usually relies on the use of a semitranspar-
ent contact covering the entire p-GaN [32, 33]. The current spreading layer also 
functions as an ohmic contact and light extraction window, and therefore must be 
transparent to the emitted light.

To reduce current nonuniformity, lateral current paths as determined by the 
spacing between the p-type and n-type electrodes should be smaller than the 
current spreading length, which is the length where current density drops to 1/e 
of that under the p-pad or at the mesa edge. The current spreading length Ls in a 
top-emitting LED is given by
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where rp, rn, rt, tp, tn, and tt are the respective resistivity and thickness of the p-
GaN, n-GaN, and semitransparent contact, and rc is the specifi c contact resistance 
of the p-contact [33]. It is clear that a uniform current distribution can be achieved 
when the n-type and p-type current spreaders have an identical sheet resistance 
(i.e., rt/tt = rn/tn) [32]. Current tends to crowd toward the p-pad or mesa edge 
adjoining the n-type electrode when this condition is not met. Current crowding 
may lead to a nonuniform light emission and self-heating, thus reducing the 
quantum effi ciency and accelerating LED degradation. With increasing mesa size, 
current crowding becomes more severe. Novel mesa geometries, such as interdigi-
tated mesas or multiple isolated mesas with a width less than Ls, must be used to 
alleviate this problem [34]. These types of designs also enjoy the advantage of good 
scalability, which is critical for developing large-area high-power LEDs.

A number of semitransparent contacts comprising a thin metal fi lm have been 
investigated [35–39], among which a bilayer Ni/Au thin fi lm is the most extensively 
used. It was found that the contact resistance of an Ni/Au contact to p-GaN 
can be substantially reduced by annealing the contact in an oxygen ambient 
to form NiO/Au [35]. The resultant NiO embedded with Au islands is believed to 
be a low-barrier contact to p-GaN [36], with a specifi c contact resistance in the 
10−3–10−4 Ω cm2 range. The oxidized Ni/Au is electrically conducive and semitrans-
parent at visible wavelengths. Both the conductivity and transparency are strong 
functions of the Ni/Au content ratio. Figure 1.4 shows the sheet resistance and 
light transmission of Ni (5 nm)/Au fi lms with varying Au thickness before and 



after a 550 °C anneal in air. The transparency is improved by ∼60% after the anneal, 
and decreases rapidly with increasing Au thickness, whereas the resistance 
increases dramatically with decreasing Au content. Providing that the sheet resis-
tance of the n-GaN layer in typical blue LEDs is ∼20 Ω/�, the optimal Au thickness 
is 5–6 nm from the current spreading viewpoint. At this thickness, the Ni/Au fi lm 
is >70% transparent at 460 nm, and forms a low-resistance ohmic contact to 
p-GaN.

In fl ipchip LEDs, the current on the p-side spreads in a thick ohmic metal, which 
also functions as a refl ective mirror. Assuming negligible resistance of the p-metal, 
the current spreading length can be expressed as [40]:
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In this case, current tends to crowd at the edge of the mesa contact, and current 
density decreases exponentially with increasing distance from the mesa edge. 
Equation (1.2) shows that Ls can be increased by reducing the resistivity or increas-
ing the thickness of the n-type cladding layer. In AlGaN-based deep-UV LEDs, Ls 
may be one order of magnitude smaller than in typical blue LEDs due to the low 
conductivity of high-Al AlGaN materials. Flipchip UV LEDs grown on sapphire 
are therefore more subject to current crowding and localized heating problems 
[41]. Interdigitated mesa structures or small mesa arrays must be employed to 
mitigate these problems.

Fig. 1.4 Sheet resistance (solid lines) and light transmission 
(dashed lines) of Ni(5 nm)/Au fi lms with varying Au thickness 
before (solid dots) and after (open dots) 550 °C annealing 
in air.

 1.2 LEDs on Sapphire Substrates  9



 10  1 III–Nitride Light-Emitting Diodes on Novel Substrates

1.2.3
Carrier Transport

Transporting electrons and holes from the current spreading layers to the QW 
active region is an essential step to generate light in the active region. Interfacial 
potential barriers and defect states in the cladding layers are expected to have a 
pronounced infl uence on the carrier transport dynamics. In a semiconductor p–n 
junction, the forward I–V characteristics at moderate bias can be described by the 
conventional Shockley model:

I I qV nkT= 0 exp( )  (1.3)

where I0 is the saturation current, q is the electron charge, k is Boltzmann’s con-
stant, and T is the absolute temperature [42]. The ideality factor n, which is corre-
lated with the slope of the semilogarithmic I–V plot, has a value between 1 and 2, 
indicating the coexistence of diffusion current (n = 1) and recombination current 
through bandgap states in the space-charge region (n = 2). In LEDs with an MQW 
active region, the ideality factor value associated with the diffusion process may 
be different. Carriers must diffuse over about one-half of the total barrier to be 
injected into the QWs where they recombine radiatively or nonradiatively. Taking 
this into consideration, an ideality factor close to 2 can be expected in high-quality 
InGaN/GaN QW LEDs [43].

In addition to thermal diffusion and recombination, tunneling may be another 
important mechanism of carrier transport in typical nitride LEDs. This is the case 
for two reasons. First, a high density of bandgap states is present in the space-
charge region providing the tunneling paths. Second, the n- and p-type cladding 
layers are usually heavily doped, and the quantum barrier layers may also be doped 
with Si to screen the large piezoelectric fi eld. The depletion layer at the junction 
is therefore relatively thin, enhancing carrier tunneling through the potential bar-
riers at heterointerfaces. Following the analysis of Dumin et al. [44], the nonradia-
tive tunneling current in a p–n junction involving single level traps depends 
exponentially on the applied voltage:

I CN qV E= t exp( )  (1.4)

where C is a constant containing the built-in potential, Nt is the trap density, and 
the energy parameter E in a p+–n junction is given by:

E
hq N

m
=

2
2

D

s*π ε
 (1.5)

where m* is the effective carrier mass, es is the semiconductor dielectric constant, 
ND is the donor concentration, and h is Planck’s constant. One simple model that 
can be considered is that of electron tunneling to traps in the p-type cladding layer, 
sometimes evidenced by the associated defect radiative emission, or hole tunnel-



ing to bandgap states in the MQW region, followed by radiative or nonradiative 
recombination. The excess current could also result from a more complex process 
involving multiple-level states. This is especially possible in III–nitride LEDs 
because the defect density is suffi ciently high. Possible sources of electrically active 
states include dislocations, impurities, Ga or N vacancies, and antisites. As seen 
in Eq. (1.4), the tunneling current has little temperature sensitivity. The slope of 
the semilogarithmic I–V plot is expected to be temperature-independent, which is 
in contrast to temperature-dependent diffusion and recombination currents.

Figure 1.5(a) compares the forward I–V characteristics of the LEDs whose micro-
structural properties were described in Section 1.2.1. At high injection currents 
(>10−3 A), the details of carrier transport cannot be identifi ed due to a high series 
resistance. At low and moderate bias, the I–V behaviors of LEDs B and C can be 
represented by Eq. (1.4), suggesting the dominance of tunneling current. Both 
LEDs show two main exponential segments with different slopes, which may 
result from tunneling processes involving different deep-level states. The energy 
parameter E has a room-temperature value of ∼220 meV at voltages of 0–1.7 V and 
72–105 meV at voltages of 1.8–2.6 V. At moderate bias, the unrealistic ideality 
factors are 2.8 and 4 for LEDs B and C, respectively.

The low-bias forward I–V characteristic of LED A is also dominated by tunneling 
current. However, at moderate bias above 2.1 V, it can be modeled by the conven-
tional drift-diffusion model as I = I0 exp(eV/1.6 kT ). The dominance of diffusion–
recombination current refl ects the high quality of LED A, in agreement with earlier 
structural analysis. Defect-assisted tunneling current is signifi cantly suppressed. 
This current component has a slope proportional to 1/1.6 kT, as seen in Fig. 1.5(b). 
Also shown in this fi gure are the changes of the characteristic energy at moderate 
bias in LEDs B and C with increasing temperature. While the E value in LED C 
is mostly temperature-independent, it decreases slightly with increasing tempera-

Fig. 1.5 (a) Forward I–V characteristics of three InGaN/GaN 
LEDs measured at room temperature. (b) The characteristic 
energy E at moderate bias as a function of measurement 
temperature.

 1.2 LEDs on Sapphire Substrates  11



 12  1 III–Nitride Light-Emitting Diodes on Novel Substrates

ture in LED B, indicating an increased contribution from diffusion–recombination 
current. The carrier injection is therefore a combination of tunneling, diffusion, 
and recombination processes. These results confi rm a strong correlation between 
microstructural quality and the mechanism of current transport in III–nitride 
LEDs.

Reverse dark current in III–nitride LEDs usually scales with the junction area 
due to the dominant bulk leakage [45], and is many orders of magnitude higher 
than classical diffusion and generation–recombination currents in wide bandgap 
semiconductors. Figure 1.6(a) shows the reverse I–V characteristics for the three 
LEDs measured at 25 °C. The currents in LEDs B and C are strongly voltage-depen-
dent but temperature-insensitive, as seen in Fig. 1.6(b). These are characteristic 
features of defect-assisted tunneling. Similar behaviors have also been found in 
conventional III–V diodes [46, 47], GaN p–n diodes [48], and double heterostructure 
(DH) blue LEDs [49]. At high reverse voltage, the data are in good agreement with 
band-to-band tunneling as predicated by the Zener tunneling model [46]. The 
electrons may tunnel from the p-GaN valence band to the n-GaN conduction band 
through to a thin depletion layer. The leakage current in LED A is several orders 
of magnitude lower. Carrier tunneling is not dominant until reverse bias >2 V, 
where there is a sudden increase in the slope. At bias <2 V, the leakage current is 
roughly an exponential function of temperature, indicative of the presence of 
thermal currents such as space-charge generation current.

1.2.4
Carrier Confi nement and Localization

The confi nement of injected carriers inside the MQW region increases the overlap 
of electrons and holes, resulting in much faster and more effi cient radiative recom-

Fig. 1.6 (a) Reverse I–V characteristics of three InGaN/GaN 
LEDs measured at room temperature. (b) Reverse current at −
2 V as a function of measurement temperature.



bination. To reduce the nonradiative recombination rate, the thickness of InGaN 
QWs should be less than the minority carrier diffusion length and is typically a 
few nanometers. The thin QWs also give rise to a high carrier density, which is 
preferred to suppress the nonradiative process by saturating defect states in the 
active region. The active layer is also designed to be thin to improve light extraction 
by reducing the internal band-to-band absorption.

In contrast to light-emitting devices based on conventional III–V semiconduc-
tors, InGaN-based LEDs are surprisingly effi cient despite the existence of a high 
density of microstructural defects [29]. It is generally accepted that carrier localiza-
tion effects that arise from spatially inhomogeneous indium distribution and QW 
thickness fl uctuation play an important role in spontaneous emission from InGaN 
QW structures [4, 30, 50–55]. The InGaN compositional disorder occurs due to 
large differences in thermal stability and lattice parameters between GaN and InN. 
The localization effects improve the radiative recombination in two ways. First, 
QD-like In-rich regions in InGaN alloys trap carriers, forming localized excitons. 
This further enhances the overlap of electrons and holes, and their recombination 
rates. Second, localization effects prevent carriers from reaching defects, and thus 
reduce nonradiative recombination. Nanoscale QD-like structures in InGaN alloys 
have been measured directly by high-resolution TEM [53]. Submicron emission 
fl uctuation resulting from In segregation was clearly observed from cathodolumi-
nescence (CL) images [54]. The mean size of the QDs increases with increasing 
In content [55], indicating larger In compositional fl uctuation and stronger local-
ization effects in higher In content InGaN materials.

One characteristic feature of InGaN-based LEDs is a pronounced blueshift of 
the EL peak with increasing drive current. This can be attributed to the band fi lling 
of localized states at potential minima in the QW plane [4]. Figure 1.7 shows the 
EL spectra of an InGaN MQW green LED and an AlGaN MQW UV LED at 300 K 
as functions of injection current. The spectra of the green LED are much broader 
due to strong alloy broadening, and show a large blueshift of 54 meV as the current 
is increased from 0.1 mA to 20 mA. In contrast, the emission peak of the UV LED 
has a small FWHM of ∼10 nm and is almost independent of injection current. 
These features suggest much smaller compositional fl uctuation and weaker local-
ization effects in the AlGaN MQWs. Carriers are, therefore, more likely to be 
trapped and recombine nonradiatively at defect states. This may partly explain why 
state-of-the-art deep-UV LEDs are much less effi cient and less reliable than com-
mercial InGaN LEDs. It has been found that the optical properties of AlGaN 
materials can be markedly improved by introducing a small amount of In to form 
quaternary AlInGaN alloys with enhanced localization effects [56–59]. In addition, 
by varying the compositions of quaternary alloys, the bandgap and lattice constant 
can be adjusted independently to achieve lattice-matched structures with a reduced 
dislocation density and piezoelectric fi eld [60]. Effi cient UV LEDs with peak wave-
length 305–350 nm have been demonstrated based on AlInGaN MQW structures 
[57–59].

Another factor that may account for the EL blueshift is a large static electric fi eld 
(up to a few MV cm−1) in the InGaN QWs due to spontaneous and piezoelectric 
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polarization [61, 62]. The latter arises from biaxial strain remaining in the hetero-
structures due to the lattice mismatch between the well and barrier layers. The 
electric fi eld tilts the energy bands and separates electron–hole pairs into triangu-
lar potential wells formed at opposite sides of the QWs. When carriers are injected 
into the QWs and screen the polarization charges, the overlap of the electron–hole 
wavefunction is recovered, resulting in a blueshift of emission peak [63, 64]. In 
LEDs with thin InGaN QW active layers (≤3 nm), effi cient carrier confi nement and 
localization partially overcome the disadvantage of the piezoelectric effect. It has 
been found that doping the GaN quantum barrier layers with Si can effectively 
screen polarization-induced charges at the heterointerfaces [62, 65]. This tech-
nique is now extensively employed in commercial blue and green LEDs [66]. The 
EL blueshift in the green LED, as seen in Fig. 1.7, is therefore due largely to the 
band fi lling of localized states.

A better understanding of the role of localized states in the radiative process in 
InGaN-based LEDs can be gained by means of temperature-dependent lumines-
cence measurement. Three LEDs (green, blue and UV) with a similar epitaxial 
structure, but varying In and Al contents in the MQWs and cladding layers, were 
characterized in the temperature range of 5–300 K. The respective nominal In 
mole fractions in the active regions were 0.35, 0.20 and 0.04. Figure 1.8 shows 
temperature-induced shifts of the peak energy of the LEDs operating at 1 mA. With 
decreasing temperature, a blueshift and then a redshift is seen for all LEDs, 
although the amounts of the shifts are different. The redshift in the UV LED 
between 77 and 200 K is as large as 50 meV. Considering that the temperature-

Fig. 1.7 EL spectra of an InGaN-based green LED and an 
AlGaN-based UV LED at 300 K as a function of injection 
current. The spectra are shifted in the vertical direction for 
clarity.



induced change of the GaN bandgap energy is ∼26 meV, the actual displacement 
of the peak energy relative to the band edge in this LED is −76 meV. The unusual 
energy redshift can be explained by carrier relaxation [67]. As the temperature is 
decreased, the carrier lifetime increases due to reduced nonradiative rates, allow-
ing more opportunity for carriers to relax into lower-lying localized states. The 
energy redshift, and therefore the degree of carrier relaxation, decreases as the In 
content in the active region increases. In the green LED, the peak redshifts by only 
∼10 meV in the temperature range of 150–250 K and stabilizes at 2.37 eV at lower 
temperatures. This behavior can be interpreted as evidence of strong localization 
effects in this LED. A large number of localized states in the MQWs are responsi-
ble for effi cient carrier capture and recombination over the entire temperature 
range. In contrast, the UV LED demonstrates different emission mechanisms 
within different temperature ranges. While localized state recombination appears 
to be important below 150 K when carriers are transferred to lower-energy states, 
band-to-band transition becomes dominant at higher temperatures as the localized 
carriers are thermalized. Indeed, with increasing temperature above 200 K, the EL 
peak of the UV LED exhibits a redshift, which follows the characteristic tempera-
ture dependence of the GaN bandgap shrinkage [68]. The thermal energy at 150 K 
∼ 13 meV can be estimated as the magnitude of the localization energy in the UV 
LED.

Figure 1.9 shows the L–I characteristics of the LEDs measured at 5 K. Light 
intensity L is linear with current I in the low injection regime for all devices, 
indicating dominant radiative recombination and a constant quantum effi ciency. 
As current increases, the light output shows a trend of saturation. The dependence 
of light output on forward current becomes sublinear in the high injection regime, 

Fig. 1.8 Peak energy shift in InGaN/GaN MQW LEDs as a 
function of measurement temperature.
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following L ∼ Im (m ∼ 0.4). The transition point where the EL intensity tends to 
saturate moves to higher injection currents as the In content increases. This is 
evidence that carrier capture becomes ineffi cient at low temperatures. In the UV 
LED, there are only a limited number of localized states, and therefore only a small 
portion of the injected carriers can transfer to localized states, whereas a signifi cant 
number of carriers may escape from the InGaN QWs. As expected, there are a 
large number of localized states in the green LED, offering carriers more oppor-
tunities to be captured. The L–I data can be fi tted to the solution of the rate equa-
tion, which describes carrier capture and decapture processes in the MQWs at 
steady state:
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where N0 is the total number of localized states, N is the number of captured car-
riers, jc is the fl ux of carrier injection, scap is the effective cross-section for carrier 
capture, and tdecap, trad and tnonrad represent the lifetimes associated with carrier 
decapture, radiative and nonradiative recombination, respectively. Considering 
that the nonradiative lifetime of localized carriers tnonrad and the carrier decapture 
time tdecap at low temperatures (<150 K) are quite long, and that the EL intensity L 
is proportional to N/trad, we obtain
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Fig. 1.9 The L–I characteristics of InGaN/GaN MQW LEDs at 
5 K. The arrows indicate the current levels where the light 
output tends to saturate.



From Eq. (1.7), L is given by L = N0jcscap in the limit of jc → 0. On the other hand, 
L saturates to the value of N0/trad at high currents (jc → ∞). The radiative decay 
time is expected to be longer in the green LED due to the larger size of QD struc-
tures [69]. The output power of the green LED at high currents (>10 mA) is ∼200 
times higher than that of the UV LED, as shown in Fig. 1.9, suggesting that the 
density of the related localized states in the green LED is more than two orders of 
magnitude higher.

The localization effects also have a signifi cant impact on the LED performance 
at elevated temperatures. Figure 1.10 illustrates the evolution of the EL spectra of 
a deep-UV (280 nm) LED and blue (465 nm) LED with increasing temperature. As 
temperature is increased from 25 °C to 175 °C, the emission of the UV LED shows 
a much sharper decrease, by a factor of 48, compared to only a 42% decrease for 
the blue LED. While the high-energy side of the blue LED spectra shows a slow 
decrease in emission intensity, the intensity and energy of the low-energy band, 
especially the tail, are almost temperature-independent. The low-energy emission 
is dominated by emission at localized states and less sensitive to the change in 
temperature. The localization effects remain strong even at 175 °C, as also revealed 
by a blueshift of the EL peak with increasing current, suggesting a localization 
energy >39 meV. A previous study using time-resolved photoluminescence (TRPL) 
showed that the localization energy in an InGaN material with a composition 
similar to the blue LED QWs was ∼60 meV [70], corresponding to an indium 
compositional fl uctuation of ∼0.03. As a contrast, the low-energy and high-energy 
sides of the UV emission spectra exhibit similar temperature dependence of 

Fig. 1.10 Temperature-dependent EL spectra of (a) a deep-UV 
LED and (b) a blue LED at 10 mA.
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emission intensity and energy. The redshift of the UV peak follows the tempera-
ture dependence of the AlGaN bandgap as described by Varshni’s equation

E T E T Tg g K( ) = ( ) + −( )0 2α β  (1.8)

with values a = 5.08 × 10−4 eV K−1 and b = 996 K [71]. These behaviors again suggest 
minimal localization effects in AlGaN alloys and that the UV emission is domi-
nated by band-to-band transition. The much sharper decrease in EL intensity of 
the UV LED compared to the blue LED is due largely to its shallower AlGaN QWs 
and a higher defect density in the active region. The band offset between the 
well/barrier layers is ∼0.28 eV in the UV LED, much smaller than ∼0.71 eV in the 
blue LED. The above results also suggest that the lack of localization effects in 
AlGaN is another causal factor in the poor thermal performance of the UV LED, 
and that increasing carrier confi ning potentials will provide a critical means to 
improve UV LED performance.

1.2.5
Radiative and Nonradiative Recombination

The MQW structure greatly enhances carrier confi nement and radiative recombi-
nation rates. However, nonradiative recombination can never be totally eliminated. 
Injected carriers may recombine nonradiatively through defect states in the QWs 
or escape from the QWs via tunneling or thermal motion and then recombine 
through defect states in the barrier and cladding layers. The unique material 
properties of InGaN, including strong localization effects and a large exciton 
binding energy, distinguish the radiative and nonradiative processes from other 
III–V materials. In high-quality blue and green LEDs, most carriers are captured 
by localized states in the QWs, leading to a dominant radiative process with an 
effi ciency as high as 70–80%. With decreasing In content in the active region, the 
density of localized states decreases, and carriers have more chance to be captured 
by defect states. It has been demonstrated that the quantum effi ciency of nitride 
LEDs decreases dramatically when the emission wavelength is shorter than 380 nm 
[72]. Particularly in AlGaN-based deep-UV LEDs, the radiative and nonradiative 
decay times are strongly affected by the presence of microstructural defects and 
polarization charge-induced fi eld. The highest external quantum effi ciency of 
280 nm LEDs reported to date is less than 2% [2].

While most recombination processes via defect states are nonradiative, some 
deep-level transitions are radiative. Figure 1.11 shows current-dependent EL 
spectra of a blue LED whose I–V characteristics are dominated by carrier tunneling 
[see LED B in Fig. 1.5(a)]. At currents less than 0.02 mA (forward voltage <2.5 V), 
a broad deep-level emission centered at ∼550 nm dominates. With increasing 
current, the QW emission at 460 nm increases rapidly, whereas the deep-level 
emission tends to saturate, suggesting that the yellow defect luminescence and 
carrier tunneling may be associated with the same prominent defect states in the 



space-charge region. Much stronger defect emission is usually observed in AlGaN 
UV LEDs [18, 73–75], where the defect state density is higher. Zhang et al. [76] 
reported a 280 nm LED with a defect emission band at ∼320 nm, which was attrib-
uted to transitions involving deep acceptor levels in the p-type cladding layer. By 
increasing the carrier confi nement potential, the ratio of QW and defect emission 
intensities at 20 mA was improved from 1.5 : 1 to 47 : 1.

The L–I characteristics of a LED in a specifi c injection regime can be fi tted with 
a power law, L ∝ Im. The parameter m refl ects the infl uence of defect states on 
carrier recombination processes [77]. As nonradiative recombination dominates, 
L shows a superlinear dependence on I (m > 1). In this case, the internal quantum 
effi ciency increases with increasing current. When defect states are saturated and 
radiative recombination becomes dominant, a linear increase of L with I (m ∼ 1) 
can be expected. The quantum effi ciency becomes a constant. Figure 1.12 shows 
the L–I characteristics of an InGaN/GaN MQW UV LED measured at 5 K, 77 K, 
150 K, and 300 K. The light output varies as I2 at 300 K, indicating a signifi cant 
infl uence of defects even at high current densities. At 150 K, even though some 
defects are frozen out, the impact of the defect states is still clearly seen at low 
currents (less than 0.1 mA). As temperature is further decreased, the transition 
point from nonradiative recombination to radiative recombination moves to lower 
injection currents. In high-quality blue and green LEDs, a linear relationship 
between L and I can be obtained in all injection regimes at room temperature [78], 
implying a much smaller role of defect states.

Fig. 1.11 Current-dependent EL spectra of an InGaN/GaN MQW blue LED.
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1.2.6
Light Extraction

For LEDs having a quantum effi ciency of unity, the recombination of every elec-
tron–hole pair generates one photon in the active region. The photons must escape 
from the semiconductor material in order to contribute to the total light emission. 
Just as with conventional III–V LEDs, light trapping inside LED chips is a primary 
limitation for producing effi cient III–nitride LEDs. The large contrast in index of 
refraction between nitrides and the surrounding media gives rise to a small critical 
angle for total internal refl ection as determined by Snell’s law, and small light 
escape cones. A large portion of the generated light is trapped and rattles around 
until it is absorbed by the semiconductor, substrate or contact metals. The refrac-
tive index of GaN is ∼2.5 at blue wavelengths, much larger than that of sapphire 
(n = 1.78) and a typical epoxy (n = 1.5). For LEDs grown on sapphire, light outside 
the escape cones is trapped within the thin epilayer. Based on ray-tracing simula-
tion, we have found that the extraction effi ciency of a planar blue LED on sapphire 
is about 12% without encapsulation, and about 27% with epoxy encapsulation.

In top-emitting LEDs, a signifi cant amount of light is absorbed by the bondpads, 
semitransparent p-contact, and die-attach material. This type of loss can be pre-
vented by employing a refl ective p-type metal contact and a fl ipchip bonding 
scheme [79, 80]. In this case, the LED is fl ipchip mounted either on a submount 
or directly on a printed circuit board using an eutectic melt process, as illustrated 
in Fig. 1.13(a). All light is extracted through the transparent sapphire substrate. 
The fl ipchip confi guration thus has a higher light extraction effi ciency and is par-

Fig. 1.12 The L–I characteristics of an InGaN/GaN MQW UV 
LED measured at 5 K, 77 K, 150 K, and 300 K.



ticularly important for developing high-effi ciency UV (<370 nm) LEDs because the 
p-GaN contact layer and p-metal are strongly absorbing in the UV regime. Another 
advantage of fl ipchip LEDs over top-emitting LEDs is their superior thermal man-
agement. Heat generated in the junction can be removed effi ciently through the 
thick p-metal and solder bumps, overcoming the disadvantage of the poor thermal 
conductivity of sapphire. Flipchip LEDs therefore suffer less from joule heating 
and can be driven at much higher currents.

The p-type metallization of fl ipchip LEDs has three functions: an ohmic contact, 
a current spreading layer, and an optical refl ector. Silver is the metal of choice due 
to its high refl ectivity at wavelengths longer than 400 nm, and its ability to form 
low-resistance ohmic contacts to p-GaN [80]. The whole metallization typically 
consists of a multilayer metal stack, including a diffusion barrier layer which pre-
vents Ag from electromigration, and a solder layer for subsequent die attachment. 
Aluminum has a refl ectivity greater than 90% at visible wavelengths, and thus can 
be utilized to form refl ective n-type contacts. Figure 1.13(b) shows a plot of normal-
ized external quantum effi ciencies of top-emitting LEDs and fl ipchip LEDs tested 
at a 350 mA pulse current [79]. The LEDs with the same emission wavelengths 
were fabricated from the same epitaxial wafer. The fl ipchip LEDs have an external 
quantum effi ciency 1.6 times higher than the top-emitting LEDs, suggesting a 60% 
increase in light extraction effi ciency via fl ipchip packaging.

Many approaches have been explored to improve light extraction from LEDs on 
sapphire, including roughening chip surfaces [81, 82], texturing sapphire sub-
strates [83, 84], integrating LEDs with a sapphire microlens [85] or photonic crys-
tals [86, 87], and utilizing surface plasmon resonance [88]. The philosophy common 
to the fi rst three approaches is to deliberately redirect the waveguided light, reduce 
total internal refl ection, and consequently induce light emission in off-plane direc-
tions. Providing that the majority of the light is trapped inside the nitride fi lm, 

Fig. 1.13 (a) Schematic cross-section of an InGaN/GaN 
fl ipchip LED mounted on a submount. (b) Normalized 
external quantum effi ciencies of top-emitting LEDs (open 
squares) and fl ipchip LEDs (solid triangles) tested at 350 mA 
pulse current. After Ref. [79].
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one of the most effective ways is to texture the sapphire surface to suppress the 
guided modes. Figure 1.14 depicts a schematic diagram and scanning electron 
microscope (SEM) cross-sectional micrograph of a 382 nm InGaN/GaN MQW 
LED grown on a patterned sapphire substrate [83]. Parallel grooves were fabricated 
using standard photolithography and subsequent reactive ion etching along the 
�112̄0� direction. The fl ipchip-mounted LEDs exhibited an output power of 15.6 mW 
and an external quantum effi ciency of 24% at 20 mA. The improved effi ciency is 
a result of enhanced light extraction through the sapphire substrate as well as 
improved material quality yielded by lateral growth on the patterned substrate.

1.3
LEDs on SiC Substrates

SiC has also been used as a growth substrate for high-brightness InGaN-based 
LEDs [89, 90]. One main advantage of using SiC is that it can be easily doped to 
make a conductive substrate, enabling the fabrication of LEDs with a vertical 
geometry, similar to conventional III–V LEDs grown on conductive GaAs and GaP 
substrates. Nonuniform current spreading, as exists in lateral LEDs on sapphire, 
is therefore mitigated. The fabrication and packaging of such a LED chip is rela-
tively straightforward, as a mesa structure is not needed. A Ni-based contact is 
formed on the backside of the substrate as the n-type electrode, and only one wire 
bond is required for top-emitting LEDs. SiC also has the advantage of being highly 
thermally conductive. Its thermal conductivity is ∼10 times higher than that of 
sapphire, greatly enhancing heat removal from LED chips. Additionally, unlike 
sapphire, SiC has natural orthogonal cleavage planes, which facilitate the chip 
separation process. The cleavage planes are particularly important for producing 
high-quality facets to form resonant cavities in laser diodes (LDs).

Using SiC substrates for III–nitride LEDs, however, is less common mainly due 
to their high cost. Even though SiC has a smaller lattice mismatch (∼3.5%) with 
GaN than sapphire, it is suffi ciently large to result in a large number of disloca-

Fig. 1.14 (a) Schematic diagram and (b) SEM cross-sectional 
micrograph of a 382 nm InGaN/GaN MQW LED grown on a 
patterned sapphire substrate. After Ref. [83].



tions (108–1010 cm−2) in epilayers [91–93]. As compared to sapphire wafers, epi-
ready SiC wafers typically have a rougher surface fi nish and a larger number of 
surface and bulk defects, which are additional sources of microstructural defects 
in epilayers. Another drawback is that doped SiC is typically opaque at the wave-
lengths of visible light. It is strongly absorbing at UV wavelengths shorter than its 
band-edge emission (∼410 nm for 6H-SiC) and is not suitable for developing high-
effi ciency deep-UV emitters.

GaN epilayers are usually grown on the (0001) plane of Si-face 6H- or 4H-SiC 
substrates using the MOCVD technique. An AlN or AlGaN buffer layer is required 
to help accommodate the lattice mismatch and relieve stress. AlN can nucleate on 
SiC at both low and high temperatures [91–93]. In contrast to low-temperature 
buffer layers on sapphire, AlN deposited on SiC at high temperatures (∼1100 °C) 
has better crystalline quality and surface morphology [92], and therefore it is more 
effective for promoting subsequent 2D growth of high-quality fi lms. Because SiC 
has a smaller thermal expansion coeffi cient, upon cooling down from the growth 
temperature GaN epilayers may be under a tensile stress, which favors the forma-
tion of cracks. It has been suggested that the strain state of GaN epilayers is 
determined by their growth mode, and tensile strain can be avoided by growing 
GaN on a thin coherently strained AlN buffer layer [94].

Cree’s fi rst-generation InGaN-based blue LEDs employed a highly-resistive AlN 
buffer layer [89]. To bypass this resistive layer, a shorting ring was employed that 
allowed vertical fl ow from the LED structure to the SiC substrate. The AlN buffer 
was later replaced by a Si-doped low-Al content AlGaN layer [89], which is conduc-
tive but may still introduce a signifi cant series resistance. State-of-the-art blue and 
green LEDs grown on SiC have a layer structure similar to those grown on sap-
phire, and are comparable in microstructural quality, electrical properties, and 
optical characteristics.

SiC has a refractive index (∼2.7 at blue wavelengths) slightly higher than GaN, 
but considerably higher than epoxy. No total internal refl ection occurs at the 
GaN/SiC interface. Thus, in LEDs with a rectangular geometry, most light emitted 
by the active region is trapped inside the SiC substrate and has a good chance to 
be absorbed by the substrate and bottom contact. Chip shaping and texturing are, 
therefore, critical for light extraction. A truncated inverted pyramid (TIP) LED is 
an example of chip shaping of an individual LED [95] that is achieved by dicing a 
chip with a beveled blade to yield a sidewall angle in the range of 30°–50° with 
respect to the vertical. Such a shape enhances light extraction by redirecting the 
internally refl ected light and reducing the average light path within the chip, as 
illustrated in Fig. 1.15(a). Figure 1.15(b) shows the calculated light extraction effi -
ciency of a blue LED on SiC as a function of the sidewall angle. An absorption 
coeffi cient of 5 cm−1 was used for the SiC substrate. With an angle ∼35°, light 
extraction can be increased by 110% compared to a rectangular chip. Cree’s XB 
LEDs employ this chip shaping technique [see Fig. 1.15(c)] in conjunction with 
fl ipchip packaging, providing a record performance with an external quantum 
effi ciency of ∼45% at 450–455 nm, corresponding to a radiant power of 25 mW at 
20 mA [96].
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1.4
LEDs on Si Substrates

The allure of low-cost light sources has fueled a variety of efforts to grow III–nitride 
LEDs on Si substrates [97–103]. Si is thermally stable under typical nitride growth 
conditions. Si wafers, with high crystalline quality and a smooth surface fi nish, 
are available in large sizes at low prices. Using Si substrates allows easy die separa-
tion, simple wet-etch substrate removal, and the potential to integrate LEDs with 
Si control electronics.

III–nitride blue and UV LEDs have been grown on Si(111) using molecular-
beam epitaxy (MBE) [97, 98] and MOCVD [99–103]. The enormous 17% lattice 
mismatch of GaN on Si mandates the use of a buffer layer such as AlN or AlGaN 
[97–108]. Besides reducing crystalline defects, the buffer layer also enhances 2D 
growth of GaN and prevents the formation of an amorphous SiNx interlayer [105]. 
The greater thermal expansion coeffi cient of GaN as compared to that of Si gives 
rise to a tensile stress in epilayers. Cracking may occur upon cooling down from 
the growth temperature [99]. The cracking problem may be reduced by optimizing 
the structure and growth of the buffer layer. It was recently found that MOCVD-
grown GaN epilayers on a thick AlN–GaN graded buffer were under a compressive 
stress and free of cracks [106]. Both a step-graded AlGaN buffer and an AlN/GaN 
superlattice have also proven to be effective for reducing the crack density [107, 
108]. Most recently, by employing a high-quality AlN buffer layer, Li et al. [103] 
successfully scaled blue LEDs on Si wafers up to 6 inches.

LEDs grown on Si are fabricated in a similar fashion to LEDs on SiC by forming 
the n-type contact on the backside of the substrate and have a vertical structure, 
which greatly enhances current spreading uniformity. However, most reported 
LEDs on Si have a high series resistance, due to the large band offset between the 
AlN buffer and Si substrate, as well as poor doping in the p-type cladding layer 
[99, 102]. Despite the use of an AlN buffer layer, the crystalline quality of epilayers 
on Si cannot be compared to those obtained on sapphire. State-of-the-art LEDs on 
Si are at least 10 times less effi cient than their counterparts on sapphire or SiC 

Fig. 1.15 (a) Schematic diagram of a TIP LED illustrating 
the enhanced light extraction effi ciency. (b) Calculated light 
extraction effi ciency of a blue LED on SiC as a function of the 
sidewall angle. (c) A shaped Cree LED chip.



substrates. The highest reported performance is still sub-milliwatt output power 
at 20 mA and less than 1% external quantum effi ciency [100]. The LED perfor-
mance is fundamentally limited by two key factors: poor light extraction due to 
the inherent visible and UV light absorption of silicon, and high defect density 
due to the aforementioned high thermal and lattice mismatch between Si and 
nitrides. Nevertheless, with a signifi cant cost reduction possible from 6 inch Si 
wafers, these LEDs hold promise for special applications where high brightness 
is not required.

Light absorption by the substrate results in a signifi cant light loss in LEDs grown 
on Si wafers. One way to reduce this parasitic loss is to insert an AlGaN/GaN dis-
tributed Bragg refl ector (DBR) between the LED structure and the Si substrate [101]. 
The DBR, however, will increase the operation voltage and substantially increase 
the possibility of fi lm cracking. Another way is to remove the Si substrate and trans-
fer the LED fi lm to a refl ective substrate. A similar approach has been employed to 
improve heat dissipation and light extraction of blue LEDs on sapphire [109–110]. 
In this case, the separation was realized using a laser lift-off technique due to the 
chemical inertness of sapphire. Si can be readily removed by selective chemical wet 
etching. The substrate removal can not only greatly improve the light extraction 
effi ciency but also eliminate the conduction barrier at the buffer/Si interface. Zhang 
et al. [102] reported the separation of an InGaN MQW green LED from Si and trans-
fer to a copper carrier. The LED wafer with an Al/Au metal refl ector deposited on 
the p-contact was fi rst bonded onto an Au plating copper carrier using indium. 
The Si substrate was thinned down to 60 μm and selectively etched in a 
HF : HNO3 : CH3OOH (1 : 1 : 1) solution. The AlN/AlGaN buffer layer was then 
plasma etched, and the n-type electrode, which consists of a Ti/Au (5 nm/5 nm) 
semitransparent contact and an Al/Au bondpad, was formed on the exposed n-GaN 
layer. Figure 1.16 shows the I–V and L–I characteristics of the LED before and after 
this process. The series resistance was reduced from 42 Ω to 27 Ω, and the optical 
power was increased by 49%. Further improvement in light extraction can be 
expected by using a more transparent n-type contact and an appropriate 
encapsulation.

Fig. 1.16 (a) SEM image of a green LED after partial removal 
of the Si substrate. (b) The I–V characteristics and (c) the L–I 
characteristics of the LED before (dashed line) and after (solid 
line) substrate removal. After Ref. [102].
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1.5
LEDs on Free-Standing GaN Substrates

For LEDs grown on foreign substrates, the mismatches in lattice constant and 
thermal expansion coeffi cient between the nitrides and substrates manifest them-
selves as a high density of threading dislocations and residual biaxial stress in the 
epilayers. High-quality bulk GaN substrates, if available, would signifi cantly miti-
gate these problems. The growth procedure for GaN-based LEDs can be greatly 
simplifi ed as the homoepitaxy process does not require additional steps, such as 
surface nitridation and low-temperature buffer layer, which are mandatory in 
heteroepitaxial growth. The defects and stress in the epilayers would be greatly 
reduced, leading to improved performance, yields, and scalability to larger sub-
strates. In addition, simple vertically structured LEDs can be fabricated on con-
ducting GaN substrates. The vertical geometry, in combination with good thermal 
conductivity of GaN (5× higher than sapphire), allows the LEDs to operate at much 
higher current densities and temperatures.

1.5.1
LED Homoepitaxy

The chemical passivity of nitrogen, and the high melting temperature and high 
decomposition pressure of GaN have made growth of large-size and high-quality 
GaN boules problematic. A number of bulk GaN crystal solution growth tech-
niques are under development [111–115], which use liquid gallium or gallium 
alloys as a solvent and a high pressure of nitrogen above the melt to maintain GaN 
as a thermodynamically stable phase. One of the most intensively explored 
approaches is high-pressure solution growth (HPSG) developed by Porowski et al. 
[111, 112]. Bulk GaN crystals are grown from a Ga melt, under a nitrogen hydro-
static pressure of about 15 kbar at temperatures ranging from 1500 to 1800 K, and 
crystallize in the form of platelets or rods. The process is capable of growing GaN 
crystals with a dislocation density lower than 104 cm−2. The undoped crystals have 
a high n-type background doping, on the order of 5 × 1019 cm−3, which is believed 
to be due to oxygen impurities and nitrogen vacancies, which also causes some 
crystal opacity. One major drawback of such a technique, however, is that the 
quality of the GaN crystals deteriorates with increasing growth rate and size, thus 
limiting the maximum crystal size to ∼10 mm.

A more mature technology for growing bulk GaN is hydride vapor-phase epitaxy 
(HVPE) [116–121], which is normally carried out in a hot wall reactor at atmo-
spheric pressure. In this approach, vapor-phase GaCl, formed by reacting HCl with 
liquid Ga at 800–900 °C, is transported to a substrate, such as sapphire, Si or GaAs, 
where it reacts with injected NH3 at 900–1100 °C to form GaN. As compared to 
other epitaxial growth approaches, much higher growth rates (on the order of 
100 μm h−1) can be attainable by HVPE [119], making it a potentially low-cost tech-
nique for mass-producing bulk GaN. Free-standing GaN substrates can be pro-
duced by separating thick HVPE grown GaN from the underlying substrate using 



laser beam radiation or mechanical polishing. Lapping, polishing, and etching are 
then performed to achieve GaN wafers with an epi-ready surface.

The dislocation density in HVPE-grown GaN fi lms is initially quite high, on the 
order of 1010 cm−2 as is typical for heteroepitaxially grown thin GaN layers. As the 
epilayer thickness increases, the evolution and annihilation of the dislocations lead 
to a reduction in dislocation population. The density usually drops to a value of 
about 107 cm−2 after a thickness of 100–300 μm of GaN has been grown [119]. 
However, large strain and associated bowing or cracking, which result from the 
use of a foreign substrate, will limit the maximum fi lm size and thickness. The 
strain and bowing remain even after removal of the original substrate, and are 
expected to be also present in epitaxial layers deposited on such substrates. By 
improving strain management, Xu et al. [120] successfully fabricated 2 inch GaN 
boules as thick as 10 mm with a dislocation density as low as 104 cm−2. HVPE GaN 
may also contain a high density of point defects, such as N vacancies and impuri-
ties, leading to a high background doping level and a redshift of the emission 
spectrum.

GaN homoepitaxy using MOCVD is more straightforward than heteroepitaxial 
growth. The substrate is heated directly to the growth temperature in an ammonia-
rich environment. 2D growth mode can be achieved on GaN(0001) without using 
a buffer layer. Homoepitaxially grown GaN usually shows a smooth surface with 
a step structure, in contrast to a swirled step structure for typical epitaxy on sap-
phire. It has been found that vicinal surfaces with an offcut of 1–2 degrees yielded 
smoother morphology than nominal c-plane [121]. This can be understood by the 
fact that the offcut surfaces provide predefi ned atomic steps for smooth 2D step-
fl ow growth. Homoepitaxial GaN, in most cases, replicates the defect structure in 
the bulk substrates [122]. However, surface defects introduced in the polishing 
and etching steps were found to have a pronounced impact on the homoepitaxial 
quality [123] and must be removed by additional chemomechanical polishing or 
chemically assisted ion-beam etching. Figure 1.17 shows high-resolution X-ray 
diffraction (HRXRD) rocking curves of the (0002) refl ection of an HVPE GaN 
substrate, and GaN epilayers grown atop the substrate and sapphire. The FWHM 
of the homoepitaxial GaN is 79 arcsec, which is comparable to that of the substrate 
(85 arcsec), but much smaller than for the heteroepitaxial GaN (230 arcsec). Since 
the FWHM of the (0002) peak refl ects the degree of lattice distortion from disloca-
tions, the smaller FWHM of the homoepitaxial GaN confi rms that the threading 
dislocation density is substantially reduced. Our recent study showed that the 
incorporation of common impurities in homoepitaxial GaN, including C, H and 
O, was signifi cantly reduced compared to GaN grown on sapphire [124]. This may 
be a result of dislocation reduction in the homoepitaxial GaN as impurities tend 
to congregate around microstructural defects and create localized states in the 
bandgap [125].

The growth of III–nitride LEDs on bulk GaN substrates is referred to here as 
homoepitaxy even though the alloy composition and lattice constants of the active 
and cladding layers may not be identical to those of the substrate. While visible 
LEDs with GaN cladding layers are well matched to the substrate and slightly 
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strained, UV LEDs based on AlGaN heterostructures grown on bulk GaN may 
suffer from a large tensile stress, thus causing cracks. An additional stress-relief 
layer, such as a graded AlGaN layer, is required for growing thick LED 
structures.

Pelzmann et al. [126] reported the growth of homojunction GaN LEDs by depos-
iting a p-GaN layer on an n-type HPSG GaN substrate. The homoepitaxial LEDs 
demonstrated a doubling of the emission intensity relative to their counterparts 
on sapphire. Franssen et al. [127] studied the electrical and optical characteristics 
of HVPE-grown InGaN/GaN MQW blue LEDs on a similar GaN substrate. Therm-
ionic emission rather than tunneling transport was found to be the main mecha-
nism responsible for radiative recombination in the LEDs. The maximum internal 
and external quantum effi ciencies were determined to be 38% and 1.9%, 
respectively.

We have investigated the growth of InGaN/GaN MQW LEDs on free-standing 
HVPE GaN substrates using low-pressure MOCVD. The GaN substrates, offcut 
by 1–2 degrees in the �112̄0� direction, were ∼300 μm thick, unintentionally doped, 
and had a free carrier concentration of ∼7 × 1017 cm−3. Atomic force microscopy 
(AFM) measurement showed that threading dislocations were terminated by 
surface pits after the chemomechanical polish and the density was determined to 
be ∼(1–2) × 107 cm−2. The substrates were heated directly to 1050 °C in a steady 
ammonia fl ow, followed by the growth of the n-GaN cladding layer. The growth 
recipes for subsequent InGaN QWs and AlGaN layer were similar to those known 
for heteroepitaxial LEDs. The active regions were 10-period InGaN/GaN MQWs 
with an In composition ranging from 0.1 to 0.21.

Fig. 1.17 HRXRD rocking curves of the (0002) refl ection from 
an HVPE GaN substrate (solid line) and GaN epilayers grown 
on bulk GaN (dashed line) and sapphire (dotted line).



Figure 1.18(a) shows a 2 μm × 2 μm AFM image of the homoepitaxial LED. The 
surface is defect-free, and a step structure with terraces of ∼100 nm is clearly seen. 
In contrast, a similar structure grown in the same epitaxy run on sapphire with a 
previously grown buffer exhibits a rougher morphology and ∼1 × 108 cm−2 V-
defects ranging from 50 to 150 nm [see Fig. 1.18(b)]. The rms roughness of the 
LEDs on GaN and sapphire are 0.23 nm and 0.65 nm, respectively. The smooth 
surface of the homoepitaxial LED suggests abrupt heterostructural interfaces and 
uniform QWs resulted from 2D step-fl ow epitaxy. The V-defects, which are open 
hexagonal inverted pyramids defi ned by six {101̄1} planes, are connected to thread-
ing dislocations mostly with screw and mixed character [128]. Microstructural 
defects and residual stress, which promote the formation of V-defects, are sub-
stantially reduced in the homoepitaxial LED. We have found that the growth tem-
perature for the LED on GaN was slightly higher at the same epitaxy conditions, 
presumably due to the higher thermal conductivity of the substrate. This may 
partly account for the suppression of V-defects by enhancing the rates of Ga dif-
fusion and incorporation on the off-axis facets [26, 129]. Cross-sectional TEM 
measurements showed that the density of threading dislocations reaching the 
active region in the LED on sapphire was ∼2 × 109 cm−2, whereas it was much lower 
in the homoepitaxial LED and could not be precisely determined.

1.5.2
Electrical Characteristics

In contrast to lateral LEDs fabricated on sapphire, the LEDs on GaN, with their 
n-contact formed on the backside of the substrate, have a vertical structure. Figure 
1.19 compares the forward I–V characteristics of two representative LEDs at 
various temperatures. As expected, the LED on sapphire shows a characteristic 
tunneling behavior in the forward direction. Two main exponential segments with 
different slopes are distinguished at low and moderate forward biases, and can be 
described by Eq. (1.4). The energy parameter E, which is temperature-insensitive, 

Fig. 1.18 AFM images (2 μm × 2 μm) of InGaN/GaN MQW 
LEDs grown on (a) GaN and (b) sapphire.
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has a value of 190 meV at 0–2.0 V and 70 meV at 2.0–2.8 V. No realistic ideality 
factors can be extracted. The forward I–V characteristics of the LED on GaN, as 
seen in Fig. 1.19(b), also divide into two distinct linear sections with different 
slopes, which, however, appear to be a function of temperature. Tunneling may 
still dominate at low injection levels, but the slope change suggests the involve-
ment of a thermally activated current. As the forward current increases, diffusion 
and recombination currents start to dominate over the tunneling component. The 
forward current at bias >2.6 V can be described by Eq. (1.3) with an ideality factor 
n = 1.5 until series resistance in the diode dominates. The presence of the diffu-
sion–recombination currents refl ects the high material quality of the homoepitax-
ial LED, where defect-assisted tunneling current is greatly suppressed.

Carrier tunneling is also seen in the LED on sapphire under reverse bias, as 
suggested by the strong fi eld dependence but low temperature sensitivity of the 
reverse leakage current shown in Fig. 1.20(a). In contrast, the LED on GaN shows 
a dramatic reduction in reverse current by more than six orders of magnitude (Fig. 
1.20(b)). The remaining leakage current is a function of both applied bias and 
temperature, suggesting the coexistence of tunneling and thermal generation cur-
rents [45]. In particular, as temperature increases from 100 to 150 °C, there is a 
sudden jump in the low-bias current, probably arising from thermal ionization of 
carriers from deep traps and a trap-assisted tunneling process. An activation 
energy of ∼0.6 eV is extracted from the log I versus 1/T plot at −12.5 V where the 
temperature dependence of the current is roughly an exponential function.

To investigate the microstructural origin of the observed difference in the electri-
cal characteristics of the LEDs, the unmetalized portion of the sample surface was 
characterized using AFM and conductive AFM (C-AFM). Data were collected 

Fig. 1.19 Temperature-dependent forward I–V characteristics 
of InGaN/GaN MQW LEDs grown on (a) sapphire and 
(b) GaN.



under ambient conditions using a conducting diamond-coated tip on a Veeco 
Instruments Dimension 3000 microscope. A positive or negative bias was applied 
to the n-type ohmic contact, while holding the tip at ground potential in contact 
to the topmost p-GaN layer to map the surface current fl owing through the junc-
tion [128]. The topography of the p-GaN was recorded simultaneously.

The surface of the homoepitaxial LED is free of defects and no current was 
detected in this sample within the detection limit of our C-AFM system. Figures 
1.21(a) and (b) show the topography and current maps of the heteroepitaxial LED 
over a 1 × 1 μm2 area. The C-AFM current image recorded at −3 V reverse bias 
(applying a +3 V voltage to the n-ohmic contact) reveals nanoscopic conductivity 
of the LED structure on sapphire, which correlates well with the topography image. 
It is striking that the leakage current is highly localized at the edge of the V-defects. 

Fig. 1.20 Temperature-dependent reverse I–V characteristics 
of InGaN/GaN MQW LEDs grown on (a) sapphire and 
(b) GaN.

Fig. 1.21 (a) AFM and (b) C-AFM (at −3 V) images (1 μm × 
1 μm) of an InGaN/GaN MQW LED on sapphire. (c) Dual 
section profi le taken along the dashed line indicated in 
(b). The gray scales are (a) 10 nm and (b) 100 pA. The positive 
current in (c) corresponds to a reverse-bias current in the 
LED.
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A dual section profi le [Fig. 1.21(c)] shows that the current value is ∼100 pA, which 
corresponds to a current density of ∼10 A cm−2. The current scan was repeatable 
at the same defect, indicating that there was no signifi cant charge accumulation. 
Increased current conduction was also seen along the edge of the V-defects under 
forward bias, though the current was much lower. These results are consistent 
with previous fi ndings that mixed and screw dislocations in GaN are electrically 
active, creating discrete current paths [130, 131]. It is therefore clear that the V-
defects and associated dislocations in the LED on sapphire act as leakage paths 
connecting the p-GaN and n-GaN layers, and are mainly responsible for the high 
reverse current observed in this device.

Figure 1.22 presents the nanoscale regional I–V characteristics of the LED on 
sapphire. The data were recorded by placing the diamond tip at a V-defect or at a 
fi xed defect-free region while ramping the bias applied to the n-ohmic contact from 
+12 V to −12 V. Similar to the case of the homoepitaxial LED, the current in the 
defect-free region is negligible, whereas the defective area exhibits abrupt turn-on 
characteristics in both directions. Interestingly, the current rise takes place at a 
much lower voltage under reverse bias than forward bias. This is because in the 
latter case the tip behaves as a nanoscale Schottky contact to p-GaN under a reverse 
bias [132], and therefore the actual voltage dropped on the LED junction may be 
much smaller than the voltage applied. Given the asymmetric I–V characteristics 
of the reverse-biased nanoscale Schottky contact, the I–V curve at the V-defect 
shown in Fig. 1.22 appears to contain a symmetric current component. Indeed, a 
similar symmetric leakage current can also be identifi ed near zero bias in Figs. 
1.19(a) and 1.20(a). These results support the assumption that the dislocations 

Fig. 1.22 Nanoscale local I–V characteristics of an InGaN/
GaN MQW LED on sapphire recorded at a V-defect and in a 
defect-free region.



associated with the V-defects behave as small shunt resistors connected across the 
p–n junction.

1.5.3
Optical Characteristics

Figure 1.23 shows a series of EL spectra of near-UV LEDs on GaN and sapphire 
at different injection levels. The presence of Fabry–Pérot interference fringes is a 
characteristic feature for LEDs grown on sapphire. As expected, they are absent in 
the homoepitaxial LED. The peak wavelength of the LED on GaN is 405.5 nm, 
whereas it is ∼5 nm longer on sapphire. This discrepancy may be attributed to the 
slightly different growth temperatures of the LEDs arising from the difference in 
substrate thermal conductivity and thermal coupling of the substrates to the sus-
ceptors. Neither LED shows a signifi cant blueshift in emission energy with increas-
ing current, as is commonly observed in blue and green LEDs, suggesting weaker 
localization effects due to a smaller In content. At high currents (>200 mA), the 
peak wavelength of the LED on sapphire exhibits a redshift as a result of severe 
joule heating. Another interesting feature shown in Fig. 1.23 is that the spectra of 
the homoepitaxial LED are narrower (FWHM ∼16 nm). This is likely due to smaller 
composition or thickness fl uctuation of the homoepitaxial QWs.

Figure 1.24(a) presents the L–I characteristics (on a log–log scale) of the near-UV 
LEDs measured in continuous-wave (CW) injection mode. The light output of the 
homoepitaxial LED increases steadily with increasing current, and the dependence 

Fig. 1.23 EL spectra of near-UV LEDs on (a) GaN and 
(b) sapphire at different injection currents.
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is nearly linear over the entire current range. In contrast, the light output of the 
LED on sapphire shows a superlinear increase at low currents, and a rollover at 
∼180 mA. At 0.2 mA, 20 mA, and 200 mA, the respective output powers of the LED 
on GaN are 35×, 56% and 104% higher than the LED on sapphire. The remarkable 
increase in light emission at low injection levels can be ascribed to a reduced defect 
density, thus a lower nonradiative recombination rate, as well as enhanced carrier 
confi nement due to higher structural quality of the confi ning layers. At high cur-
rents, the defect states are saturated. The superior performance of the LED on 
GaN in this case is due largely to the improved current spreading and heat 
dissipation.

To deduce the internal quantum effi ciencies of the LEDs from the measured 
optical powers, a ray-tracing simulation was performed to determine the light 
extraction effi ciencies. The absorption coeffi cient of the GaN substrate at 405 nm 
was found to be ∼12 cm−1 as determined by transmission measurements, whereas 
sapphire is essentially transparent. The below-bandgap absorption in the HVPE 
GaN is caused by a large amount of defects and impurities incorporated during 
the crystal growth. Like LEDs on SiC, LEDs on GaN have a very small escape cone 
in all directions due to the high refractive index of GaN (n ∼ 2.5). As a result, a 
considerable amount of light generated in the MQWs is trapped and absorbed by 
the substrate. The calculated chip-to-air light extraction effi ciencies of the LEDs 
on GaN and sapphire at 405 nm are 8.2% and 11.5%, respectively. Taking these 
into account, the respective increases of the internal quantum effi ciency at 0.2 mA, 
20 mA and 200 mA are 46×, 103% and 165%. Figure 1.24(b) illustrates the calcu-
lated internal quantum effi ciency (hi) of the LEDs as a function of injection 
current. At low currents, hi increases rapidly with increasing current as the radia-
tive recombination rate increases. The effi ciency of the UV LEDs reaches its 
maximum value of 33.7% on GaN and 16.8% on sapphire in the current range of 

Fig. 1.24 (a) The L–I characteristics and (b) calculated 
internal quantum effi ciencies of near-UV LEDs on GaN and 
sapphire.



20–50 mA. The peak effi ciency of the homoepitaxial LED is expected to be further 
improved by optimizing its structure design and growth condition. As the current 
increases further, hi decreases due to the occurrence of current overfl ow as the 
bands are fi lled up. The effi ciency of the homoepitaxial LED decreases at a lower 
rate at high currents, indicating its suitability for high-power operation.

It is expected, however, that the improvement in material quality, as yielded by 
homoepitaxy, will have a smaller impact on the optical performance of blue and 
green LEDs due to stronger localization effects. Figure 1.25(a) compares the L–I 
characteristics of two blue LEDs grown on different substrates. The homoepitaxial 
LED signifi cantly outperforms its counterpart on sapphire only at high currents 
(>50 mA), due largely to more effi cient heat removal through the GaN substrate. 
At 20 mA, the light output of the LED on GaN is actually slightly lower than the 
LED on sapphire. The light extraction effi ciencies of the LEDs on GaN and sap-
phire at 470 nm were calculated to be 9.5% and 12.1%, respectively. The internal 
quantum effi ciencies of the two LEDs at 20 mA are therefore comparable, ∼49%, 
as seen in Fig. 1.25(b). The effi ciency of the blue LEDs peaks at a much smaller 
current of 5 mA as compared to the near-UV LEDs. It then decreases sharply with 
increasing current for the blue LED on sapphire. This cannot simply be interpreted 
as a self-heating effect, and may be associated with ineffi cient carrier capture by 
localized states due to poor microstructural properties of the heteroepitaxial 
LED.

As discussed earlier, the performance of AlGaN-based UV LEDs grown on sap-
phire is limited by poor material quality. Substantial reduction in dislocation 
density can be achieved by using lattice-matched GaN substrates. It is anticipated 
that effi cient UV LEDs with peak wavelength shorter than 365 nm can be fabri-

Fig. 1.25 (a) The L–I characteristics and (b) calculated 
internal quantum effi ciencies of blue LEDs on GaN and 
sapphire.
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cated on bulk GaN despite strong light absorption by the substrate. Nishida et al. 
[133] demonstrated 352 nm Al0.04Ga0.96N SQW LEDs on a HVPE GaN substrate 
with 0.55 mW output power and 1% external quantum effi ciency at 20 mA. A 
short-period Al0.16Ga0.84N/Al0.2Ga0.8N superlattice was employed as the transparent 
p-type cladding layer in the top-emitting LEDs. However, growing thick AlGaN 
cladding layers on GaN becomes increasingly diffi cult with increasing Al content 
due to the lattice and thermal mismatch between AlN and GaN. By using a stress-
relief template consisting of 25-period n-type Al0.25Ga0.75N/Al0.2Ga0.8N superlattices 
with a period of 4 nm, Yasan et al. [134] were able to grow a 340 nm LED structure 
on a free-standing GaN. The device showed a reduced series resistance and 
improved output power that is one order of magnitude higher than that of similar 
LEDs grown on sapphire.

To gain insight into the impact of microstructural defects on the carrier dynam-
ics in AlGaN materials, Garrett et al. [135] performed time-resolved photolumi-
nescence (TRPL) characterization of eight-period Al0.1Ga0.9N(3 nm)/Al0.3Ga0.7N(7 nm) 
MQW structures grown on GaN and sapphire substrates. The MQW structure on 
GaN was fully strained and under a tensile stress. The PL emission centered at 
340 nm was four times more intense than from the MQWs on sapphire. Figure 
1.26 shows a comparison of TRPL decays for the AlGaN MQWs for the same pump 
intensity and pump pulse centered at 275 nm. The transient PL for the MQWs 
grown on sapphire is characterized by a room-temperature lifetime of ∼120 ps and 
a slow decay (∼150 ps) that dominates at longer times. The MQWs on GaN exhibit 
a much longer lifetime, ∼500 ps, and a longer slow decay time, ∼488 ps. The longer 

Fig. 1.26 TRPL decay curves at the same pump intensity at 
275 nm for Al0.1GaN/Al0.3GaN MQWs grown on GaN and 
sapphire. After Ref. [135].



PL lifetime of the AlGaN MQWs on GaN refl ects better material quality and an 
increase in nonradiative lifetime associated with the reduction in dislocation 
density by about two orders of magnitude.

1.5.4
High-Current Operation

In order to compete with fl uorescent and other conventional lighting sources, it 
is essential that the cost of LEDs is further reduced and their effi ciency is improved. 
One way to meet the cost and performance targets is to drive LEDs at much higher 
current densities without compromising emission effi ciency and operating life-
time [136]. III–nitride LEDs grown and fabricated on sapphire are not suitable for 
high-power operation for several reasons. First, LEDs grown on sapphire contain 
a high density of threading dislocations, which may accelerate device degradation 
particularly at high currents. Second, due to the insulating substrate, LEDs on 
sapphire are normally fabricated in a lateral device confi guration. Mismatch 
between the n-type and p-type current spreading layers may cause severe current 
crowding and localized self-heating [32–34]. Finally, sapphire has a rather poor 
thermal conductivity, limiting heat dissipation and, therefore, the maximum oper-
ational temperature and power. Homoepitaxial LEDs would overcome all these 
drawbacks. High material quality, along with the good thermal and electrical con-
ductivity of the substrate, makes homoepitaxial LEDs more suitable for high-
current and high-temperature operations.

To examine the impact of device geometry on high-current performance, near-
UV LEDs with both lateral and vertical structures were fabricated on HVPE GaN. 
The chip size was 300 μm × 300 μm. The top contact pattern and schematic cross-
section of the LEDs are shown in Fig. 1.27. Some p-type fi nger projections were 
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Fig. 1.27 Schematic cross-sections and top contact patterns 
of lateral and vertical LEDs on sapphire or GaN substrates.
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added to the bondpad to alleviate current crowding by reducing the current spread-
ing distance. The vertical LED has an emitting area ∼20% larger than the lateral 
LED because the mesa structure is not needed. The lateral device has a conven-
tional asymmetric structure similar to the LED fabricated on sapphire. Using Eq. 
(1.1), we calculated the current spreading length Ls in the LED on sapphire to be 
250 μm for the measured values of rp = 2.7 Ω cm, tp = 0.2 μm, rn/tn = 26 Ω, rt/tt = 
18 Ω, and rc = 5 × 10−3 Ω cm2. Current crowding takes place at mesa edges and the 
current density drops to ∼1/e under the p-type bondpad. On the contrary, current 
tends to crowd toward the p-type bondpad in the lateral LED on GaN due to the 
thick conductive substrate. Uniform current spreading may be achieved by opti-
mizing the transparent contact to meet rt/tt = rn/tn. However, due to the different 
temperature dependences of rt and rn, current crowding may occur as the junction 
temperature increases at high operating currents.

The vertical LED has a symmetric structure and contact geometry similar to 
conventional AlInGaP LEDs grown on conductive GaAs. Current spreads uni-
formly under the p-type bondpad metal. The current spreading length is indepen-
dent of the conductivity of the n-GaN layer and varies approximately as (rt/tt)1/2. 
By adding the cross-shaped fi ngers, lateral current paths in the transparent contact 
are considerably reduced, leading to a nearly uniform current distribution and 
light emission.

Figure 1.28 compares the forward I–V characteristics of the lateral and vertical 
LEDs. The series resistances of the vertical LED on GaN and the lateral LEDs on 
GaN and sapphire are 7 Ω, 12.2 Ω, and 14.2 Ω, respectively. The high series resis-
tance of the lateral devices is due largely to an extra voltage drop within the current 

Fig. 1.28 Forward I–V characteristics of lateral and vertical LEDs on sapphire or GaN.



spreading layers. The forward voltage of the vertical LED at 200 mA is 4.5 V, much 
lower than 5.8 V for the lateral LED on sapphire. With a much lower series resis-
tance, and therefore a reduced thermal load, the vertical LED has a higher allow-
able operating temperature and power conversion effi ciency.

The output power of the LEDs as a function of injection current measured in 
CW mode is shown in Fig. 1.29. The homoepitaxial LEDs greatly outperform the 
LED on sapphire at high injection levels. The output power of the lateral LEDs on 
sapphire and GaN peaks at ∼200 mA and 400 mA, respectively. The power rollover 
can be attributed to severe current crowding and self-heating effects, which are 
even more pronounced in the LED on sapphire due to the poor thermal conductiv-
ity of sapphire. As the LED junction temperature increases, carrier confi nement 
in the MQWs becomes less effi cient, leading to a decreased radiative effi ciency. 
In sharp contrast, the output power of the vertical LED on GaN increases steadily 
with increasing current and shows no saturation up to 500 mA. At this current, 
the vertical LED chip has a power conversion effi ciency two times higher than the 
lateral LED on GaN and 28 times higher than the LED on sapphire. These results 
illustrate the critical need to develop effi cient thermal management schemes for 
high-power LED packages.

LED reliability at high currents was evaluated by stressing the LEDs at 400 mA, 
which is 20 times higher than standard rated current for most commercially avail-
able blue LEDs of a similar size. The average current density in the lateral LEDs 
was 620 A cm−2, and localized current densities could be much higher due to non-
uniform current spreading. Figure 1.30 shows the variation of light output as a 
function of stress time. The optical power of the vertical LED is essentially 
unchanged (<1% decrease), suggesting excellent reliability. The lateral LED on 

Fig. 1.29 Light output of lateral and vertical LEDs on sapphire 
or GaN as a function of injection current measured in CW 
mode.
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GaN exhibits a gradual degradation and a 12% decrease after 24 h stress. The light 
output L is roughly an exponential function of t,

L L t= −( )0 exp β  (1.9)

and the value of the degradation rate b is determined to be 1.9 × 10−3 h−1. The lateral 
LED on sapphire also shows a gradual decay during the fi rst 15 h, though with a 
much higher rate of 1.4 × 10−2 h−1. Further stress leads to a nearly catastrophic 
failure. The drastic drop in light output is accompanied by the destruction of the 
p-type contact, suggesting that the device failure may be caused by contact degrada-
tion at elevated temperatures.

To glean further insight into the stress failure mechanism, symmetrical lateral 
LEDs with an n-electrode ring surrounding the mesa were also fabricated on sap-
phire and stressed under the same conditions. Current spreading was greatly 
improved in these LEDs and optical degradation was less than 5% after the stress. 
The slow degradation rate confi rms that pre-existing dislocations (∼109 cm−2) in 
the LEDs grown on sapphire do not drive the degradation of optical power at 
current density up to ∼700 A cm−2. Threading dislocations in GaN and its alloys 
have been predicted to have a much lower mobility than those in conventional 
III–V semiconductors, due partly to a small shear stress for dislocation motion 
[137].

It is worth mentioning that III–nitride laser diodes (LDs) typically operate at 
current densities in the kA cm−2 range, and therefore are more sensitive to the 

Fig. 1.30 Normalized optical power of lateral and vertical 
LEDs on sapphire or GaN as a function of stress time. The 
LEDs were stressed at 400 mA at room temperature.



presence of the dislocations [138–141]. Indeed, the success of GaN-based LDs is 
based on the development of the lateral epitaxial overgrowth (LEO) technique [139, 
140]. The dislocation density in GaN grown by LEO on sapphire can be reduced 
to 105–107 cm−2. The lifetime of LDs grown on LEO GaN was found to be one order 
of magnitude longer than that of LDs grown on sapphire substrates [139]. The 
defect density may be further reduced by using LEO in conjunction with the HVPE 
technique [141]. Homoepitaxy of LD structures on such a low-defect GaN substrate 
should have a signifi cant positive impact on the device lifetime, particularly at high 
power consumption.

1.6
LEDs on Other Novel Substrates

Other novel substrates pursued for the epitaxy of III–nitride LEDs can be catego-
rized into two groups: those providing better lattice-constant matching for the 
nitrides and those producing nonpolar LED structures.

Like bulk GaN, AlN is an ideal substrate for III–nitride epitaxy. It has excellent 
mechanical strength and thermal stability, and closely matches the crystal struc-
ture and lattice parameter of high-Al AlGaN. These properties, along with its UV 
transparency and high thermal conductivity (3.2 W cm−1 K−1), make it particularly 
attractive for the growth of deep-UV LEDs. LEDs on AlN substrates must be fab-
ricated in a lateral confi guration due to its insulating nature. Native AlN crystals, 
however, do not exist. To date, sublimation–recondensation has been the most 
successful technique to produce bulk AlN [142–144]. Recent progress has resulted 
in production of high-quality AlN crystal exceeding 1 inch in diameter and having 
a dislocation density less than 104 cm−2 [143, 144].

Epi-ready AlN substrates with surface roughness ∼1 nm can be prepared using 
chemomechanical polishing [145]. Epitaxial growth on AlN substrates has been 
found to be limited by the affi nity for Al2O3 formation at the AlN surface [146]. 
The dislocation density in AlN and AlGaN epilayers was reported to be ∼1 × 
108 cm−2 [145, 146], much higher than those in the AlN substrates. In situ refl ection 
high-energy electron diffraction revealed crystalline Al2O3 islands on the Al face 
of AlN [146]. The residual oxide islands, which may form by exposure to air, lead 
to three-dimensional growth and an increased dislocation density in the epilayers. 
A relatively clean surface can be obtained by exposing AlN to an NH3 fl ux to nitrid-
ate the surface [146], but a complete removal of the native oxide is needed to obtain 
high-quality epilayers. Fully strained Al0.5Ga0.5N/AlN MQWs have been grown on 
AlN using MOCVD, which demonstrated photoluminescence at 260 nm with 
intensity 28 times higher than a similar structure grown on SiC [147]. Nishida et 
al. [148] reported an AlGaN MQW LED on AlN with a peak wavelength at 345 nm. 
The output power linearly increased up to 300 mA for a 300 μm × 300 μm fl ipchip 
LED, and the maximum optical power was ∼1.2 mW. In comparison to similar UV 
LEDs grown on sapphire, the LED on AlN exhibited a notably higher saturation 
current, which is attributed to the much higher thermal conductivity of AlN.
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Other crystals that may be considered as the substrates of III–nitride LEDs 
include ZnO, LiGaO2, and ZrB2. These crystals have a crystalline structure similar 
to III–nitrides, and their lattice constants are closely matched. These substrates 
can be selectively etched, facilitating substrate removal for better heat dissipation 
or light extraction. One major disadvantage of using these substrates is their poor 
thermal stability under nitride growth conditions [149–152]. For instance, at typical 
GaN epitaxy temperatures, diffusion and reaction between LiGaO2 and GaN may 
produce a noncrystalline interfacial layer, degrading the quality of epilayers [150]. 
InGaN/GaN MQW LEDs have been successfully grown on a ZrB2 substrate with 
a low-temperature AlN buffer layer [152]. The buffer layer was deposited at 600 °C, 
which is lower than the formation temperature of an undesirable ZrBN layer.

All the substrates discussed to this point produce (0001) c-plane wurtzite III–
nitride materials, as this orientation is favorable for smooth epitaxial growth. In 
c-plane LED structures, there is a strong piezoelectric and spontaneous polariza-
tion along the c-axis. The built-in electric fi eld separates electron–hole pairs, there-
fore reducing the radiative recombination effi ciency and causing a redshift of the 
emission peak. A direct strategy to eliminate the polarization effects is to grow 
LED structures with a nonpolar orientation, such as (112̄0) a-plane and (101̄0) m-
plane or with a semipolar orientation such as (112̄n) and (101̄n) planes. The use 
of nonpolar-plane epitaxy allows LED growth in the direction perpendicular to the 
axis of polarization, whereas semipolar planes allow growth in an off-axis direction 
from the c-plane polarization vector, eliminating or reducing the polarization fi eld 
in the active region.

Nonpolar LEDs have been grown on a-plane HVPE GaN [153], r-plane sapphire 
[152, 154, 155], as well as m-plane GaN [156] and 4H-SiC substrates [152, 157]. In 
most cases, LED performance has been limited by rough morphology, high density 
of dislocations and stacking faults, which arise from asymmetric off-c-axis growth 
[158]. Recently, the performance of a-plane LEDs was signifi cantly improved by 
using a lateral epitaxially overgrown a-plane GaN template [153, 159]. The LEO 
process yielded a-plane GaN with an improved surface morphology and markedly 
reduced density of dislocations and stacking faults. In0.17Ga0.83/GaN MQWs LEDs 
grown on the template had an output power of 0.24 μW at 20 mA and current-
independent emission peak at 413 nm [153]. The latter offers indirect experimental 
evidence that the polarization fi eld is negligible in these LEDs. Blue LEDs grown 
on m-plane GaN showed a similar optical effi ciency, but a signifi cant current-
induced blueshift in peak emission, which was attributed to band fi lling of local-
ized states [156].

Polarized light emission from a-plane and m-plane LEDs has been predicted by 
valence band calculations of wurtzite GaN assuming a strong c-axis polarization 
[160–162]. In MQW LEDs, the interaction of the multiple valence bands with the 
strong c-axis polarization dipole supports radiative recombination at specifi c 
optical polarizations depending on the orientation of the light-emitting QWs with 
respect to the c-axis. Polarized light emission along the �11̄00� direction has been 
observed from an m-plane blue LED [157, 162]. The emitted light was partially 
polarized in the �112̄0� direction with a polarization ratio of 0.17 [162]. Preferential 



optical polarization can be useful for liquid-crystal display applications and other 
applications where polarized light is essential for operation.

1.7
Conclusions

Since the development of high-quality GaN and AlN buffer layers, sapphire and 
SiC have become the dominant substrates for III–nitride LEDs. High-brightness 
InGaN-based green, blue and near-UV LEDs have been demonstrated and com-
mercialized despite the presence of a high dislocation density in the heteroepitaxial 
structures. Localization effects induced by In compositional fl uctuation are believed 
to be responsible for the enhanced radiative process. The well-established growth 
and processing technologies for LEDs on sapphire and SiC justify the enormous 
ongoing efforts to develop high-effi ciency and low-cost LEDs on these substrates 
for next-generation lighting. Making solid-state lighting a reality will require 
further improvements in LED effi ciency and reliability, and reductions in cost. 
Optimizing reactor design and growth recipes, and developing novel light extrac-
tion approaches are expected to provide opportunities for breakthrough.

The low cost and high quality of Si, and the possibility of integration with Si 
electronics, make it an attractive substrate for III–nitride LED growth. Blue LEDs 
with reasonable performance have been made on up to 6 inch Si substrates despite 
a large mismatch between Si and GaN. It is likely that the use of Si substrates will 
be limited to low-cost and low-brightness light-emitting devices, unless the epitaxy 
quality is considerably improved and an economical fi lm-transfer process is 
developed.

Sapphire will likely be the substrate of choice for deep-UV LEDs due in part to 
its transparency. Milliwatt UV LEDs with emission wavelengths as short as 250 nm 
have emerged in the past several years. Further improvement in LED performance 
is expected in the near future as the heteroepitaxy of AlGaN materials on sapphire 
is refi ned. AlN is a much closer lattice and thermal match for High-Al content 
AlGaN heterostructures. If bulk AlN or AlGaN becomes commercially available, 
these materials would be the best choice as the substrate for deep UV LEDs.

Free-standing GaN is a nearly perfect chemical, crystallographic, lattice-con-
stant, and thermal-expansion match to LED heterostructures. Homoepitaxy would 
improve the quality and yield of LED production, and simplify the procedures for 
growth, fabrication, packaging, and thermal designs. Homoepitaxial LEDs have 
proven to be suitable for high-power and highly reliable operation, and thus more 
light can be delivered from a single package. Unfortunately the growth of bulk 
GaN is still in its infancy. Bulk GaN grown by HVPE has relatively poor crystalline 
quality, whereas crystals produced using solution growth techniques have slow 
rate and small size limitations. The lack of low-cost, large-size, and fl awless GaN 
wafers remains an obstacle. This obstacle must be overcome before III–nitride 
LEDs grown on GaN substrates have an impact on the development of high-bright-
ness and cost-effi cient solid-state lighting sources.
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