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Abstract Growths of blue and green multi-quantum wells
(MQWs) and light-emitting diodes (LEDs) are realized on
lateral epitaxial overgrowth (LEO) GaN, and compared with
identical structures grown on conventional GaN. Atomic
force microscopy is used to confirm the significant reduction
of dislocations in the wing region of our LEO samples be-
fore active-region growth. Differences between surface mor-
phologies of blue and green MQWs are analyzed. These
MQWs are integrated into LEDs. All devices show a blue
shift in the electroluminescence (EL) peak and narrowing
in EL spectra with increasing injection current, both char-
acteristics attributed to the band-gap renormalization. Green
LEDs show a larger EL peak shift and a broader EL spec-
trum due to larger piezoelectric field and more indium segre-
gation in the MQWs, respectively. Blue LEDs on LEO GaN
show a higher performance than those on conventional GaN;
however, no performance difference is observed for green
LEDs on LEO GaN versus conventional GaN. The perfor-
mance of the green LEDs is shown to be primarily limited
by the active layer growth quality.

PACS 81.05.Ea · 81.10.Aj · 81.15.Gh · 85.60.Jb

1 Introduction

Solid-state lighting (SSL) holds the promise of a more
energy-efficient, longer-lasting, more compact, and lower
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maintenance substitute for today’s incandescent and
fluorescent light sources. Since lighting currently repre-
sents about 22% of all electricity consumption, the adop-
tion of SSL could significantly reduce greenhouse gas
emissions [1]. Light-emitting diodes (LEDs) based on
InxGa1−xN alloys are currently the most promising can-
didates for realizing efficient SSL. InGaN is a direct wide
bandgap semiconductor with an emission which can span
the entire visible spectrum via compositional tuning. How-
ever, InGaN LED performance is highly wavelength depen-
dent. Indeed, ultra-bright and efficient blue InGaN-based
LEDs are readily available [2] but the efficiency of InGaN-
based green LEDs is still far from adequate for use in
SSL [3–5].

The lack of economical lattice-matched substrates for
the growth of III-nitrides necessitates the usage of GaN-
mismatched silicon carbide (SiC) or sapphire (Al2O3) sub-
strates, which leads to dislocation densities on the order of
108 cm−2. The high performance of blue LEDs in spite of
these dislocations is attributed to indium segregation in the
InGaN layers that produces nanometer-wide indium-rich re-
gions that behave like quantum dots [6, 7]. These quantum
dots (QDs) localize the carriers, and prevent them from re-
combining non-radiatively at the dislocation sites [8, 9]. Dif-
ficulty in realizing high-power green LEDs has three ma-
jor parts: (1) the limited solubility of indium in InGaN [10]
imposes a restricted growth window for the green-emitting
InGaN active layer, (2) InGaN with high indium content be-
comes unstable at elevated growth temperatures required for
other layers in the device [11] leading to indium migrat-
ing out of the active layers, which reduces the LED spec-
tral quality [4, 11], and (3) InGaN with high indium content
generates dislocations leading to lower performance [12].

Blue and green LEDs grown on conventional GaN have
been compared in order to study the wavelength-dependent
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device performance [13–15]. Blue LEDs and laser diodes
(LDs) grown on lateral epitaxial overgrowth (LEO) GaN
have also been studied in other works, showing superior per-
formance to those grown on conventional GaN [16, 17]. De-
vices on LEO GaN offer lower leakage current [16, 18, 19],
higher stability, better thermal properties [17], and longer
device lifetime [20]. Despite these advantages, there are no
studies of green active layers and LEDs on LEO GaN. In
this work, we analyze blue and green active layers on con-
ventional and high-quality LEO GaN by X-ray diffraction
(XRD), atomic force microscopy (AFM), and photolumi-
nescence (PL). Then, we integrate them into LEDs and com-
pare and correlate the material characteristics and device
performance.

2 Growth and material characterization

Multi-quantum wells (MQWs) and LEDs were grown on
double side polished c-plane sapphire substrates in an Aix-
tron 200/4-HT, horizontal flow, low pressure, metal organic
chemical vapor deposition (MOCVD) reactor. Trimethyla-
luminum (TMAl), trimethylgallium (TMGa), and trimethyl-
indium (TMIn) were the metalorganic cation precursors
for Al, Ga, and In, respectively. Bis(cyclopentadienyl)mag-
nesium (Cp2Mg) and silane (SiH4) were used as the p- and
n-type doping sources, respectively. Ammonia (NH3) was
used as the nitrogen anion source. Nitrogen was used as the
carrier gas for growth of the MQWs to help increase indium
incorporation, whereas hydrogen was used during the rest of
the layers.

2.1 Preparation of high-quality LEO GaN

Growth began with desorption of the sapphire substrate
at 1100°C under H2. Then, a thin low-temperature GaN
buffer layer was grown, followed by 2 μm of GaN, grown
at 1050°C. In order to create a mask for lateral overgrowth,
the wafer was removed from the reactor and 50 nm of silicon
nitride (SiN) was deposited by plasma enhanced chemical
vapor phase deposition (PECVD) [21] and patterned along
the GaN 〈11̄00〉 direction with openings of 2 μm and a pe-
riod of 15 μm. This pattern direction exposes the A planes
(112̄0) for lateral growth and is known to give the fastest
lateral growth rate and high-quality wing regions [22]. For
higher device performance, smaller fill factors (ratio of mask
opening width to stripe period) are desired, which makes re-
growth more challenging [23]. We have used a fill factor of
0.13 to have a larger wing area and to perform better analy-
sis.

Etching of the opening in the SiN layer was performed by
electron cyclotron resonance reactive ion etching (ECR-RIE)
using an SF6-based chemistry. We have observed that this

Fig. 1 Schematic sketch of our optimized five-step LEO GaN growth
process

ECR-RIE chemistry does not etch GaN appreciably; how-
ever, some surface damage is observed by a scanning elec-
tron microscope (SEM). Some SiN residuals were observed
on the GaN opening regions via AFM. However, when GaN
regrowth tests were conducted in these opening regions, a
smooth GaN surface was observed via SEM, showing that
slight remaining SiN residues did not have a detrimental ef-
fect on the GaN regrowth. Proper trade-off must be made
between etching time and surface damage, and amount of
SiN residual atoms in the GaN opening in correlation with
the regrowth characteristics.

After etching, samples were cleaned with trichloro-
ethylene, acetone, and methanol and rinsed thoroughly.
Then, samples were placed inside the reactor for our op-
timized five-step LEO GaN regrowth. A cross-sectional
sketch of the LEO GaN steps is shown in Fig. 1.

Step I is designed for high surface diffusion to minimize
nucleation on the SiN mask and promote vertical growth
on the GaN in the SiN openings in order to create an ini-
tial well-formed seed from which the vertical growth will
progress. The vertical thickness should be around double the
SiN layer thickness. Important growth parameters such as
growth temperature, V/III ratio, effective lateral to vertical
growth rate ratio, and growth time are given in Table 1.

Step II is similar to step I except that the growth condi-
tions are adjusted to favor both lateral and vertical growth in
order to obtain straight side walls [24]. Growth temperature
is increased and V/III ratio is decreased, as given in Table 1.
If Ga and N adatoms are too mobile, then they tend to align
themselves exactly as the etching pattern. However, since
the edges of the SiN mask are not perfectly straight lines,
this step is needed to achieve better straight side walls. At
the end of this step, well-formed inclined {112̄2} facets are
observed.

Step III is the lateral growth phase, during which the
lateral to vertical (L/V ) growth rate is enhanced by in-
creasing the growth temperature [23]. Increasing the effec-
tive lateral to vertical growth rate ratio (L/V ) decreases the
growth time required for coalescence, and helps to bend the
threading dislocations sideways [22]. During the first part
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Table 1 Important growth
parameters for LEO GaN
(2-μm opening, 15-μm period):
LEO step number, growth
temperature (Tgrowth (°C)),
V/III ratio, effective lateral to
vertical growth rate
ratio (L/V ), and growth
time (tgrowth)

LEO step no. Tgrowth (°C) V/III ratio L/V ratio tgrowth (min)

I 1080 6000 1.1 4

II 1100 2930 2.4 60

III 1130 2930 2.6 60

IV 1100 2930 1.4 195

V 1040 2400 1.0 30

Fig. 2 AFM images of
coalesced LEO GaN. a Opening
(2 μm × 2 μm) and b wing
(2 μm × 2 μm) have root mean
square (RMS) roughness of
1.9 Å and 1.5 Å, respectively.
c Larger area (12 μm × 23 μm)
AFM scan. d Dislocations,
revealed by hot phosphoric acid
treatment, which are seen as
dark spots. ‘W’, ‘O’, and
‘C’ correspond to wing,
opening, and coalescence
regions, respectively

of step III the initially inclined {112̄2} side walls begin to
tilt, and are replaced with vertical {112̄0} side walls (Fig. 1).
This change in the growth direction over the first three steps,
from vertical to lateral, helps to bend the threading disloca-
tions sideways so that they do not propagate to the surface.

Step IV is the coalescence step; after the distance be-
tween the side walls is close enough, the side-wall slope
is increased, as shown in Fig. 1, in order to realize a void-
free coalescence front. This is achieved by decreasing the
growth temperature sufficiently so that growth favors the
formation of inclined {112̄2} facets [23]. This inclination
minimizes the voids and prevents the dislocations spread-
ing at the coalescence front. Failure to control the lateral to
vertical growth rate during coalescence results in the forma-
tion of voids and leads the LEO GaN surface to bend; both
can be observed by SEM. During this phase, the lower tem-
perature necessary to realize inclined planes results in less
surface diffusion, and the lack of exposed SiN removes the
supply of excess adatoms at the facet edge [25]. This results
in a slow lateral growth rate, requiring a longer time for full
coalescence.

Step V is similar to conventional GaN growth and pro-
motes vertical growth. n-type doping is achieved by intro-
ducing SiH4 during this step, as LEDs will be grown on this
template. Typically up to 0.6 μm is grown in this layer. The

GaN vertical growth height at full coalescence is ∼5 μm,
small enough that wafer bending effects are minimal [26].

Table 1 summarizes the basic growth parameters for the
above-explained five-step LEO growth process (Fig. 1) for
an opening of 2 μm and a period of 15 μm. It should be
possible to reach high-quality LEO GaN for different fill-
ing factors and periods, by employing the ideas described in
each growth step.

Figure 2 displays the AFM of the fully coalesced LEO
GaN templates. The surface above the opening region
(Fig. 2a) is similar to that of conventional GaN, exhibit-
ing chaotic atomic steps, the surface termination of which
identify screw/mixed type threading dislocations [25]. Con-
trarily, the wing region (Fig. 2b), where lateral growth oc-
curs, possesses well-ordered parallel atomic steps with no
atomic step terminations. The entire surface, including the
coalescence region, where the neighboring atomic steps in-
terfere, is observed in Fig. 2c. In order to study the dislo-
cations, a hot (170°C) phosphoric acid (85% H3PO4) treat-
ment [19, 27] for 15 min was used. This etch-pit-density
study reveals no discernable dislocations in the wing ar-
eas, whereas in the LEO GaN coalescence area and open-
ing region dislocation densities of (2 ± 1) × 108 cm−2 and
(9 ± 2) × 108 cm−2 are observed, respectively (Fig. 2d).
For comparison, conventional GaN was observed to have
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Fig. 3 (0002) XRD omega/2Theta scan of blue and green MQWs on
conventional and LEO GaN. The XRD simulation is realized to com-
pare with experimental results

a dislocation density of (9 ± 1) × 108 cm−2. This phos-
phoric acid treatment is capable of distinguishing between
edge and screw or mixed type dislocations [19, 27]. The
bigger pits correspond to dislocations with a screw compo-
nent whereas smaller ones correspond to edge-type disloca-
tions. It is known that edge-type dislocations may exist in
the wing region as their bending is very sensitive to growth
conditions [28]. The non-existence of any discernable dislo-
cations in our wing regions shows the quality of the five-step
LEO GaN developed, and establishes a baseline from which
we can study the effect of dislocations on blue and green
InGaN-based LEDs. For LEO GaN, no GaN peak separation
is observed (Fig. 3), which shows that there is no significant
plane tilt [29], supporting our high-quality growth scheme
described.

After preparation of LEO templates as described above,
blue and green MQWs and LEDs are grown simultaneously
on these templates, and on conventional GaN for compari-
son purposes. Each quantum well was composed of 3.5-nm-
thick InGaN with a 7.0-nm-thick GaN barrier. The thick-
nesses of the blue and green MQW layers are arranged to
be the same in order to have a better comparison. Growth
temperatures of the MQWs are adjusted to ensure blue and
green luminescence from the InGaN QWs. These MQWs
were capped with 550-nm-thick p-GaN to complete the LED
structure.

2.2 Blue and green active layers on conventional and LEO
GaN

Open-detector X-ray diffraction (XRD) studies and XRD
simulations are carried out to confirm the indium compo-
sition, and InGaN and GaN thicknesses of the active layer.

Fig. 4 AFM images of blue MQWs on a LEO GaN (5 μm × 12 μm),
b wing area of LEO GaN (5 μm × 5 μm), c conventional GaN
(5 μm × 5 μm). ‘W’ and ‘O’ correspond to the wing and opening re-
gions, respectively

Figure 3 displays the (0002) XRD (omega/2Theta) scan for
three blue and green MQWs on LEO and conventional GaN.
The XRD simulations of these MQWs are also plotted, and
show good agreement with the experimental data. The In-
GaN and GaN thicknesses are determined as 3.5 and 7.0 nm,
respectively. The indium content in the InGaN well is calcu-
lated to be 20% for blue MQWs and 28% for green MQWs.
The 0th-order MQW peak is more distinctly observed in
green MQWs due to higher average indium content in these
structures.

Atomic force microscopy is used to study the surface
morphology of the MQW active layers. Figure 4 shows the
AFM images of the last barrier of blue MQWs on LEO
and conventional GaN. Screw-type threading dislocations
are observed to be dominant on the opening (Fig. 4a). Fig-
ures 4b and 4c show that the active layer on the wing area
has much fewer dislocations and a much smoother surface
than that in conventional GaN. This is directly related to the
lower dislocation density in the wing area. Figure 5 shows
the AFM images of green MQWs on LEO and conventional
GaN. Screw-type dislocations are still dominant in the open-
ing region. Although fewer dislocations are observed in the
wing than that in the conventional GaN (Figs. 5b and 5c), an
island-like (2D) growth is observed to be dominant across
the LEO stripe, different from the blue active layer case
(Fig. 4). The lower deposition temperature necessary to re-
alize a green active layer results in an island-like growth
rather than a layer-by-layer growth as was observed for the
blue layer. In summary, the wing regions are observed to be
smoother than opening regions.
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Fig. 5 AFM images of green MQWs on a LEO GaN (5 μm × 12 μm),
b wing area of LEO GaN (5 μm × 5 μm), c conventional GaN
(5 μm × 5 μm). ‘W’ and ‘O’ correspond to the wing and opening re-
gions, respectively

Fig. 6 Room-temperature PL of blue and green active layers

Room-temperature (RT) photoluminescence of these
blue- and green-emitting MQWs is shown in Fig. 6. The
PL wavelength of MQWs on LEO GaN is observed to be
slightly longer than that of the same structure grown on con-
ventional GaN. This could be due to increase in the c-plane
lattice constant of LEO GaN [30], leading to a smaller com-
positional pulling effect [31], thus allowing slightly more
indium into the InGaN.

2.3 Fabrication of blue and green LEDs on conventional
and LEO GaN

Blue and green active layers composed of seven MQWs
were grown as described above with the addition of a 550-
nm-thick p-GaN capping layer to complete the LED struc-
ture. Activation of the p-type GaN is achieved by rapid
thermal annealing (RTA) at 1000°C for 30 s in nitrogen
ambient. After this, the surface is treated with HCl:H2O
(1:1) and 30 Å Ni/30 Å Au is deposited and annealed for
10 min under air to achieve a transparent ohmic contact to
p-GaN. ECR-RIE (SiCl4:Ar-based chemistry) is used to etch
300 μm × 300 μm mesas; thus, each LED mesa spans many
opening, wing, and coalescence regions. Finally, 400 Å Ti/
1200 Å Au is deposited as a thick n-type contact and to serve
as a central bond pad on top of the thin transparent p-contact
in order to complete the LED fabrication.

3 Device results and discussion

The blue and green LEDs on conventional GaN are here-
inafter referred to as ‘BConv.’ and ‘GConv.’, whereas those
on LEO GaN are referred to as ‘BLEO’ and ‘GLEO’, re-
spectively. Figures 7a and 7b show the I–V curves of blue
and green LEDs on conventional and LEO GaN. A clear
improvement in reverse-bias leakage characteristics is ob-
served between samples BLEO and BConv., whereas no sig-
nificant difference is observed between samples GConv.

and GLEO.
Reverse-bias characteristics of the LEDs are studied in

detail. The majority of the leakage current is expected to
flow through the LED, with only a small portion contributed
by surface leakage [32]. The leakage current through ni-
tride p–i–n devices is known to be dominated by hopping
of charge carriers via localized defect-related states (traps)
in the depletion region [33, 34]. In the case of defect-
dominated reverse conduction, the reverse I–V character-
istics of LEDs can be modeled as [19]

I = I0eqV/E0, (1)

where V and E0 are the diode voltage and the energy para-
meter, respectively, with I0 being a pre-exponential factor.
E0 represents the electrical activities of dislocations with a
screw component, and is known to be dependent on the volt-
age at which the fitting is realized [19, 33, 34]. For electrical
fields E � (2kT /qa) ≈ 5 × 105 V/cm (assuming that a, the
localization radius of the electron wave function, is 10 Å),
thermionic emission over a barrier dominates the leakage
current [18]. We have used the fitting in the low-voltage
range (1 < V < 5). In this range, I0 and E0 are related to the
density and to the electrical activities of dislocations with a
screw component, respectively [19, 32–35]. Using (1) to fit
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Fig. 7 Current–voltage curves (logarithmic scale) of a blue and
b green LEDs on conventional (BConv., GConv.) and LEO GaN (BLEO,
GLEO)

Table 2 Important calculated/fitted LED parameters: leakage-current
pre-exponential factor (I0) and electrical activities of dislocations with
a screw component factor (E0)

Identifier Device I0 (μA) E0 (eV)

BConv. Blue LED on
conventional GaN

7.86 × 10−6 1.34

BLEO Blue LED on LEO
GaN

3.17 × 10−10 0.73

GConv. Green LED on
conventional GaN

2.01 × 10−6 0.91

GLEO Green LED on LEO
GaN

2.16 × 10−6 0.80

the I–V curves, reverse-bias parameters I0 and E0 are cal-
culated and given in Table 2.

I0 is related to the square of the density of dislocations
with a screw component [19]. Comparing I0 values among
the different samples in Table 2 suggests that BLEO has ap-
proximately two orders of magnitude lower dislocation den-
sity than BConv.. This agrees with the etch-pit-density study
of the LEO GaN (Fig. 2). For GConv. and GLEO, no signif-

icant difference in I0 is observed. As the same LEO GaN
templates are used for BLEO and GLEO, the active layer used
in samples GConv. and GLEO is the dominant dislocation gen-
erator leading to a uniform dislocation distribution through
the active layer. This helps explaining why we do not see a
significant difference in I0 between samples BConv., GConv.,
and GLEO.

E0 is very sensitive to the growth conditions [19]; thus,
blue (BConv. and BLEO) and green (GConv. and GLEO) emit-
ters should be considered separately. The lower value for
sample BLEO compared to BConv. could be due to periodic
alignment of the dislocations leading to a stronger voltage
dependency of leakage current. A similar trend is observed
between GLEO and GConv.; however, it is less pronounced,
due to the generation of additional dislocations in the active
layer creating an almost homogeneous dislocation density
similar to conventional GaN (Figs. 4 and 5). The higher ac-
tive layer quality of sample BConv. compared to GConv. could
be the reason for the higher value of E0 leading to smaller
dependency of leakage current on voltage.

Electroluminescence (EL) spectra were acquired for the
LEDs under pulsed current injection (duty cycle of 10% and
frequency of 5 kHz) in order to help reduce heating effects
under higher current injection (Figs. 8 and 9). The minimal
role of heating was confirmed by measuring the peak in-
tensity versus power and noting that, for the currents used
in this study, no thermal roll-over was observed to occur.
The EL spectra of blue LEDs are shown in Fig. 8. The inset
shows that both devices demonstrate a blue shift (from 465
to 446 nm) with increasing current. The decrease of wave-
length with injection current is attributed to band-gap renor-
malization (due to free-carrier screening of the piezoelec-
tric (PE) field). At all but the lowest currents, BLEO has a
slightly longer wavelength emission than BConv. (Fig. 8, in-
set). In previous blue LED studies, a similar observation has
been reported [16]. This observation is in agreement with the
PL that was discussed in Sect. 2.2. Device BLEO has a nar-
rower EL spectra than BConv. (Fig. 10). This suggests a more
uniform indium distribution throughout the active layer [7].
Indeed, Fig. 4 directly illustrates the more uniform surface
of blue MQWs on LEO GaN, supporting the advantage of
LEO templates.

In Fig. 10 the EL FWHMs of the blue LEDs are plotted as
a function of the injection current; the FWHM of the device
on conventional GaN can be seen to decrease with current,
while the FWHM of the device on LEO GaN can be seen to
increase. The EL FWHM broadening in BLEO could be re-
lated to dislocation alignment in the LEO openings resulting
in an electrical field build up.

The EL spectra of the green LEDs are shown in Fig. 9.
Device GLEO is observed to have longer peak wavelength
than device GConv. (Fig. 9, inset). With increasing current,
the EL FWHM increased for both devices (Fig. 10); how-
ever, the EL peak shift of sample GLEO is larger than that
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Fig. 8 Electroluminescence spectra of blue LED on conven-
tional (BConv.) and LEO GaN (BLEO) under 20-mA current injection.
Inset displays the peak wavelength at different current injections

Fig. 9 Electroluminescence spectra of green LED on conven-
tional (GConv.) and LEO GaN (GLEO) under 80-mA current injection.
Inset displays the peak wavelength at different current injections

of GLEO, possibly due to the effects of piezoelectric fields.
These piezoelectric fields may also be responsible for the
broader EL FWHM observed in green LEDs. (This could be
seen by comparing the ordinates of Figs. 10 and 11.)

Comparing blue and green LEDs, a more pronounced
EL peak shift is observed for green LEDs. This suggests
stronger piezoelectric effects in the active layer. Piezoelec-
tric effects are expected to be more pronounced in green
MQWs due to the higher indium content of the layers [14].
The broader EL FWHMs of green LEDs than those of blue
ones indicates a bigger indium fluctuation through the green
active layer [7]. This is in agreement with the AFM mea-
surements we have discussed in Sect. 2.1 (Figs. 4 and 5).

Fig. 10 EL FWHM dependency on current for blue LED on conven-
tional (BConv.) and LEO GaN (BLEO)

Fig. 11 EL FWHM dependency on current for green LED on conven-
tional (GConv.) and LEO GaN (GLEO)

The radiant power of the various devices was measured as
a function of injection current in continuous-wave injection
(not shown). Device BLEO achieved 2.6 times more power
than BConv., whereas GLEO and GConv. had almost the same
peak power independent of the template. In near-field EL
studies of device BLEO, we have observed a stronger lu-
minescence originating from the wing regions compared to
the opening regions. This luminescence difference should
be related to the density of dislocations in the correspond-
ing regions, demonstrating the role of dislocations as non-
radiative recombination centers [9]. For GConv. and GLEO,
we did not observe any difference between luminescence in
the wing and opening regions. This supports our reverse-bias
analysis, and reinforces that the green LED performance is
dominated primarily by the active-ayer quality. In summary,
green MQW quality should be improved to reveal the bene-
fits of GaN LEO templates in green LEDs.
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4 Summary and conclusion

A five-step LEO GaN growth technique for high-quality
LEO GaN growth is introduced. Blue- and green-emitting
active layers and LEDs on conventional GaN and five-step-
grown LEO GaN templates are realized. AFM, XRD, and
PL are used to study the structural and optical properties
of the active layers, and the effects of dislocations on blue
and green active layers are identified. Significant differences
in blue and green active layer surfaces are analyzed. The
high-quality LEO templates are observed to be important for
smoother active layer surface morphologies. Blue and green
LEDs on conventional GaN and high-quality LEO GaN are
studied. Green LEDs are observed to be leakier than blue
ones, and no significant differences between green LEDs on
conventional GaN and LEO GaN in terms of I–V behav-
ior and peak power are observed. Green MQW quality is
determined to be the bottleneck for high-performance green
emitters, not template dislocation density.
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