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Staggered InGaN quantum wells �QWs� grown by metal-organic chemical vapor deposition are
demonstrated as improved active region for visible light emitters. Theoretical studies indicate that
InGaN QW with step-function-like In content in the quantum well offers significantly improved
radiative recombination rate and optical gain in comparison to the conventional type-I InGaN QW.
Experimental results of light emitting diode �LED� structure utilizing staggered InGaN QW show
good agreement with theory. Polarization band engineering via staggered InGaN quantum well
allows enhancement of radiative recombination rate, leading to the improvement of
photoluminescence intensity and LED output power. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2775334�

Conventional III-nitride active media for lasers and light
emitting diodes �LEDs� emitting in the visible regime is
based on InGaN quantum wells �QWs�.1–7 Two major chal-
lenges that hinder high performance conventional InGaN
QW LEDs and lasers are �1� the high defect density and
phase separation in InGaN QW and �2� the existence of in-
herent electrostatic field. The high threading dislocation den-
sity in III nitrides leads to low radiative efficiency, while the
intrinsic electrostatic fields result in significant reduction of
electron-hole wave function overlap ��e-hh�.

8–11

In conventional InGaN QW, the inherent spontaneous
and piezoelectric polarization fields result in energy band
bending, which in turn leads to spatial separation of electron
and hole wave functions in the QW. Previously, the depen-
dence of transition matrix element on In content in 30 Å
InGaN QW had been shown.12 To illustrate the charge sepa-
ration effect, we have calculated emission wavelength and
overlap �e-hh of 25 Å type-I InGaN QW. As the In content in
the InGaN QW is increased, the overlap �e-hh reduces to
27.7% for emission wavelength at 531.9 nm.

In this work, we present an approach to improve radia-
tive recombination rate and efficiency in nitride-based active
media by utilizing staggered InGaN QW with step-function-
like In content profile in the QW. According to Fermi’s
golden rule, the electronic transition from state �2� to �1� is
governed by transition matrix element via the perturbation

Hamiltonian Ĥ21� ,13 resulting in quantum mechanical transi-
tion rate W2→1 as follows

W2→1 =
2�

�
�H21� �2� f�E1 = E2 − ��0� , �1�

where � f is the density of the final states, and Ĥ21� can be
expressed as a function of the transition matrix element
�MT�2= ��uc�ê ·p�u���2 and the envelope functions overlap
��e-hh�2= ��F2 �F1��2. The �uc� and �u�� refer to the conduction
and valence band Bloch functions, respectively, while the
�F2� and �F1� are the envelope electron and hole wave func-
tions, respectively. For spontaneous recombination, the tran-

sition matrix element term reduces to ��uc �u���2 as the emis-
sion is initiated by energy fluctuations in the vacuum state.14

Therefore, radiative recombination rate and optical gain of
III-nitride QWs can be enhanced by engineering the nano-
structures with improved overlap �e-hh.

Previously, improvement in the photoluminescence �PL�
and quantum efficiency of InGaN QW via a “two-step metal-
organic chemical vapor deposition �MOCVD�”15 was attrib-
uted to the improved material quality resulting from �1� a
more homogeneous indium wetting layer due to the trimeth-
ylindium �TMIn� prewetting prior to the QW deposition and
�2� suppression of the surface-segregated indium from H2
growth interruption. In contrast to the two-step MOCVD,15

the radiative efficiency enhancement in our current approach
was obtained via optimizing the overlap �e-hh for the specific
QW active region emitting at a particular wavelength by us-
ing staggered InGaN QW structures.

To analyze the InGaN QW structure design, we have
developed a numerical framework based on model solid
theory utilizing the Kane model for wurtzite band edge en-
ergies and the Luttinger-Kohn model for the band structure
parameters. The band parameters for the III-nitride alloys
were obtained from Refs. 16–22. The GaN electron effective
mass constants of 0.18mo and 0.2mo were used for the c axis
and the transverse direction, respectively.17 The InN electron
effective mass of 0.11mo was used for both the c axis and the
transverse directions.17 The heavy hole effective masses were
calculated following the treatment presented in Ref. 19. The
energy gap of the InGaN QW is calculated using a bowing
parameter of 1.4 eV �Ref. 16� and an InN energy gap of
0.6405 eV,21 with �Ec :�E� of 70:30.20 The strain effect is
taken into account in the form of band edge energy shifts,
and the polarization-induced electric field is manifested in
the energy band bending. The spontaneous polarization Psp
�C/m2� and piezoelectric polarization Ppz �C/m2� in the In-
GaN QW were calculated using the following relations:22

Psp�x� = − 0.042x − 0.034�1 − x� + 0.037x�1 − x� , �2�

Ppz�x� = 0.148x − 0.0424x�1 − x� , �3�

with x as the In content in the QW. The quantum-confined
energy levels of electron and hole were computed using ef-
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fective mass approximation with propagation matrix �mesh
size=0.5 Å�.23 In our studies, the conventional and staggered
InGaN QWs were designed for emission at a particular
wavelength regime, with the staggered QWs designed for
optimized overlap at that regime. Thus, the In contents and
layer thicknesses in the conventional and staggered QWs
should not be construed as being related to one another.

Figure 1�a� shows the band lineup of 25 Å In0.15Ga0.85N
QW surrounded by GaN barriers with its corresponding elec-
tron and hole wave functions for emission at
�peak=427.5 nm regime. The polarization fields in the con-
ventional InGaN QW lead to a low overlap �e-hh of only
36.9%. The staggered QW structures �designed for
�peak=421 nm� consist of 7.5 Å In0.25Ga0.75N/7.5 Å
In0.15Ga0.85N layers surrounded by GaN barriers, as shown in
Fig. 2. The use of staggered InGaN QWs leads to the “pull-
ing” of electron wave function from the right to the center of
the QW due to the lighter electron effective mass in contrast
to that of the hole. The hole wave function is relatively un-
changed due to the heavier hole effective mass. As a result,
the overlap �e-hh for the staggered InGaN QWs is increased
to 64.14%. An improvement of the overlap ��e-hh� by a factor
of 1.74 translates to �3.02 times improvement in radiative
recombination rate and optical gain of the active region.

Experiments had been conducted to compare the optical
properties of staggered InGaN QWs and conventional InGaN
QW, with emission wavelength at 420–430 nm. Both the
conventional and staggered InGaN QW samples were grown
by MOCVD on 2.5-	m-thick undoped GaN �Tg=1080 °C�
grown on c-plane sapphire, employing a low temperature
30 nm GaN buffer layer �Tg=535 °C�. The conventional
QW structure consists of four periods of 25 Å In0.15Ga0.85N
QW, while the staggered QW structure is formed by four
periods of 7.5 Å In0.25Ga0.75N/7.5 Å In0.15Ga0.85N layers.
We employed 12 nm GaN barriers in both QW structures. All
the active and barrier regions in the structures studied were

grown at a temperature of 720 °C. The composition and
growth rate of the InxGa1−xN alloy were calibrated individu-
ally for a particular composition using high-resolution x-ray
diffraction �XRD� measurements. The staggered InGaN QW
is then realized using growth conditions �gas flows, V/III
ratio, growth rate and duration, temperature, and growth
pressure� obtained from this calibration. The In content and
thicknesses for QW structures are then verified by comparing
the peak PL wavelengths with the data from XRD calibration
and numerical model.

Room temperature cathodoluminescence �RT-CL� mea-
surements were performed utilizing 10 keV electron beam
with 1 	A of current over a raster scan area size of 800

600 	m2, with an integration time of 0.1 s. The CL emis-
sion wavelengths for staggered QW and conventional QW
are measured as 407 and 417 nm, respectively. The CL emis-
sions of both the staggered and conventional QWs were
blueshifted by 10–15 nm in comparison to those of the pho-
toluminescence wavelengths, presumably due to larger car-
rier screening effect in CL measurements. As shown in
Fig. 2, the staggered QW structure exhibited an increase of
CL peak intensity and integrated luminescence intensity by
factors of 3.37 and 4.15 times, respectively, in comparison to
those of the conventional QW.

RT-PL measurements were also performed on both
samples using 325 nm He–Cd lasers. The PL peak emission
wavelengths ��peak� of the staggered QW and conventional
QW were measured as 420 and 430 nm, respectively. The
peak PL and integrated PL luminescence intensities for the
staggered In0.25Ga0.75N/In0.15Ga0.85N QWs exhibited im-
provement by factors of 4.74 times and 4.39 times, respec-
tively, in comparison to those of the conventional
In0.25Ga0.75N QW. It is also important to point out that inte-
grated luminescence improvement in the staggered InGaN
QW is not accompanied by increased linewidth, rather it is
attributed to higher peak intensity at the same excitation laser
power. This is consistent with the fact that the measurements
were conducted at the same temperature, employing identical
optical excitation power to facilitate direct spectrum com-
parison. The PL full width at half maximum �FWHM� for
staggered InGaN QWs is measured as 14.8 nm �106.2 meV�,
which is comparable to that of the conventional InGaN QW
�FWHM=17.3 nm or 113.8 meV�. The comparable PL
FWHMs indicate that the material qualities of both the stag-
gered and conventional InGaN QWs are similar.

To further extend the concept of staggered InGaN QW
emitting at longer wavelength, we conducted experiments

FIG. 1. �Color online� Energy band lineups of �a� 25 Å conventional type-I
In0.25Ga075N QW and �b� staggered 7.5 Å In0.25Ga0.75N/7.5 Å In0.15Ga0.85N
QW.

FIG. 2. �Color online� Room temperature cathodoluminescence spectra of
staggered 7.5 Å In0.25Ga0.75N/7.5 Å In0.15Ga0.85N QW and 25 Å conven-
tional type-I In0.25Ga0.75N QW.
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utilizing 27 Å conventional In0.26Ga0.74N QW ��e-hh

=24.4% � and staggered 13 Å In0.28Ga0.72N/13 Å
In0.21Ga0.79N QW ��e-hh=32.2% �, emitting at �peak

=500–515 nm. As shown in Fig. 3, the staggered
In0.28Ga0.72N/In0.21Ga0.79N QW exhibited improvements in
the peak PL and the total integrated PL luminescence inten-
sity by 4.48 and 3.54 times, respectively. The staggered QW
structure exhibited an increase of CL peak intensity and in-
tegrated luminescence intensity by factors of 2.1 and 2.43
times, respectively, in comparison to those of the conven-
tional QW. The observed PL and CL improvements were
higher than those predicted from the increase in overlap �e-hh
alone.

To assess the staggered QWs for device applications, we
realized two LED structures ��peak=455–465 nm� utilizing
�1� four periods of staggered QWs of 12 Å
In0.25Ga0.75N/12 Å In0.15Ga0.85N layers ��e-hh=43.1% � and
�2� four periods of 27 Å conventional In0.21Ga0.79N QW
��e-hh=27.4% � as the active regions of each LEDs. Both
structures were grown on 2.5 	m n-GaN template
�n=3
1018 cm−3� on c-plane sapphire substrates. The ac-
ceptor level for the p-GaN layer is 3
1017 cm−3. Continu-
ous wave power measurements were performed at room tem-
perature. Figure 4 shows that the output power is linear as
function of driving current up to 100 mA for both LEDs with
an area of 1 mm2. Staggered QW LEDs exhibited an im-
provement in output power by 11.2 times at a current level of
100 mA. The measured significant enhancement is larger
than that predicted theoretically, and several possible factors
may contribute to this improvement, such as �1� more pro-
nounced carrier screening reduces energy band bending and
further increases overlap �e-hh, �2� improved material quality,
and �3� better carrier confinement in the staggered InGaN
QWs. Further studies and optimizations are still required to
elucidate more insights into the physics of polarization engi-
neering of Nitride-based active regions, in particular, recom-
bination analysis and structural analysis of the staggered In-
GaN QW are needed to clarify the factors leading to this
improvement.

In summary, polarization band engineering using stag-
gered InGaN QWs with improved overlap ��e-hh� leads to
significant enhancement of radiative recombination rate. Im-
provements in PL peak luminescence intensity and integrated
luminescence by factors of 4.74 and 4.39 times �and 4.48 and
3.54 times�, respectively, had been experimentally demon-
strated for staggered InGaN QWs active regions emitting at

�peak=420–430 nm �and �peak=500–505 nm�, which are in
good agreement with the theory. Preliminary LED had also
been fabricated utilizing staggered InGaN QW emitting in
�peak=455–465 nm, resulting in almost an order of magni-
tude improvement in the output power of the devices. The
use of polarization control for enhancing the �e-hh of the
InGaN-based active regions can be applicable for high-
efficiency LEDs and low-threshold Nitride-based lasers.
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from US Department of Defense, ARL and National Science
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FIG. 3. �Color online� Room temperature photoluminescence spectra of
staggered 13 Å In0.28Ga0.72N/13 Å In0.21Ga0.79N QW and 27 Å conven-
tional In0.26Ga0.74N QW.

FIG. 4. �Color online� Relative light output power vs injected current for
staggered 12 Å In0.25Ga0.75N/12 Å In0.15Ga0.85N QW LED and 27 Å con-
ventional In0.21Ga0.79N QW LED.
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