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Design Analysis of Staggered InGalN Quantum Wells
Light-Emitting Diodes at 500-540 nm
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Abstract—Staggered InGaN quantum wells (QWs) are analyzed
as improved active region for light-emitting diodes (LEDs) emitting
at 500 nm and 540 nm, respectively. The calculation of band struc-
ture is based on a self-consistent 6-band k-p formalism taking into
account the valence band mixing, strain effect, and spontaneous
and piezoelectric polarizations as well as the carrier screening ef-
fect. Both two-layer staggered In,Ga; _,N/In,Ga; _,N QW and
three-layer staggered In,Ga; _,N/In,Ga; _,N/In,Ga; _,N QW
structures are investigated as active region to enhance the sponta-
neous emission radiative recombination rate (R, ) for LEDs emit-
ting at 500 nm and 540 nm. Analysis of the spontaneous emission
radiative recombination rate (R} ) shows significant enhancement
for both two-layer staggered InGaN QW and three-layer staggered
InGaN QW, in comparison to that of the conventional In, Ga; _,N
QW. The studies of the carrier lifetime indicate a significant re-
duction of the carrier lifetime for staggered InGaN QWs, which
contribute to the enhancement of the radiative efficiency for both
two-layer staggered InGaN QW and three-layer staggered InGaN
QW LEDs emitting at 500 nm and 540 nm.

Index Terms—III-Nitride, diode lasers, InGaN QWs, light-
emitting diodes, radiative efficiency, staggered InGaN QWs.

I. INTRODUCTION

HE InGaN-based quantum wells (QWSs) attract a lot of
T interest due to their use as the active region in visible
and near UV III-Nitride light-emitting diodes (LEDs) and laser
diodes [1]-[5]. However, there are major challenges for high-
efficiency III-Nitride LEDs based on conventional InGaN QWs,
as follow: 1) high threading dislocation densities due to the lack
of lattice-matched substrate and phase separation in high-In-
content InGaN QWs; 2) the existence of the built-in electrostatic
fields in InGaN QWs due to the existence of polarization fields
in QW. The InGaN QWs grown on GaN template on c-plane
sapphire substrate suffer from both spontaneous and piezoelec-
tric polarization fields, which leads to charge separation effect.
The spontaneous polarization (P, ) field in III-Nitride mate-
rials arises from the nonideal internal cell parameters (c/a) of
the wurtzite III-N [0001]-oriented materials. The piezoelectric
polarization (P;c,0) in InGaN-based QW arises due to the lat-
tice mismatch between the QW and barrier. The existence of
the internal electric field pulls the electrons and holes to the
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opposite sides causing charge separation effect, which signifi-
cantly reduces the electron—hole wave function overlap (I'e_pp)-
The significantly reduced electron—hole wave function overlap
(Le_np) in InGaN QW leads to significant reduction in its radia-
tive recombination rate (~|T¢_p1,|?).

As the emission wavelength in InGaN QW is extended to
green spectral regime and beyond, the issues mentioned ear-
lier become more challenging. The charge separation becomes
more severe, in particular for two schemes to extend the emis-
sion wavelengths into green regime (A ~ 525 nm) or beyond
as follow: 1) by increasing the In content in InGaN QW; 2) by
increasing the thickness of InGaN QW. Both approaches lead
to severe reduction in the electron—hole wave function overlap
I'e 11 in particular for InGaN QW emitting in the green spectral
regime.

Recently, several approaches have been proposed to enhance
the electron-hole wave function overlap (I'¢_p,) such as 1)
the use of nonpolar InGaN QW [6], 2) the use of InGaN
QW with §-AlGaN layer [7], [8], 3) staggered InGaN QW [9],
[10], 4) type-II InGaN-GaNAs QW [11], [12] and 5) strain-
compensated InGaN-AlGaN QW [13], [14]. All the recently
proposed schemes focused on increasing the radiative recombi-
nation rate of the InGaN-based QW by improving the electron—
hole wave function overlap in the QW.

Previously, the two-layer staggered InGaN QW employing
step-function like In content in the QW had been implemented
into LED device structure for emission in the blue spectral
regime [9], [10]. The use of two-layer staggered InGaN QW
LEDs led to improvement in output power and efficiency of the
devices.

In this paper, we present comprehensive optimization studies
of the staggered InGaN QW by engineering the In content
and thickness of the sublayers of the staggered InGaN QWs,
designed for peak emission wavelengths at 500 nm and 540 nm.
In this study, both two-layer staggered In, Ga; _,N/In, Ga; _,N
QW  structure and three-layer staggered In,Ga;_,N/
In,Ga;_,N/In,Ga;_,N QW structure are investigated to
optimize both the electron-hole wave function overlap (I's_1,)
and spontaneous emission radiative recombination rate ([%,)
for LEDs emitting at 500 nm and 540 nm. For the QWs emitting
with peak emission wavelength A, = 500 nm, the character-
istics of the optimized two-layer staggered Ing 3Gag 7N (d,,1 =
1.8 nm)/Ing 14Gag g6N (dy2 = 1.2 nm) QW, and three-layer
staggered Ing.14Gag.g6N (dyy1 = 0.6 nm)/Ing 3Gag. 7N (dy2 =
1.8 nm)/Ing 14Gap g6N (dyy3 = 0.6 nm) QW structures are
analyzed and compared with those of the conventional
Ing 25Gag.75N (dqw = 3 nm). For the QWs emitting with
peak emission wavelength Apc.x = 540 nm, both the two-layer
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staggered Ing 30Gag gsN (dy,1 =2.1 nm)/Ing 16Gag g4 N (dyy2 =
1.4 nm) QW and three-layer staggered Ing 16Gag g4N (d,y1 =
0.7 Ilm)/In[)'nga[)'GgN (dmz =21 nm)/InO'lgGao,g4N (dmg =
0.7 nm) QW structures are compared to the conventional
Il‘l()'27Ga(]'73N QW (dQW =35 nm).

The band structures and wave functions are obtained by uti-
lizing a self-consistent 6-band k-p model. To take into consider-
ation of the carrier screening effect, the Schrodinger equations
and Poisson equations are solved self-consistently till the eigen
energies converge. The discussion on the numerical methods
utilized in these studies is described in Section III, and the
details of the formalism for the self-consistent 6-band &-p for
InGaN-based QW active regions are presented in [14].

The paper is organized as follows: Section II introduces the
concept of two-layer staggered In, Ga; _, N/In, Ga; _, N QW and
three-layer staggered In, Ga; _,N/In, Ga; _,N/In, Ga;_,N QW
structures. In Section III, the theoretical and numerical formu-
lation is presented briefly. The spontaneous emission radiative
recombination rate (R}, ) is discussed for staggered InGaN QWs
at the emission wavelength of 500 nm and 540 nm in Sections IV
and V, respectively. The carrier radiative lifetime and radiative
efficiency of staggered InGaN QWs LEDs will be discussed
in Section VI, and the results will be compared with those of
conventional InGaN QW LEDs. The effect of the Auger recom-
bination process on the radiative efficiency of staggered InGaN
QW will be discussed in Section VII.

II. CONCEPTS OF STAGGERED InGaN QWs

The existence of strong electrostatic fields in the InGaN QW
leads to strong energy band bending for both conduction band
and valence band in the QW, which result in the spatial sepa-
ration of the electrons and holes and reduce the electron—hole
wave function overlap (I'¢_p;,). The purpose of using the stag-
gered InGaN QW design is to enhance the electron—hole wave
function overlap (I'._p,;,) by engineering the band lineups of the
InGaN QW, hence leading to increase in the spontaneous emis-
sion radiative recombination rate () of the QW in particular
for LEDs application. The concept of staggered InGaN QW
studied here can be implemented as active regions in typical
nitride-based LED device structures [1]-[3], [9], [10].

Fig. 1 shows the schematics of (a) the conventional
In,Ga;_.N QW,; (b) the two-layer staggered In,Ga;_,N/
In,Ga;_,N QW, and (c) the three-layer staggered In, Ga; _, N/
In, Ga;_,N/In, Ga; _,N QW structures, which are surrounded
by the GaN barriers. Note that the three structures have the
same total QW thickness (dqw ). As shown in Fig. 1, the con-
ventional In,Ga; _,N QW contains the uniform In content of z
with the QW thickness of dqw, while the two-layer staggered
In, Ga;_,N/In,Ga;_,N QW characterizes as a step-function
like In content: higher In-content of x with thickness of d,, 1,
and lower In-content of y with thickness of dy,2(dy1 + diw2 =
dqow). In contrast to the two-layer staggered InGaN QW,
the three-layer staggered In,Ga;_,N/In,Ga;_,N/In,Ga;_,N
QW contains the higher In-content (x) sublayer in the cen-
ter, which is sandwiched between two InGaN sublayers with
lower In-content of y. The total thickness of the three-layer
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Fig. 1. Schematics of the (a) conventional In, Ga; _, N-GaN QW, (b) two-
layer staggered In,Ga; . N/In, Ga; N QW, and (c) three-layer staggered
In, Ga; _, N/In, Ga; _, N/In, Ga; _, N QW structures.

staggered InGaN QW is also designed as equal to dqw =
dy1 + dyo + dy3. To compare the performance of the ac-
tive regions of these three structures for LED application,
the In contents for the conventional InGaN QW, two-layer
staggered In,Ga;_,N/In,Ga;_,N QW and three-layer stag-
gered In,Ga;_,N/In,Ga;_,N/In,Ga;_,N QW are designed
such that all three QWs emitting at similar peak emission
wavelength.

Note that for three-layer staggered design, the indium com-
positions of the first and third layers can be in general designed
with different contents. However, in our current studies, the in-
dium contents in the first and third InGaN layers are assumed as
identical and lower than that of the center region. This assump-
tion simplifies the discussion, without losing the generality of
the design.

Based on Fermi’s Golden Rule, the interband transition rate is
proportional to the square of their electron—hole wave function
overlap T'. ;. By engineering the energy band lineups, the
electron—hole wave function overlap (I'c_j;) of the staggered
InGaN QW can be significantly enhanced. Thus, the staggered
InGaN QWs are expected to have higher spontaneous emission
recombination rate ([%,) than that of the conventional InGaN
QW.

III. THEORETICAL AND NUMERICAL FORMULATION

The band structure calculation for the conventional and stag-
gered InGaN QWs is based on self-consistent 6-band k-p for-
malism for wurtzite semiconductors [14]-[16]. The calculation
takes into account the strain effect, the valence band mixing,
and the spontaneous and piezoelectric polarizations as well as
the carrier screening effect. The carrier screening effect is cal-
culated self-consistently via the Schrodinger and Poisson equa-
tions [14], [17]. Note that the coupling between the conduction
band and valence band is negligible for the case of the wide
bandgap InGaN material system [15], [16], which is not taken
into account in the 6-band k-p method.

To take into account the effect of the charge distribution,
the confined energies and corresponding wave functions are
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obtained by calculating the Schrodinger’s and Poisson’s equa-
tions iteratively till the eigen-energy converges. For the QW
structures, the momentum matrix elements (| My, |?) become po-
larization dependent including TE polarization (Mg \2) and TM
polarization (| Mry|?). In this study, the spontaneous emission
rate is obtained by averaging of the momentum matrix elements
of three polarizations as |M,|? = (2|Mrg|* + |Mrm|?)/3.
The details of the self-consistent numerical formulation for
InGaN-based QW active regions employing 6-band k-p for-
malism are presented in [14].

The material parameters of binary InN, GaN for the
band structure calculation are obtained from [18] and [19],
which are summarized in the table in [14]. The parame-
ters for the ternary alloy InGaN are obtained by linear in-
terpolation of that of the binary InN and GaN, except for
the energy gap of InGaN. The bandgap for In,Ga;_,N is
obtained as follow: E,(In,Gai_,N) =z - E,(InN) + (1 —
z) - E4(GaN) — bx(1 — ), where the bowing parameter b is
1.4 eV [19]. The band offset ratio (AE.:AE, ) of InGaN/GaN
is assumed to be 0.7:0.3 [20].

The finite difference approach is employed to solve the
Schrodinger’s and Poisson’s equations for semiconductor het-
erostructure/nanostructure [13], [21]. The discretisized step size
is 1 A. The thickness of the GaN barriers is assumed to be much
thicker than the InGaN QW, which ensures the evanescence of
the envelope wave functions in the GaN barriers for both con-
duction band and valence band. The potential band lineups are
solved self-consistently based on the Poisson’s equation [17].
The convergence condition is set such as the tolerance of the
eigen energy is less than 0.1%.

IV. OPTIMIZATION OF STAGGERED InGaN QW FOR 500 nm

Fig. 2 shows the energy band lineup profiles and the wave
functions of the first conduction subband (C1) and the first va-
lence subband (HH1) at zone center for (a) conventional 30-A
Ing 25 Gag 75N QW, (b) two-layer staggered 18-A Ing 3Gay 7N/
12-A Ing14GapsgN QW and (c) three-layer staggered
6-A IHOA14Ga0A86N/18-A In0'3G30A7N/6-A IH0A14G30A86N QW
The structures are designed such that all three QWs emit at
~500 nm. As shown in Fig. 2(a), a large spatial separation
between electron and hole wave functions is observed in the
conventional InGaN QW due to the existence of the internal
electric field and with the electron-hole wave function over-
lap (I'¢_y1) of 17.35%. Fig. 2(b) shows the two-layer staggered
InGaN QW design employing a step-function like In content
for the QW, and the use of these two-layer design leads to
the electron wave function being pushed to the center of the
QW resulting in enhanced electron-hole wave function overlap
(Le_nn) of 27.6%. Fig. 2(c) shows three-layer staggered InGaN
QW with higher In-content sublayer in the center sandwiched
between two sublayers with lower In-content. In the three-layer
QW, both the electron and hole wave functions are pushed to
the center of the QW resulting in increase in the electron—hole
wave function overlap (I'e_ny) of 31.22%. By optimizing the
In contents and thicknesses of the sublayers for both two-layer
staggered InGaN QW and three-layer staggered InGaN QW, the
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Fig. 2. Energy band lineups of (a) conventional 30-A 1Ing 95Gag 75N
QW, (b) two-layer staggered 18-A Ing.3Gag.7N/12-A Ing.14Gag g6 N QW
and, (c) three-layer staggered 6-A Ing.14Gag sgN/18-A Ing 3Gag. 7 N/6-A
Ing.14Gag g6 N QW. All three QW structures are designed for A ~ 500 nm.

electron—hole wave function overlap (I'c_11,) of the staggered
InGaN QW is improved by 1.6—1.8 times.

Fig. 3 shows the calculated spontaneous emission spectra for
conventional InGaN QW (dash-dot line), two-layer staggered
InGaN QW (dash line), and three-layer staggered InGaN QW
(solid line) at carrier densities (V) of N' = 2-10 x 10'® cm™? at
T = 300 K. The spontaneous emission rate is obtained by taking
into account all possible transitions between nth conduction
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Fig. 3. Spontaneous emission spectra for conventional 30-A Ing.o5Gag 75N
QW, two-layer staggered 18-A Ing.3Gag.7N/12-A Ing 14Gag.s6 N QW, and
three-layer staggered 6-A Ing 14 Gag. g6 N/18-AIng 3 Gag, 7 N/6-AIng 14 Gag g6
N QW emlttmg at ~500 nm for increasing carrier density N = 2-10 x
1018

subbands and mth valence subbands as follow

. 2 kidk
e (hw) = s ceozn:wL Z Z/ t t nm(kt)‘?
U,L n,m
. (kt) (1 c\rlm (kt)) (7/77) (1)
(ngnm (ki) — hw)® + 42

where f¢ (k) and fY (k) are the Fermi-Dirac distribution
functions for the electrons in conduction band and valence band,
and k; is the in-plane wave vector, L, is the thickness of the
QW, (M),,,,, (k;)is the momentum matrix element between nth
conduction subband and mth valence subband. Due to the asym-
metry of the band lineups for the conduction band and valence
band, the transitions between states with unequal quantum num-
bers (m # m) are nonzero. In this calculation, all possible tran-
sitions between the confined states of the conduction bands and
valence bands are taken into account.

From Fig. 3, the spontaneous emission spectra for staggered
InGaN QWs are significantly enhanced as compared to that of
the conventional InGaN QW for each carrier density. For the
case of N = 10 x 10'® cm ™3, the two-layer staggered InGaN
QW shows approximately 2.54 times higher of the peak spon-
taneous emission spectra (9.96 x 10?6 s=! cm™® eV~!) than
that of the conventional one (3.9 x 10?0 s~! cm™3 eV™!). The
three-layer staggered InGaN QW (12.8 x 10> s' em 3 eV 1)
shows 3.26 times higher than that of the conventional InGaN
QW. Note that the peaks of the spontaneous emission spectra for
both the conventional InGaN QW and staggered InGaN QWs
show blue shift as the carrier density increases.

The total spontaneous emission radiative recombination rate
per unit volume (s~' cm™3) is obtained by integrating the (1)
over the entire frequency range as follow

Ry, = / PO (hw) d (hw) . 2)
0
Fig. 4(a) illustrates the spontaneous emission radiative re-

combination rate per unit volume (R,,) for the conventional
InGaN QW, the two-layer staggered InGaN QW and the three-
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Fig. 4. (a) Spontaneous emission radiative recombination rate (Rs},) as a
function of carrier density for conventional 30-A Ing 25Gag.75N QW, two-
layer staggered 18-A Ing 5 Gag 7N/12-A Ing.14Gag g6 N QW, and three-layer
staggered 6-A Ino.14Gao.86N/18—A Ino_gGa0,7N/6-A Ing.14Gag. g6 N QW at
room temperature. (b) The ratio of spontaneous emission radiative recombina-
tion rate for staggered InGaN QW and conventional InGaN QW.

layer staggered InGaN QW as a function of the carrier density
up to 10 x 10'® cm~3. Fig. 4(b) shows the ratio of the spon-
taneous emission radiative recombination rate ([%,) for two-
layer staggered InGaN QW and conventional InGaN QW as
well as the ratio for three-layer staggered InGaN QW and con-
ventional InGaN QW for carrier density N =1 x 10*® cm™3
upto N = 10 x 10*® cm~3. For the two-layer staggered InGaN
QW, the enhancement of the spontaneous emission radiative
recombination rate ([%s,) ranges between 2.6 and 2.8 times at
each carrier density as compared to the conventional InGaN
QW. The enhancement of the %, for the three-layer staggered
InGaN QW as compared to the conventional InGaN QW ranges
between 3.3 and 3.7 times.

V. OPTIMIZATION OF STAGGERED InGaN QW FOR 540 nm

In this section, similar concepts of two-layer and three-
layer staggered InGaN QWs are implemented to optimize the
electron—hole wave function overlap (I'¢_y;,) for InGaN QWs
emitting at A ~ 540 nm. The optimized QW structures
are: 1) conventional 35-A Ing 97Gag 73N QW; 2) two-layer
staggered 21-A Ing 30Gag 63 N/14-A Ing 14Gag 54N QW; and 3)
three-layer staggered 7-A Ing 16Gag g4 N/21-A Ing 30Gag 65N/
7-A Ing 16Gag.s4N QW. All the three structures are designed
for similar peak emission wavelengths at A ~ 540 nm.



1108

£ 0.7

5 Ing 46Gag g4N /Ing 3,Gag ggN / Ing 4sGag o ,N QW
S

g 0.6 —— - Ing3,GaggN/Ing(Gays,N QW

o — - — Ingy,,Ga,,;N QW

n <

> 05

o9 N = 2x108 cm-3
7 N =4x10"8 cm3
o £ 04

'E O N = 6x10'8 cm-3
© 0 . N = 8x10'8 cm"3
s N =10x10'8 cm-
o -

o X

c

1]

o

c

o

[}

(/2]

Photon Energy (eV)

Fig. 5. Spontaneous emission spectra for conventional 35-A Ing.27Gag 73
N QW, two-layer staggered 21-A Ing 32Gag gsN/14-A Ing 16Gag g4
N QW, and three-layer staggered 7-A Ing.16Gag. g4 N/21-A Ing 39 Gag 6N/
7-A Ing.16Gag g4 N QW emitting at ~ 540 nm for increasing carrier density
N =2-10 x 10'% cm™3.

Fig. 5 shows the comparison of the I, for the conventional
InGaN QW, two-layer staggered InGaN QW, and three-layer
staggered InGaN QW emitting at A ~ 540 nm. The R}, spectra
in Fig. 5 show a significant enhancement of the spontaneous
emission radiative recombination rate for both two-layer stag-
gered InGaN QW and three-layer staggered InGaN QW. For ex-
ample, at N = 10 x 10'® cm~3, the two-layer staggered InGaN
QW (3.83 x 10?9 s7! cm™3 eV ') shows 3.65 times improve-
ment of the peak I%, as compared to that of the conventional
InGaN QW (1.05 x 10?6 s=' cm™3 eV ~!), while the three-layer
staggered InGaN QW (5.14 x 10?% s=! cm™3 eV ') shows 4.9
times improvement. Note that as the emission wavelength is ex-
tended from 500 nm to 540 nm, the absolute values of the Ry,
become smaller due to the reduced electron—hole wave func-
tion overlap (I'e_,1,) from the use of thicker QW and higher
In-content InGaN QW.

Fig. 6(a) shows the comparison of the spontaneous emission
rate for the conventional two-layer staggered and three-layer
staggered InGaN QWs emitting at 540-nm spectral regime.
As shown in Fig. 6(b), the ratios of the R, of the staggered
InGaN QWs structures with that of the conventional InGaN
QW are compared for QWSs active regions emitting in
540-nm spectral regime. As the carrier density increases from
1 x 10" ¢cm™3 to 10 x 10'® cm™3, the ratio of the Ry, ratio
of the two-layer staggered InGaN QW and conventional InGaN
QW is 3.66—4. For the case of three-layer staggered InGaN QW,
the ratio improvement of 5-5.86 is observed.

By comparing Figs. 4(b) and 6(b), the %5, improvement for
the case of longer emission wavelength (A ~ 540 nm) is larger
than that of the emission wavelength of ~500 nm. The approach
of using the staggered InGaN QW to enhance the electron—
hole wave function overlap (I',_,1,) has more advantages for
the case of the longer emission wavelength, in particular as the
charge separation becomes increasingly significant resulting in
low electron—hole wave function overlap (I'¢_py,).
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Fig. 6. (a) Spontaneous emission radiative recombination rate (Rs,) as a
function of carrier density for conventional 35-A Ing.o7Gag.73N QW, two-
layer staggered 21-AIng 32 Gag 63 N/14-A Ing 16Gag.g4 N QW, and three-layer
staggered 7-A Ing. 16Gag. g4 N/21-A Ing 30Gag g3 N/7-A Ing.16Gag. g4 N QW at
room temperature. (b) The ratio of spontaneous emission radiative recombina-
tion rate for staggered InGaN QW and conventional InGaN QW.

VI. CARRIER LIFETIME AND RADIATIVE EFFICIENCY
ANALYSIS FOR STAGGERED InGaN QWs

A. Formulation of Carrier Lifetime and Radiative Efficiency

The external quantum efficiency (7external) Of II-Nitride
LEDs devices can be expressed as function of current injection
efficiency (ninj), radiative efficiency (17raq), and light extraction
efficiency (Mextraction ), as follow [22]:

Tlexternal = Tlinj * TlRad * Tlextraction - 3)

Note that the current injection efficiency (7;,;) represents frac-
tion of the injected current that recombines in the QW active
region [22]. The radiative efficiency (nra.q) represents fraction
of recombination current in the QW that recombines radiatively
resulting in photon generation, and the light extraction efficiency
(Mextraction) represents fraction of the generated photon in the
QW that can be extracted out of the semiconductor cavity into
free space.

Here, we will investigate only the radiative efficiency from
the implementation of staggered InGaN QWs as active region
in ITI-Nitride LEDs for green emission. However, it is important
to note that optimization of both current injection efficiency and
light extraction efficiency in InGaN QW LEDs as important
factors to optimize the total external quantum efficiency of the
III-Nitride LEDs.
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The total recombination current density in semiconductor
QW active regions can be expressed as follow

Mnj - J =Jow =q-dqw - (AN + Ry, +C-N*) (4

where 7;,; is the current injection efficiency, J is the injected
current density, and dqw is the thickness of the QW active
regions. The Jqw represents the total recombination current in
the QWs. The parameters A and C represent the monomolecular
and Auger recombination rate coefficients, respectively, and the
parameter Ry}, is the radiative recombination rate. The parameter
N is the carrier density in the QW active region.

The total carrier recombination rate in the QW active region
can be expressed as:

Rtotale'N—FRsp—FC'Ng. 5

The radiative recombination rate ([2,,) can be obtained from
(1) and (2), and the results have been discussed in Sections IV
and V. Thus the radiative efficiency can be obtained as
follow

Ry
NRad = R ! (6)

non_rad + Rsp
where the R, o, raq consists of both the monomolecular and
Auger recombination rate in the QW as follow:

Ryonraa = AN+CN3 )

Due to the negligible value of the Auger coefficient in the
InGaN-based wide bandgap material system [23], [24], the non-
radiative part only take into account the monomolecular recom-
bination in this analysis. Thus, the radiative efficiency of InGaN
QW LEDs can be expressed as:

R,

A-N+R, ®

TRad =
Further discussion on the impacts of Auger recombination on
the radiative efficiency of InGaN QW LEDs will be discussed
on Section VII.
The total carrier recombination rate (R;,t,1) can be expressed
as a function of carrier lifetime (7;t1) and carrier density in the
QW (V) as follow:

Rtotal = Rsp + Rnon,rad =

. )
Ttotal
The total carrier lifetime (7¢,¢a1) composes of both the radiative
lifetime (7;,q) and nonradiative lifetime (7,00 _raq), as follow

1 1 1
= +

Trad

(10)

Ttotal Tnon _rad

where the parameters 1/7;.,q4 and 1/7,0n_rad can be expressed as

1 Ry
= P 11
Trad N ( )
1 Rnon,rad
= . 12
Thon_rad N ( )
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Fig.7. Radiative lifetime for Ing 25 Gag.75 N QWs with various QW thickness
of 1 nm, 2 nm, 2.5‘ nm, 3 nm, and 3.5 nm as a function of the carrier density up
t0 50 x 10'® cm™3,

B. Radiative Recombination and Carrier Lifetime Analysis

In the III-Nitride material system, the existence of the elec-
trostatic field results in the spatial separation of the electrons
and holes, which leads to a longer carrier lifetime. Thus, the
radiative carrier lifetime (7;,4) in the conventional InGaN QW
system depends on the In content and the QW thickness. Fig. 7
shows the radiative carrier lifetime (7..4) for conventional
Ing 25Gag 75N QW with various QW thickness (dqw = 1 nm,
2 nm, 2.5 nm, 3 nm, and 3.5 nm) as a function of the car-
rier density up to 50 x 10'® cm™>. The five different cases ex-
hibit similar trend: the radiative carrier lifetime (7,.,4) decreases
as the carrier density increases. And the radiative carrier life-
time (7y,q) increases as the QW thickness increases. For exam-
ple, at N =30 x 10"® cm™3, 7,0 = 19.5 ns (dqw = | nm,
A~ 411 nm), Tyaq =244 ns (dqw =2nm, A ~ 452 nm),
Trad = 38.6ns (dqw = 2.5 nm, A ~ 473 nm), Tyaq = 66.2 ns
(dogw = 3 nm, A ~ 500 nm), Tyaqa = 113 ns (dqw = 3.5 nm,
A ~ 510 nm). These calculated results are comparable to the
results in [5] and [23], calculated for conventional InGaN QW
active region.

Fig. 8 compares the radiative lifetime (7;,4) for the conven-
tional InGaN QW, two-layer staggered InGaN QW, and three-
layer staggered InGaN QW as a function of the carrier den-
sity up to 50 x 10'® cm™3 for the QW structures discussed in
Section IV [Fig. 8 (a)] and Section V [Fig. 8(b)], respectively.
For both cases, the radiative carrier lifetime (7;,q) of the stag-
gered InGaN QWs is reduced due to the improved spontaneous
emission radiative recombination rate (f2},) as compared to that
of the conventional InGaN QW. From Fig. 8(a), the radiative
carrier lifetime (7;,q) of the two-layer staggered InGaN QW is
reduced by 35%—64% as compared to that of the conventional
InGaN QW at different carrier density, while the radiative car-
rier lifetime (7;,q) of the three-layer staggered InGaN QW is
reduced by 40%—-73% (A ~ 500 nm). From Fig. 8(b), the ra-
diative carrier lifetime (7;,q) of the two-layer staggered InGaN
QW is reduced by 39%—75%, and the radiative carrier lifetime
(Traq) of the three-layer staggered InGaN QW is reduce by
41%-83%.
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Fig. 8. Radiative lifetime for (a) conventional 30-A Ing 25 Gag.75 N QW, two-
layer staggered 18-A Ing.3Gag.7N/12-A Ing.14Gag. g6 N QW, and three-layer
staggered 6-A Ing.14Gag.s6N/18-A Ing 3Gag.7N/6-A Ing.14Gag.s6N QW
emitting at ~500 nm as a function of the carrier density up to 50 x
10'8cm™3, (b) conventional 35-A Ing.o7Gag.73N QW, two-layer staggered
21-A Ing.32Gag 6sN/14-A Ing 16Gag.s4N QW, and three-layer staggered
7-AIng.16Gag g4 N/21-A Ing 30 Gag 3 N/7-A Ing 16 Gag.g4 N QW emitting at
~540 nm as a function of the carrier density up to 50 x 10*8cm™.

The relation of the radiative current density and radiative
recombination rate is related by the following equation:

Jrad = q - dQW : Rsp~ (13)

To better understand the relationship between the carrier life-
time and the current density, Fig. 9(a) and (b) show the radiative
carrier lifetime (7;,q) versus the radiative current density for
the conventional, two-layer staggered, and three-layer staggered
InGaN QWs emitting at 500 nm [Fig. 9(a)] and 540 nm
[Fig. 9(b)]. Fig. 9(a) and (b) show similar trend as those of
Fig. 8(a) and (b), which indicate that the radiative carrier life-
times for staggered InGaN QW s (both two-layer and three-layer
staggered InGaN QW5s) structures significantly reduces, in com-
parison to that of the conventional InGaN QW for the radiative
current density analyzed up to 90 A/cm?. Note that the longer
radiative lifetimes observed for InGaN QWs emitting in the
500 nm and 540 nm is a result of the lower optical matrix
element in these QWs, in comparison to those observed for
blue-emitting InGaN QWs active regions.
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Fig.9. Radiative lifetimes for (a) conventional 30-A Ing.25 Gag.75 N QW, two-
layer staggered 18-A Ing.3Gag.7N/12-A Ing.14Gag. g6 N QW, and three-layer
staggered 6-A Ing.14Gag.s6N/18-A Ing.3Gag.7N/6-A Ing.14Gag.s6N QW
emitting at ~500 nm as a function of the radiative current den-
sity, (b) conventional 35-A Ing.o7Gag.7sN QW, two-layer staggered
21-A Ing.32Gag s N/14-A Ing 16Gag.s4N QW, and three-layer staggered
7-AIng.16Gag g4 N/21-A Ing 30 Gag 65 N/7-A Ing 16 Gag g4 N QW emitting at
~540 nm as a function of the radiative current density.

C. Total Recombination Processes and Radiative Efficiency

The total carrier recombination rate (R;.t,1) and carrier life-
time (T¢0ta1) can be obtained from (5) and (9), respectively. Note
that in the current analysis, we have only taken into account the
monomolecular recombination processes. The monomolecular
recombination coefficient (A) have been widely reported from
therangeof A =1 x 10" s ' upto A = 3 x 10°% s~! [25]-[27],
and these discrepancies on the reported values can be attributed
to the varying material quality reported by different groups.
As our goal is to investigate the limitation presented by rela-
tively high-quality InGaN QW with low dislocation density, we
employed the experimentally reported monomolecular recom-
bination coefficient A = 3 x 107 s~! similar to the experiment
results reported in [25]. Further discussion on the impacts of
Auger recombination in InGaN QW will be discussed sepa-
rately in Section VIIL.

The total carrier recombination lifetimes as functions of car-
rier density in the QWs are plotted in Fig. 10(a) and (b) for
QWs emitting in the 500 nm and 540 nm, respectively. It is
interesting to note that significant reduction in the total carrier
lifetimes were observed due to the use of staggered InGaN QWs.
The use of three-layer staggered InGaN QW leads to the most
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Fig. 10. Total carrier lifetimes for (a) conventional 30-A Ing 95 Gag. 75 N QW,
two-layer staggered 18-A Ing.3Gag.7N/12-A Ing.14Gag.s6N QW, and three-
layer staggered 6-A Ing.14Gag.s6N/18-A Ing 3Gag.7N/6-A Ing.14Gay.s6N
QW emitting at ~500 nm as a function of the carrier density up to
50 x 10'® ecm™2, (b) conventional 35-A Ing 27 Gag.73N QW, two-layer stag-
gered 21-A Ing 30Gag 6sN/14-A Ing.16Gag g4 N QW, and three-layer stag-
gered 7-A Ing 16 Gag. 54 N/21-A Ing 30 Gag 3 N/7-A Ing.16Gag g4 N QW emit-
ting at ~540 nm as a function of the carrier density up to 50 x 10'® cm™3.

optimized QW structures with lowest carrier lifetimes. Note
that all the QWs studied here assumed similar monomolecular
recombination coefficient (A). The use of low A value is re-
alistic in particular for high-quality InGaN QW material, and
the reported carrier lifetimes here are comparable with the total
carrier lifetimes reported from experiments [27], [28].

Fig. 11(a) and (b) show the total carrier lifetime versus
the total current density for conventional, two-layer staggered,
and three-layer staggered InGaN QWs emitting at 500 nm
[Fig. 11(a)] and 540 nm [Fig. 11(b)]. Fig. 11(a) and (b) in-
dicate that the total carrier lifetime decrease for both two-layer
and three-layer staggered InGaN QWs as compared to that of the
conventional InGaN QW for both structures emitting at 500 nm
and 540 nm.

Based on (8), the radiative efficiency (nr.q) as a function of
carrier density (V) in QW is calculated for the conventional
InGaN QW, two-layer staggered InGaN QW and three-layer
staggered InGaN QW for the structures discussed in Sections
IV and V as shown in Fig. 12(a) and (b). The carrier density
in the QW was calculated up to 5 x 10'® cm™>. Note that the
radiative efficiency (nr.q) increases as the carrier density in-
creases, due to the stronger carrier dependency of the radiative
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Fig. 11.  Total carrier lifetime for (a) conventional 30-A Ing.25Gag. 75N QW,

two-layer staggered 18-A Ing.3Gag.7N/12-A Ing.14Gag.s¢ N QW, and three-
layer staggered 6-A Ing.14Gag.36N/18-A Ing 3Gag.7N/6-A Ing.14Gay.s6N
QW emitting at ~500 nm as a function of the total current den-
sity, (b) conventional 35-A Ing.o7Gag. 73N QW, two-layer staggered
21-A Ing.32Gag gg N/ 14-A Ing.16Gag.gaN QW, and three-layer staggered
7-A Ing.16Gag g4 N/21-A Ing 30 Gag 63 N/7-A Ing_16Gag g4 N QW emitting at
~540 nm as a function of the total current density.

recombination rate (). For the QW structures with the emis-
sion wavelength of 500 nm [Fig. 12(a)], the radiative efficiency
(Raq) 1s enhanced by 1.52-2.74 times and 1.64-3.64 times for
the two-layer staggered InGaN QW and three-layer staggered
InGaN QW as compared to that of the conventional InGaN
QW. Fig. 12(b) shows that the radiative efficiency (raq) is
increased by 1.24-3.97 times and 1.26-5.81 times for the two-
layer staggered InGaN QW and three-layer staggered InGaN
QW at the emission wavelength of 540 nm. In the low carrier
density regime, the conventional InGaN QWs exhibited rela-
tively low radiative efficiency, while both the staggered InGaN
QW designs exhibited significantly higher radiative efficiency.
Only at very high carrier density level, the radiative recombi-
nation rate in the conventional InGaN QW design increases.
However, it is important to note that high carrier density opera-
tion may not be favorable for optimized InGaN QW LED device
operation; in particular thermionic carrier leakage may limit the
current injection efficiency in QW LEDs or laser devices [22].
The reduction of the carrier lifetimes in staggered QW designs
leads to the enhancement of the radiative efficiency. Fig. 13(a)
and (b) show the radiative efficiency versus the total current
density for conventional, two-layer staggered, and three-layer
staggered InGaN QWs emitting at 500 nm [Fig. 13(a)] and
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Fig. 12. Radiative efficiency for (a) conventional 30-A Ing 25Gag.75N QW,

two-layer staggered 18-A Ing.3Gag.7N/12-A Ing.14Gag.s¢ N QW, and three-
layer staggeredé-AIm),14GaO,86N/18-A Ing.3Gag.7N/6-AIng. 14 Gag g6 N QW
emitting at ~500 nm as a function of the carrier density up to
50 x 10'% cm™3, (b) conventional 35-A Ing 97Gag 73N QW, two-layer
staggered 21-A Ing 39 Gag‘GgN/14-A Ing 16Gap.s4aN QW, and three-layer
staggered 7—A Ing_leGaU_g.q N/ZI—A Ing_ngaU_ﬁgNN—A Ino_lgGa0_84N QW
emitting at ~540 nm as a function of the carrier density up to 50 x 10'® cm™3.

540 nm [Fig. 13(b)]. Fig. 13(a) and (b) show similar trend as
Fig. 12(a) and (b).

By utilizing both of the two-layer and three-layer staggered
InGaN QW structures, the electron—hole wave function over-
lap (I'e_nn) is greatly enhanced especially when one extends
the wavelength to green and longer. The improved electron—
hole wave function overlap (I, 1) leads to the enhance-
ment of the spontaneous emission radiative recombination rate
(Rsp) for the staggered InGaN QWs, which results in the re-
duced radiative carrier lifetime (7;,q) and improved radiative
efficiency (MRaq)-

Note that the radiative efficiency presented in both Figs. 12
and 13 did not take into account the contribution of current in-
jection efficiency in the InGaN QW LED:s. It is important to note
that the internal efficiency in the III-Nitride LEDs depends on
both the contribution from the current injection efficiency and
radiative efficiency of InGaN QW active region. The discussion
of the current injection efficiency for InGaN QW LEDs is be-
yond the scope of this paper. The current injection efficiency of
QW LEDs and lasers depends strongly on the interplay of car-
rier capture and thermionic emission of carriers in QW-barrier
heterostructures, carrier transports, and carrier recombinations
in QW and barrier regions [22].
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Fig. 13. Radiative efficiency for (a) conventional 30-A Ing 25Gag.75N QW,

two-layer staggered 18-A Ing.3Gag.7N/12-A Ing.14Gag g6 N QW, and three-
layer staggered 6-A Ing 14Gag.6N/18-A Ing.3Gag 7N/6-A Ing.14Gag.s6
N QW emitting at ~500 nm as a function of the total current den-
sity, (b) Conventional 35-A 1Ing.27Gag.73N QW, two-layer staggered
21-A Ing.32Gag s N/14-A Ing 16Gag.s4N QW, and three-layer staggered
7-AIng.16Gag g4 N/21-A Ing 30 Gag 65 N/7-A Ing 16 Gag g4 N QW emitting at
~540 nm as a function of the total current density.

VII. IMPACTS OF AUGER RECOMBINATION ON RADIATIVE
EFFICIENCY OF InGaN QW LEDs

The Auger recombination rate in wide bandgap III-Nitride
semiconductor is predicted to be significantly lower, in com-
parison to that of monomolecular and radiative recombina-
tion rates. Recent theoretical studies predicted Auger recom-
bination coefficients in the range of C'=3.5 x 1073 cm%/s
[23] up to C'=0.9-1 x 10732 cm®/s [24]. However, it is
important to note that recent experimental studies have in-
dicated the possibility that the Auger recombination coeffi-
cient in thick InGaN/GaN double heterostructure active regions
(dactive = 10=77 nm) is in the range of C' = 1.4 x 10739 cmb/s
up to C' =2 x 10739 c¢mb/s [25]. Further studies are still re-
quired to clarify and confirm the Auger coefficients (Cayger)
for InGaN/GaN QW system, due to the large discrepan-
cies from the reported Auger coefficients in the literatures
[23]-[25].

In the radiative efficiency studies presented in Section VI, we
specifically did not take into account Auger processes in the
analysis. However, in this section, we will present the radiative
efficiency analysis of the staggered InGaN QW by taking into



ZHAO et al.: DESIGN ANALY SIS OF STAGGERED InGaN QUANTUM WELLS LIGHT-EMITTING DIODES AT 500-540 nm

Ing 14Gag ggN/Ing ;Ga, 7N/Ing 1,Gag gsN QW
== =1Ing,5Ga, ;sN QW

e 2
o N

W gk

e '\\-‘l’ t:;iuger=2x1o.33

Radiative Efficiency
99 9 O
N W A O

o1 -
0k
0 50 100 150 200 250
Total Current Density (A/cm?)
0.6
—Ing.16Ga0,g4N/INg 3Gag 65N/INg 16Gag gsN QW
= 0.5 | —~~Ingx;Gag ;3N QW
1)
< (b)
:g 0.4
i
0 0.3
2
©
SEZL AT T e
© P
14
0.1 ,
0 N Caget2a0T
0 50 100 150 200
Total Current Density (A/lcm?2)
Fig. 14. Radiative efficiency for (a) conventional 30-A Ing.o5Gag 75
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emitting at ~540 nm as a function of total current density. The analyses take
into account Auger coefficient from C' = 2 x 10733 ¢cm®/s (lower limit) up to
C =2 x1073! cm®/s (upper limit).

account both the upper limit and lower limit of the reported
Auger coefficients.

Fig. 14(a) [and Fig. 14(b)] shows the radiative efficiency of
the 500 nm (and 540 nm) emitting InGaN QW active regions
for various design by taking into account C' = 2 x 10733 cm®/s
(lower limit) up to C' = 2 x 1073 cm/s (upper limit). As the
analysis presented in Fig. 14(a) and (b) are intended to illustrate
the trends in the radiative efficiency characteristics of staggered
InGaN QWs by taking into account the Auger recombination
process, we provide the comparison studies for the optimized
three-layer staggered InGaN QW and conventional InGaN QW.
The inclusion of the lower limit Auger coefficient modifies the
radiative efficiency relation very slightly, and the radiative effi-
ciency relation appears to be relatively similar to that computed
in Fig. 13(a) and (b). However, for the case of upper limit
Auger coefficient, the significantly larger Auger recombination
rate results in relatively low radiative efficiency at high current
injection level for both 500 nm and 540 nm emitting InGaN
QWs. The use of staggered InGaN QW results in improvement
in radiative efficiency for all Auger coefficients is considered
here.

Our analysis indicated that the use of staggered InGaN QW
active regions with enhanced radiative recombination rate is sig-
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nificantly more important, in the event that Auger recombination
coefficient is large in InGaN QW. The Auger process follows
~ N3 relation, thus the nonradiative processes will be dominant
as the carrier density in the QW increases.

VIII. SUMMARY

In summary, two-layer and three-layer staggered InGaN QW
active regions were investigated for LEDs at 500- to 540-nm
spectral range. Comprehensive design studies were carried out
by employing self-consistent 6-band k-p band structure model,
taking into consideration valence band mixing, strain effect,
spontaneous and piezoelectric polarization, and carrier screen-
ing effect.

From our studies, the radiative recombination rate and ra-
diative efficiency of staggered InGaN QWs are expected to be
significantly enhanced, in comparison to those of conventional
InGaN QW. The increase in radiative recombination rate and
radiative efficiency obtained in staggered InGaN QWs active
region is a result of the enhanced electron-hole wave function
overlap in these QW structures. The use of three-layer staggered
InGaN QW is also expected to enable design with improved
overlap in comparison to that of two-layer staggered InGaN
QW. The use of staggered InGaN QW structures with enhanced
radiative recombination rate is important for improving radia-
tive efficiency of green LED devices. Although the optimization
studies focused on optimization of LED active region, the stag-
gered InGaN QW active region has the potential for achieving
high optical gain for laser applications.
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