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of Staggered InGaN Quantum-Well

Light-Emitting Diodes
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Abstract—A novel gain media based on staggered InGaN
quantum wells (QWs) grown by metal–organic chemical vapor
deposition was demonstrated as improved active region for visible
light emitters. Fermi’s golden rule indicates that InGaN QW
with step-function like In content in the well leads to significantly
improved radiative recombination rate and optical gain due to
increased electron–hole wavefunction overlap, in comparison to
that of conventional InGaN QW. Spontaneous emission spectra
of both conventional and staggered InGaN QW were calculated
based on energy dispersion and transition matrix element ob-
tained by 6-band formalism for wurtzite semiconductor,
taking into account valence-band-states mixing, strain effects, and
polarization-induced electric fields. The calculated spectra for the
staggered InGaN QW showed enhancement of radiative recombi-
nation rate, which is in good agreement with photoluminescence
and cathodoluminescence measurements at emission wavelength
regime of 425 and 500 nm. Experimental results of light-emitting
diode (LED) structures utilizing staggered InGaN QW also show
significant improvement in output power. Staggered InGaN QW
allows polarization engineering leading to improved luminescence
intensity and LED output power as a result of enhanced radiative
recombination rate.

Index Terms—Gain media, III–nitride, InGaN quantum wells
(QWs), light-emitting diodes (LEDs), polarization field engi-
neering.

I. INTRODUCTION

WITH the recent advances in the field of III–nitride semi-
conductors, high performance light-emitting diodes

(LEDs) and lasers emitting in the visible regime have become
increasingly prevalent in medical, defense and solid-state
lighting applications. Conventional III–nitride based visible
active region for lasers and LEDs are primarily based on
type-I InGaN quantum wells (QWs) [1]–[7]. To realize high
performance conventional InGaN QW LEDs and lasers, two
challenges associated with wurtzite III–nitride active regions
have to be addressed: 1) the high defect density and phase
segregation in high-In content InGaN QW and 2) polariza-
tion-induced electrostatic field inherent in nitride materials.
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Fig. 1. Emission wavelength and electron–hole wavefunction overlap (� )
for 25-Å thick type-I In Ga N QW with GaN barriers, as function of In-con-
tent.

The high threading dislocation density in III–nitrides leads to
low radiative efficiency, while spontaneous and piezoelectric
polarizations induce a built-in electrostatic field resulting in
significant reduction of electron–hole wavefunction overlap
( ) [8]–[10]. The radiative recombination rate and optical
gain of the QW hence will be further reduced due to this low
overlap . These challenges lead to high threshold current
densities ( kA cm , nm) even in
current state-of-the-art type-I InGaN QW lasers [11].

In conventional InGaN QW, the energy band bending is
attributed to the inherent spontaneous and piezoelectric po-
larization-induced electric fields leading to quantum-confined
Stark effect and spatial separation of peak electron and hole
wavefunction. As a result, electron–hole wavefunction overlap
( ) is severely reduced, in particular for thick InGaN QW
with high In-content. This limitation makes realizing InGaN
QW-based active region for longer wavelength emission, i.e.,
green and beyond, especially challenging. The impact of the
internal polarization fields on the electron–hole wavefunction
overlap ( ) can be described by Fig. 1, where the emission
wavelength and electron–hole wavefunction overlap ( ) of
25-Å thick type-I InGaN QW as a function of In-content has
been computed using our numerical model. Note that Fig. 1
was calculated without considering the carrier screening effect,
thus the plot is only valid for transition wavelengths for QWs
operating at carrier density from cm up
to cm (where carrier screening is still
relatively negligible). The development of our numerical model
and the parameters used are described in Section II. Previously,
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the dependence of emission wavelength and transition matrix
element on In-content had been shown for 30-Å thick InGaN
QW [12]. A similar trend is also observed in our calculation
result. As the In-content in the InGaN QW is increased to ex-
tend the emission wavelength, the wavefunction overlap
is reduced to only 27.7% for peak emission wavelength
at 531.9 nm (yellow-green regime) due to the large internal
polarization field leading to severe electron–hole separation
effect. This reduction in is hence strongly detrimental
in achieving low threshold current density lasers and high effi-
ciency LEDs with InGaN QWs, in particular at high In-content.

In this work, we show that radiative recombination rate
in nitride-based active region can be improved by utilizing
staggered InGaN QW with step-function like In-content profile
in the QW. The use of staggered InGaN QW with improved
electron–hole wavefunction overlap leads to enhanced transi-
tion matrix element, which in turn leads to improved radiative
recombination rate of the active regions. Both theoretical and
experimental results exhibit good agreement. The implemen-
tation of the staggered InGaN QW as the active region of the
LEDs also exhibits significant output power improvement [13].

It is important to note that both conventional and staggered
InGaN QWs were designed for emission at a particular wave-
length regime. The conventional InGaN QW structures were
based on QW layers with thicknesses ( ) of 25–27 Å and
In-contents ( ) of 15% (for nm), 21% (for

nm), and 26% (for nm).
The staggered InGaN QW structures were subsequently opti-
mized at each wavelength regime with improved wavefunction
overlap ( ), with the goal of achieving improved radiative
recombination rate and radiative efficiency. The thicknesses for
the staggered InGaN QWs ( , , total

) with In-contents and are not designed to be equal
to those ( ) of the conventional InGaN QW (with In content
of ), rather the choice of the parameters used in staggered
structures ( , , and , ) was determined from the nu-
merical model calculation for optimized wavefunction overlap
( ) at each particular emission wavelength.

II. THEORETICAL BACKGROUND

A. Theory of Radiative Recombination Rate

According to Fermi’s golden rule, the electronic transition
from state to is governed by transition matrix element
via the perturbation Hamiltonian [14], resulting in quantum
mechanical transition rate as follows:

(1)

where is the density of the final states, and can be ex-
pressed as a function of the transition matrix element and the
envelope functions overlap. In semiconductor, the transitions
occur between states in the conduction band and valence band,
resulting in the following perturbation Hamiltonian

(2)

which depends on the square of the transition matrix element
and the square of the envelope elec-

tron–hole wave function overlap . The conduction and
valence band Bloch functions are referred to as and ,
respectively, while and are the envelope electron and
hole wavefunction, respectively. The strength of the electric
field and electron interaction is indicated by the dot product
of electric field polarization and the electron momentum

. For the case of spontaneous recombination, the transition
matrix element term reduces to since the emission
is not initiated by the presence of existing photons, but en-
ergy fluctuations in the vacuum state instead [15]. Both the
spontaneous radiative recombination rate ( ) and
stimulated emission rate ( ) are then proportional
to the square of the envelope electron and hole wavefunction
overlap , as follows:

(3a)

(3b)

Therefore, radiative recombination rate and optical gain of
III–nitride active regions can be enhanced by engineering the
nanostructures with improved overlap.

B. Numerical Model Development

To design the conventional and staggered InGaN QW, we
have developed a numerical model based on 6-band for-
malism for wurtzite semiconductor [16], [17]. Luminescence
characteristics are studied by calculating the spontaneous re-
combination rate spectra, using energy dispersion relation and
momentum matrix element of both the conventional and stag-
gered InGaN QW. Effects taken into the account in the calcu-
lation include: valence band states mixing, strain, and sponta-
neous and piezoelectric polarization-induced electric fields. The
band parameters for the III–nitride alloys were obtained from
references 15–21, and these parameters are listed in Table I. The
GaN electron effective mass constants of and
were used for the axis and transverse direction, respectively
[19]. The InN electron effective mass of was used for
both the axis and transverse directions [19]. The heavy hole
effective masses were calculated following the treatment pre-
sented in reference 18. The ratio of conduction and valence band
offsets : is taken as 70:30 [20]. The energy gap of
the InGaN QW is calculated using bowing parameter of 1.4
eV [18] and InN energy gap of 0.6405 eV [21]. Indium con-
centration profile along the growth axis is incorporated into en-
ergy band lineup, with the corresponding strain taken into ac-
count as band edge energy shifts. Polarization-induced electric
field is manifested in the energy band bending. The spontaneous
polarization ( ) and piezoelectric polarization

( ) in the InGaN QW are calculated using the
following relations [22]:

(4)

(5)
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with as the In-content in the QW. The spontaneous recom-
bination rate per unit energy per unit volume is calcu-
lated using the fact that momentum-matrix element of the spon-
taneous emission is the angular average of two -polarization
components in the transverse plane and one -polarization
component in the -direction [17]

(6)

with the defined as

(7)

The Fermi Dirac distribution functions for electron and hole
are defined as

(8)

(9)

where and are the eigenenergies of electron
and hole, respectively. The parameters and are the carrier-
density dependent quasi-Fermi levels for electron and holes, and
these terms are related to the injection carrier in the QW [14],
[17]. Electron and hole concentrations in the QW are assumed
to be equal, under high carrier injection. The - and -po-
larized matrix elements are shown below

for

for

(10)

for

for (11)

where and are conduction and valence band confined
states, respectively. These confined states are the eigenvectors
of the block-diagonalized 6 6 Hamiltonian matrix [16], [17].
Upper and lower Hamiltonian block are indicated by
and , respectively. Linewidth broadening with Lorentzian

TABLE I
MATERIAL PARAMETERS FOR GAN, ALN, AND INN USED

IN QW BAND STRUCTURE CALCULATIONS. THE PARAMETER

VALUES ARE TAKEN FROM [16]–[22]

shape of ps were used throughout the calculations. The
details of the material parameters utilized in the calculation are
listed in Table I. In our studies, the conventional and staggered
InGaN QWs were designed for emission in a particular wave-
length regime, with the staggered QWs optimized to give the
largest wavefunction overlap ( at the band edge ) in
that regime.

The calculations of the spontaneous emission spectra pre-
sented in these studies do not account for carrier screening effect
in the InGaN QW system, which is important in particular for
carrier density above 3 10 cm . Our current studies focus
on the comparison of the spontaneous emission spectra and ra-
diative recombination rate of the conventional and staggered
InGaN QW for LED operation with carrier density ranging from
5 10 cm up to 2 10 cm , thus carrier screening is
relatively negligible. The typical current density in LED devices
ranges from 20 up to 200 A cm [23]–[25], which corresponds
to the typical carrier density ranging from 2–5 10 cm up
to 1 10 cm [25]–[27]. The current density for LED op-
eration is approximately an order of magnitude lower than that
of the threshold current density of InGaN QW lasers (
1.5 kA cm ) [28], [29]. The typical threshold carrier density
of InGaN QW lasers approximately ranges from 4 10 cm
up to 7 10 cm [30], where carrier screening effect is sig-
nificant. Thus, carrier screening effect is important to be in-
cluded in the optical gain analysis of InGaN-based QW active
regions for laser devices, using self-consistent model for carrier
density higher than 3 10 cm .
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Fig. 2. Energy band lineups of (a) 25-Å conventional type-I In Ga N QW
and (b) staggered 7.5-Å In Ga N–7.5-Å In Ga N QW.

III. CALCULATION AND EXPERIMENTAL RESULTS

A. Comparison in the Blue Regime ( nm)

Fig. 2 shows the band lineup of 25-Å In Ga N QW
surrounded by GaN barriers with its corresponding electron
and hole wave functions, for emission at nm
regime. The polarization fields in the conventional InGaN
QW lead to low wavefunction overlap of only 36.9%.
The staggered QW structures (designed for nm)
consist of 7.5 Å In Ga N–7.5-Å In Ga N layers
surrounded by GaN barriers, as shown in Fig. 2(b). The utiliza-
tion of staggered InGaN QWs leads to the “pulling” of electron
wavefunction from the right to the center of the QW, due to
the lighter electron effective mass in comparison to that of the
hole. The hole wave function is relatively unchanged due to
the heavier hole effective mass. As a result, the wavefunction
overlap for the staggered InGaN QWs is increased to
64.14%. An improvement of the wavefunction overlap
at of the ground state ( - ) transition by a factor
of 1.74 should translate to 3.02 times improvement in peak
radiative recombination rate and optical gain of the active
region at the peak wavelength.

The calculated spontaneous emission rate spectra for the cor-
responding conventional and staggered InGaN QW structures
are shown in Fig. 3. The spectra were plotted for carrier den-
sities from 5 10 cm up to 2 10 cm . The car-
rier densities refers to the densities of the injected carrier

Fig. 3. Spontaneous recombination rate spectra of 25-Å conventional
In Ga N QW and 15-Å staggered In Ga N–In Ga N QW
for � �0.5, 1, 1.5, and 2� 10 cm .

that recombines radiatively in the QW active region. At
2 10 cm , the peak spontaneous emission rate of the
staggered InGaN QW structure is found to be approximately 2
times higher than that of the conventional one, corresponding to
higher radiative recombination rate expected from the improve-
ment of electron–hole wavefunction overlap. As carrier den-
sity is increased, blueshift of the peak emission wavelength also
takes place. The wavelength blueshift in the staggered InGaN
QW appears to be larger than that in the conventional structure,
which can be attributed to thinner staggered InGaN QW leading
to faster state-filling than in the conventional case.

The carrier density dependence of recombination rate per unit
volume of conventional and staggered InGaN QW can be calcu-
lated as follows. First, the is integrated over all frequen-
cies to result in spontaneous recombination rate per unit volume
( ) at a particular carrier density

(12)

Note that the spontaneous emission rate per unit volume ( )
can be related to the carrier density in the QW ( ) with the
following phenomenological approximation:

(13)

where is the bimolecular recombination constant for radia-
tive transition. At high carrier injection level, electron density
is assumed as equal to that of hole ( ). Fig. 4 illustrates
integrated spontaneous recombination rate per unit volume
of conventional and staggered InGaN QW plotted against car-
rier density, . Equation indicating the dependence of on
for each plot is also shown. From Fig. 4, we found that
for both QWs up to cm . For the case of

cm , the staggered InGaN QW structure ex-
hibits close to two times higher integrated spontaneous emis-
sion rate of cm than that of the con-
ventional one of cm . The integrated
spontaneous emission rate ( ) of the staggered InGaN QW
also exhibits increase in the exponent term ( ) depen-
dent with carrier density compared to that of the conventional
QW ( ). The increase in for staggered InGaN
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Fig. 4. Spontaneous recombination rate per unit volume, � of 25 Å conven-
tional In Ga N QW and 15 Å staggered In Ga N–In Ga N
QW.

QW can be attributed to the higher transition matrix element,
which leads to higher rate of increase for the integrated sponta-
neous emission rate with increasing carrier injection. However,
for the high carrier density operation ( cm ), the
enhancement ratio of the integrated spontaneous emission rate
( ) for staggered InGaN QW will be reduced due to carrier
screening effect.

Experiments had been conducted to compare the optical
properties of staggered and conventional InGaN QW, with
emission wavelength at 420–430 nm. Both the conventional and
staggered InGaN QWs samples were prepared by VEECO P-75
vertical metalorganic chemical vapor deposition (MOCVD)
reactor on 2.5- m-thick undoped GaN ( C) grown
on -plane sapphire, employing a low temperature 30-nm
GaN buffer layer ( C). The conventional QW
structure consists of four periods of 25-Å In Ga N QW,
while the staggered QW structure is formed by four periods of
7.5-Å In Ga N/7.5-Å In Ga N 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 tem-
perature of 720 C. Trimethyl Gallium (TMGa) was used as
the group III precursor for the high-temperature undoped GaN
virtual substrate, while Trimethyl Indium (TMIn) and Triethyl
Gallium (TEGa) were used for the QW structures. gas
was used as the group V source. The composition and growth
rate of the In Ga N alloy were calibrated individually by
high-resolution X-ray diffraction (XRD) measurements using
4-periods of In Ga N-GaN superlattices. The staggered
InGaN QW is then realized using growth conditions (flow
rates, V–III, growth rate, duration, temperature, and pressure)
obtained from this calibration. The In-contents and thicknesses
for QW structures are verified by comparing the peak photolu-
minescence wavelengths with the data from XRD calibration
and numerical model.

Room temperature cathodoluminescence (RT-CL) measure-
ments were performed utilizing 10 keV electron beam with
1 A of current over a raster scan area size of 800 600 m ,
with integration time of 0.1 s. The CL emission wavelengths

Fig. 5. Room-temperature (a) CL and (b) PL spectra of staggered 7.5-Å
In Ga N–7.5-Å In Ga N QW and 25-Å conventional type-I
In Ga N QW.

for staggered QW and conventional QW are measured as
407 and 417 nm, respectively. The CL emission of both
the staggered and conventional QWs were blue-shifted by
10–15 nm in comparison to those of the photoluminescent (PL)
wavelengths, presumably due to larger carrier screening effect
in CL measurements. As shown in Fig. 5(a), the staggered
QW structure exhibited an increase of CL peak intensity and
integrated luminescence intensity by a factor of 3.37 and 4.15
times, respectively, in comparison to those of the conventional
QW.

Room-temperature PL (RT-PL) measurements were also
performed on both samples using 325-nm He–Cd lasers.
As shown in Fig. 5(b), the PL peak emission wavelengths
( ) of the staggered QW and conventional QW were
measured as 420-nm and 430-nm, respectively. The peak PL
and integrated PL luminescence intensities for the staggered
In Ga N–In Ga N QWs exhibited improvement by
a factor of 4.74 and 4.39 times, respectively, in comparison
to those of the conventional In Ga N QW. It is also im-
portant to point out that integrated 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 comparison. The PL full-width at half-maximum
(FWHM) for staggered InGaN QWs is measured as 14.8 nm
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Fig. 6. Spontaneous recombination rate spectra of 27-Å conventional
In Ga N QW and 26-Å staggered In Ga N–In Ga N QW
for � �0.5, 1, 1.5, and 2� 10 cm .

(106.2 meV), which is comparable to that of the conventional
InGaN QW ( 17.3 nm or 113.8 meV). The compa-
rable PL FWHMs indicate that the material qualities of both
the staggered and conventional InGaN QWs are similar.

B. Comparison in the Green Regime ( nm)

To further extend the concept of radiative recombination
enhancement, we investigated conventional and staggered
InGaN QW structures emitting at nm.
The calculated spontaneous emission rate spectrum for this
wavelength regime is shown in Fig. 6 for carrier density from
5 10 cm up to 2 10 cm . The structures used in this
study are 27-Å conventional In Ga N QW and staggered
13-Å In Ga N–13-Å In Ga N QW. Similar to the
420-nm regime case (Fig. 3), wavelength blueshift is observed
with increasing carrier density due to state-filling. Similar
to the 420-nm regime case (Fig. 3), wavelength blueshift
is observed in Fig. 6 with increasing carrier density due to
state-filling for low carrier density from cm
up to cm . Note that for high carrier density
operation ( cm ) in laser devices, wavelength
blueshift from carrier screening will be significant. At ,
wavefunction overlap for - transition ( ) for
the conventional and staggered InGaN QW case is 24.4% and
32.2%, respectively. The improvement in the peak spontaneous
emission spectrum of the staggered InGaN QW was found to
be approximately 1.7 times higher than that of the conventional
one for carrier density cm . One discerning
feature is that the nominal calculated values of the spontaneous
emission spectrum at this nm regime is
approximately four times lower than that of the 420-nm regime.
This is because, to achieve long emission wavelength, one
needs to utilize high In-content leading to high polarization
field and much lower resulting wavefunction overlap .
Spontaneous recombination rate is thus inevitably reduced
significantly. A thick QW to minimize quantum confinement
further exacerbates this low recombination rate at the long
wavelength regime of green and beyond.

Fig. 7. Room-temperature (a) PL spectra and (b) CL spectra of of stag-
gered 13-Å In Ga N–13 Å In Ga N QW and 27-Å conventional
In Ga N QW.

As shown in Fig. 7(a), the staggered
In Ga N–In Ga N QW exhibited im-
provements in the peak PL and the total integrated PL
luminescence intensity by 4.48 and 3.54 times, respectively.
In Fig. 7(b), the staggered QW structure exhibited an increase
in CL peak intensity and integrated luminescence intensity by
a factor of 2.1 and 2.43 times, respectively, in comparison to
those of the conventional QW. The PL and CL improvements
were higher than what were predicted from the increase in
overlap at alone and from our spontaneous
recombination rate spectrum calculation. The improvements
could thus be presumably due to: 1) better materials quality
in staggered InGaN QW and 2) lower “effective” QW
thickness in the staggered QW structure, as compared to that
of the conventional InGaN QW, leading to higher carrier
concentration in the QW and higher radiative efficiency, hence
further enhancing the intensity improvement.

IV. COMPARISON OF CONVENTIONAL AND STAGGERED INGAN
QW LEDS ( nm)

To assess the staggered QWs for device applications, we re-
alized two LED structures ( nm) utilizing
1) four periods of staggered QWs of 12-Å In Ga N–12-Å
In Ga N layers ( ), and 2) four periods
of 27-Å conventional In Ga N QW ( ) as
the active regions of each LED. Both structures were grown on
2.5- m n-GaN template ( cm ) on -plane sap-
phire substrates. The growth procedure of the staggered InGaN
QW LED structure is described in Fig. 8. We start with high-
temperature growth of n-GaN layer at around 1090 C using
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Fig. 8. Temperature and reflectivity profile taken in situ during the growth of
staggered 12-Å In Ga N–12-Å In Ga N QWs LED.

TMGa and gas as the group III and group V precursor, re-
spectively, and as the carrier gas. Next, the temperature is
ramped down for the low-temperature growth of four periods of
staggered InGaN–GaN QW at 705 C utilizing TEGa and TMIn
as the group-III precursor and N carrier gas. Following that, the
growth of the upper p-doped GaN layer is performed at 970 C.
The thickness of this upper p-type GaN layer is approximately
0.2 m. Subsequently, p-dopant activation anneal is performed
at 780 C for 5 min in N ambient. The acceptor level for the
p-GaN layer is measured as 3 10 cm .

Continuous-wave (CW) power measurements were per-
formed at room temperature. Fig. 9 shows that the output
power is linear as function of driving current up to 100 mA
for both LEDs with injection area of 1 mm . Staggered QW
LEDs exhibited an improvement in output power by 11.2
times at current level of 100 mA. The measured significant
enhancement is larger than that predicted theoretically, and
several possible factors may contribute to this improvement (in
addition to the effect from improved overlap ), such as:
1) improvement in the material quality of the staggered InGaN
QWs leading to reduction in monomolecular recombination
rate and/or 2) improvement in the carrier confinement in the
staggered InGaN QWs. Further studies and optimizations are
still required to elucidate more insights into the physics of polar-
ization engineering of nitride-based active regions, in particular
recombination analysis (i.e., power dependent cathodolumi-
nescence and scanning near-field optical microscopy PL) and
structural analysis (ie. transmission electron microscopy) of the
staggered InGaN QW are needed to clarify the factors leading
to this improvement.

V. SUMMARY

In summary, polarization band engineering using staggered
InGaN QWs layers for improved wavefunction overlap ( )
leads to significant enhancement of radiative recombination
rate. The calculated spontaneous emission spectra and radiative
recombination rate using 6-band band structure formalism
show staggered InGaN QW lead to significantly improved
active region, which is applicable for achieving high radiative
efficiency III–nitride LEDs. Staggered InGaN QWs LEDs were

Fig. 9. Relative light output power versus injected current for staggered
12-Å In Ga N–12-Å In Ga N QWs LED and 27-Å conventional
In Ga N QW LED.

grown by MOCVD, and the optical properties and device prop-
erties were compared with those of conventional InGaN QW
LEDs. Improvements in PL peak luminescence intensity and
integrated luminescence by a factor of 4.74 and 4.39 times (and
4.48 and 3.54 times), respectively, had been experimentally
demonstrated for staggered InGaN QWs active regions emitting
at nm (and nm), which
are in good agreement with the predicted theory. Preliminary
LEDs device had also been fabricated utilizing staggered
InGaN QW emitting in nm, resulting in
almost an order of magnitude improvement in the output power
of the devices. The use of polarization control for enhancing
the of the InGaN-based active regions can hence be po-
tentially applicable for high-efficiency LEDs and low-threshold
nitride-based lasers.
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