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Self-Consistent Analysis of Strain-Compensated
InGaN-AlGaN Quantum Wells for Lasers and

Light-Emitting Diodes

Hongping Zhao, Ronald A. Arif, Yik-Khoon Ee, and Nelson Tansu

Abstract—Strain-compensated InGaN-AlGaN quantum wells
(QW) are investigated as improved active regions for lasers and
light emitting diodes. The strain-compensated QW structure
consists of thin tensile-strained AlGaN barriers surrounding the
InGaN QW. The band structure was calculated by using a self-con-
sistent 6-band k - p formalism, taking into account valence band
mixing, strain effect, spontaneous and piezoelectric polarizations,
as well as the carrier screening effect. The spontaneous emis-
sion and gain properties were analyzed for strain-compensated
InGaN-AlGaN QW structures with indium contents of 28 %, 22 %,
and 15% for lasers (light-emitting diodes) emitting at 480 (500),
440 (450), and 405 nm (415 nm) spectral regimes, respectively.
The spontaneous emission spectra show significant improvement
of the radiative emission for strain-compensated QW for all three
structures compared to the corresponding conventional InGaN
QW, which indicates the enhanced radiative efficiency for light
emitting diodes. Our studies show the improvement of the optical
gain and reduction of the threshold current density from the use
of strain-compensated InGaN-AlGaN QW as active regions for
diode lasers.

Index Terms—Diode lasers, gain media, InGaN QW, light-emit-
ting diodes (LEDs), self-consistent optical gain, strain-compen-
sated quantum-well (QW) lasers, threshold current density.

I. INTRODUCTION

HE InGaN-based visible light emitting diodes and lasers

have gained considerable attention due to prospective
applications in medical diagnostics, optical storage, full color
display, and solid state lighting. Conventional III-Nitride gain
media emitting in the visible regime is mainly based on the
type-I InGaN quantum well (QW) with GaN barriers [1]-[5].
One of the major challenges that prevent high performance
InGaN-GaN QW is the large spontaneous and piezoelectric
polarization in the QW, which induces the low electron and
hole wave functions overlap (Ie_nn), especially for QW with
high indium content and thick QW active layer. Recently,
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several approaches have been proposed to suppress the charge
separation effect in InGaN QW active region, as follow 1)
nonpolar InGaN QW growth [6]; 2) the use of §-AlGaN layer
in InGaN QW [7], [8]; 3) staggered InGaN QW [9], [10]; and
4) type-1I InGaN-GaNAs QW [11].

Another important limitation for the conventional type-I
InGaN QW structure is the high threading dislocation density
in III-Nitrides induced by large lattice mismatch between
InGaN and GaN. Recently, we have proposed the use of
strain-compensated InGaN-AlGaN QW structure employing
thin (~1-nm) tensile-strained AlGaN barriers to surround
the compressively strained InGaN QW [12], [13]. The use of
strain-compensated InGaN-AlGaN QW was proposed previ-
ously [12], and the analysis taking into account of the carrier
screening was presented in [13].

In this work, we present a comprehensive analysis of sponta-
neous emission, gain properties, and threshold current densities
for strain-compensated In,Ga;_,N-Al,Ga;_yN QW struc-
tures emitting in the 400—500 nm spectral regimes. The spon-
taneous emission, optical gain properties, and threshold current
densities of the strain-compensated In,Ga;_,N-Al,Ga;_,N
QW were compared with those of the conventional (uncompen-
sated) In,Ga;_,N-GaN QW. The analysis took into account
energy dispersion by using the 6-band k - p model, taking into
account the strain, polarization fields, and carrier screening.
The detailed theoretical and numerical model to analyze the
self-consistent model are also presented and discussed. The
studies focused on 1) the optimization of the strain-compen-
sated QW lasers and LEDs emitting in the green spectral regime
by using Ing 2sGag 7oN-Alg 2Gag sN QW active region, and
2) comparison studies of In,Ga;_,N-Al,Ga;_,N QW with
various In-contents for active regions emitting in the ultraviolet,
blue, and green regimes. The compositions of the In-contents
studied here range from 15%, 22%, up to 28%, corresponding
to active regions emitting in the wavelengths of 405 (415), 440
(450), and 480 nm (500 nm) for lasers (light emitting diodes)
applications.

The use of tensile barriers to surround compressively strained
QW leads to a strain-compensated structure, which leads to
a reduction in the strain energy and strain-misfit dislocation
density inside the compressively strained QW. Similar con-
cept of strain-compensated QW had also been previously
applied for InGaAsN QW and InGaAs QW active regions by
employing tensile GaAsP barriers, resulting in high-perfor-
mance 1200-1400 nm emitting diode lasers on GaAs substrate
[14]-[16]. The use of tensile AlGaN barriers surrounding the
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compressively strained InGaN QW leads to strain-compen-
sated InGaN-AlGaN QW active regions. By reducing the
strain-misfit dislocation density in the strain-compensated QW,
the defect nonradiative recombination process will be sup-
pressed leading to a reduction of nonradiative recombination
current density in QW.

On the other hand, the use of larger bandgap barriers of
AlGaN also leads to improved carrier confinement in the InGaN
QW [17], which is important for achieving high performance
LEDs and lasers operating at high temperature [18]-[20]. The
use of InGaN-AlGaN QW has resulted in improvements in
photoluminescence and radiative efficiency of 400-nm emit-
ting LEDs by ~2-times [17]. The improvements were mainly
attributed to the improved carrier confinement in the QW [17].
In addition to the improved carrier confinement in QW [17],
however, our finding (Section VI) indicates that the improve-
ment in the radiative efficiency of the strain-compensated
QW LEDs can also be attributed to its improved spontaneous
emission radiative recombination rate (Rs,) by 50-80% for
carrier densities (n) in the range of 2 — 10 x 10'® cm™3. In
this work, we specifically address the spontaneous emission
characteristics and optical gain properties of the strain-com-
pensated InGaN-AlGaN QW active regions, and its feasibility
for implementation in laser diodes.

The concept of strain-compensated InGaN-AlGaN QW will
be introduced in Section II. The theoretical and numerical for-
mulation of the analysis including the self-consistent model will
be presented in Section III, followed by the details of the band
and material parameters in Section IV. The momentum ma-
trix elements characteristics for both QW structures will be dis-
cussed in Section V. The spontaneous emission and optical gain
results will be discussed in Sections VI and VII, respectively.
The threshold analysis and feasibility of the strain-compensated
InGaN-AlGaN QW as laser active regions will be discussed in
Section VIII. In Section IX, the comparison of the spontaneous
emission and gain properties with different indium (In) contents
will be discussed.

II. STRAIN-COMPENSATED InGaN-AlGaN QW

Fig. 1 shows schematics of strain-compensated
In,Ga;_N-Al,Ga;_,N QW structure. The lattice constant of
In,Gaj_.N is larger than that of the GaN, which induce the
compressive strain in the QW. By utilizing the Al,Ga;_,N
barrier, which has smaller lattice constant than GaN, the tensile
strain in the AlGaN layers help to compensate the compressive
strain in the QW. This paper will analyze the following three
structures: 24-A Ing 15GaggsN QW (Aaj/a ~ +1.68%),
24-A Ing2»Gag7sN QW (Aa/a ~ +2.46%), and 24-A
Ing.28Gag.7oN QW (Aa/a ~ +3.13%). In the corresponding
strain-compensated QW structures, we employ thin 1-nm
Alp 2Gag gN barriers (Aa/a ~ —0.47%) surrounding the
InGaN QW. The tensile AlGaN barriers lead to the improve-
ment of the material quality, as well as the enhancement of
the electron-hole wave functions overlap (I._p5). In addition
to improved radiative recombination rate and gain from the
enhanced overlap I._pn, the larger conduction (AE.) and
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Fig. 1. Schematics of strain-compensated InGaN-AlGaN QW structure with
compressively strained InGaN QW and tensile AlGaN barriers.
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Fig. 2. Self-consistent band lineups of (a) conventional 24-A

Ing 25Gag. 7o N-GaN QW and (b) strain-compensated 24-A
Ing. 25 Gag 7oN-Alg 2Gag sN QW for carrier density (n) = 6 x 10° cm=3.

valence (AE,) band offsets provided by the tensile AlGaN
barrier layers lead to suppression of carrier leakage from the
QW active region in particular for high temperature operation.

Fig. 2 shows the energy band diagrams for the conven-
tional 24-A Ing 28Gap 72N QW and strain-compensated 24-A
Ing 28Gag 7oN-Alp 2Gag sN QW active region with carrier
density (n) calculated at n = 6 x 101 cm™3. As shown in
Fig. 2, the band lineups (solid line) for both conventional and
strain-compensated structures were calculated by taking into
account the carrier screening effect. Our study shows that the
carrier screening effect should be taken into account especially
for carrier density at n = 2 x 10'® cm™2 and higher, which is
important primarily for diode laser operation. The band lineups
are flattened due to the carrier screening effect in the QW,
which will induce the blue shift of the emission wave length
and enhance the electron—hole wave functions overlap. For
low carrier density (n < 1 x 10 ¢cm™3) in LED devices, the
carrier screening effect is less prominent and can typically be
neglected in particular for n < 5 x 10'® cm=3.

The spontaneous emission and optical gain properties
were calculated by considering the energy band dispersion of
the wurtzite semiconductor under a 6-band k - p formalism
[21], [22]. The studies indicate the spontaneous emission
and material gain are enhanced for the strain-compensated
InGaN-AlGaN QW, resulting in a reduction in its threshold
current density.
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III. THEORETICAL AND NUMERICAL FORMALISMS

The calculation of the electron and hole wave functions is
based on a 6-band k - p formalism for the band structure of
wurtzite semiconductors [21], [22]. The numerical model takes
into account the valence band mixing, strain effect, spontaneous
and piezoelectric polarization, as well as the carrier screening
effect. Because of the large bandgap of the III-Nitride materials,
the coupling between the conduction and valence bands is ne-
glected. In our current model, many-body Coulomb effects [23]
and inhomogeneous broadening of In-content [4] in the QW are
not taken into account. The theory discussion here follows the
treatment developed in [13] and [22], and the theory develop-
ment is presented for completeness. The electron energy bands
are assumed to be parabolic. The hole energy bands are com-
puted via 6 x 6 diagonalized k - p Hamiltonian matrix [21],
[22], as follows:

H, 5 (k) 0

where HY, ; and HL, ; are 3 x 3 matrices defined as

F K, —iH,

HY = | K, G A —iH, )
|iH, A+iH, A
[ F K, iH,

HY=| K, G A+iH, | . (3)
| —iH, A—iH, A

The matrix elements contain the general expressions for a
strained wurtzite semiconductor are shown as follows:

F=Ay+Agt A48, G=A,—Ag+A+0 )
?-2

A= (Ayk2+ Agk?) + Dyesst Da(esateyy)  (5)
2m0
hz

6:%(A3kz+A4k?)+D3€ZZ+D4(€ZZ+5yy) (6)
0

h? h?
Ky=——Aski, Hy=——Askik., A=vV2A; (7)
2m0 2m0

where the strain parameters are related to lattice constant mis-
match of the QW and barrier layers as follows:

apg— a
Exx =Eyy = T (8)
2C43
€22 = — 5 Ea=x (9)
Cs3
Epy =Eyz =€, =0 (10)

with ap and a as the lattice constants of the GaN barriers and
InGaN well layer, respectively. Ci3 and Cs3 are the stiffness
constants of the InGaN well layer.

The magnitude of the in-plane wave vector in the k, — k&,

k2 4 k2. Note that the pa-
rameter A is the crystal-filed split energy, and the parameters
Ay and Ajz account for the spin-orbit interaction. The Als are
the effective mass parameters, and the D} s are the deformation

plane can be expressed as k; =
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TABLE I
MATERIAL PARAMETERS FOR GaN, AIN, AND InN. THE VALUES ARE TAKEN
FrOM [29] AND [30]

Parameters GaN AIN InN
Lattice constant (A)
a 3.189 3.112 3.545
c 5.185 4.982 5.703
Energy Parameters
Eg(eV)at300 K 3.437 6.00 0.6405
A1(=Ag) (V) 0.010 -0.227 0.024
A1=A= Aso/3 (eV) 0.00567 0.012 0.00167
Conduction-band effective
masses
my, /mg at 300K 0.21 0.32 0.07
m."/mg at 300K 0.20 0.30 0.07
Valence-band effective mass
parameters
Ap -7.21 -3.86 -8.21
A2 -0.44 -0.25 -0.68
A3 6.68 58 7.57
Ag -3.46 -1.32 -5.23
As -3.40 -1.47 -5.11
Ag -4.90 -1.64 -5.96
Deformation potentials (eV)
ac; (eV) -7.1 -3.4 -4.2
ac (V) -9.9 -11.8 -4.2
Dy (eV) -3.6 -2.9 -3.6
D3 (eV) 1.7 4.9 1.7
D3 (eV) 5.2 9.4 52
Dy (eV) -2.7 -4.0 2.7
Elastic stiffness constants
C11(GPa) 390 396 223
C12(GPa) 145 137 115
C13(GPa) 106 108 92
C33(GPa) 398 373 224
Piezoelectric coefficients
di3 (pmVY -1.0 2.1 3.5
d33 (pmV-1) 1.9 5.4 7.6
Spontaneous Polarization
Psp (C/m?) -0.034 -0.090 -0.042

potentials. These parameters are listed in Table I for the case of
relevant binary alloys (GaN, InN, and AIN).

The numerical model also takes into account the electric field
resulting from the spontaneous (Psp) and piezoelectric (Ppz)
polarization fields. The spontaneous polarization uses the linear
interpolation [24], and the piezoelectric polarization can be ex-
pressed as follows [25]:

2C%
PPZ = 2d31 <011 + 012 - 13) Exx (11)

Cs3
where d3; and C’s are piezoelectric coefficient and elastic stift-
ness coefficients, respectively.

The existence of both built-in polarization fields in wurtzite
[II-Nitride semiconductors leads to energy band bending. The
electrostatic fields in each layer (jth) as a result of total polar-
ization fields can be expressed as [24]

Zlkpk/gk — szlk/gk
E: = k k
! gj 2 lk/er
k

12)

where P is the total macroscopic polarization, ¢ is the static di-
electric constant, and [ is the thickness of each layers (kth, jth).
The subscripts k£ and j correspond to the kth and jth layers.
To ensure zero average electric field in the layers, note that the
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electric field expression in (12) needs to satisfy the periodic
boundary conditions as follows [24]:

ZlkEk =0
-

where the summation (k) consists of all layers including the QW
active regions and barrier regions.

By using the calculated envelop functions, the optical transi-
tion matrix element relating nth-state in conduction band and
mth-state in valence band can be computed by the following re-
lations:

e TE-polarization (Z or ¥ polarization)

|(Mz)im(kt)|22
_ M : {<¢nlgﬁi)>2 + <¢nlg£3)>2} foro=U

= —|<S|p1|X>|2 {<¢n| > +<¢ |q(5)> } foro = L.
(14)

13)

* TM-polarization (Z polarization)

2) 2

08z = B (laf?) toro =v
2 2

_ |<S|pZ|Z>| '<¢>n|g,(f)> for o — L

5)

where ¢,, and g,, are conduction and valence band confined
states, respectively. The upper and lower Hamiltonian blocks
are indicated by ¢ = U and o = L, respectively. In our calcu-
lations here, the linewidth broadening time (7) is assumed to
have Lorentzian shape with 7g = 0.1 ps. The details of the ma-
terial parameters utilized in the calculation are listed in Table I.

Based on the Fermi’s Goden rule, the spontaneous emission
rate for TE (e = z) or TM (e = z) polarizations can be ob-
tained by taking into account all interband transitions between
nth conduction subbands and mth valence subbands as follows:

2q7r

gap () = nrceomw Ly, zU:Lz:/ ktdkt on (k)1
etk (1 “muct)Z) 0 e
(Egvnm(kt) — hw)” 472

The optical gains for the TE (¢*F) and TM (g™™) polarizations
are related to the spontaneous emission rate, as follows:

hw — AF
)=y ) L - e (P2 ) | ama

hw — AF
7o) = 0|1 - e (2 2EY ] am

Our analysis indicates that the TM-polarized optical gain (g™™)
is negligible for the case of compressively strained InGaN QW,
similar to the finding in [22]. Thus, the optical gain of the com-
pressively strained InGaN QW systems is found as dominantly
TE-polarized.

Note that the parameter AF' is the separation of the quasi-
Fermi levels of electrons (F,.) and holes (F,,). The parameter
AF can be expressed as AF' = F. — F,, which depends on the
injection carrier densities (n and p) shown as follows:

kdk
-1 z/t 19
kdk )

Note that the f¢(k;) and f2,,,(k:) are the Fermi-Dirac distribu-
tion functions for the electrons in conduction band and valence
band, given as follows:

1
falke) = v, (20)
1+ exp (_En(kk;)quc)
1
f;)m(kt) = Ev k,)—F. . (21)
1 +exp (7"‘”};; )

For the calculation of the spontaneous emission rate, we took

into account both the TE and TM polarizations. The total mo-

mentum matrix element is the average of two TE-polarization

components and one TM-polarization component [22], which

can be expressed as follows:

21 2 2

IMap|” = 3 (2AM[* + M. [?) . (22)

The total spontaneous emission rate per unit volume per unit
energy interval (s~! cm=3 eV_l) can be written as follows:

w? 2 (203, +9%)

PN E = hiw) = 2hc2 3

(23)
The total spontaneous emission rate per unit volume

(s7! ecm™?) is obtained by integrating the (23) over the
entire frequency range as follow [27]

/ spon hw )
0

Thus, the radiative recombination current density (A/cm?) is
defined as [27]

(24)

Jrad = qdRsp- (25)

In the calculations of the spontaneous emission spectra and
optical gain for polar semiconductors (i.e., [nGaN QW), it is
important to include all possible transitions between electron
and hole confined states in the QW. As the polarization field-in-
duced band bending in the III-Nitride QW leads to the breaking
of the orthogonality condition between states with different
quantum numbers, e.g., E{ — Egh, ES — E{Lh, and so on;
transitions between such states—which are traditionally ‘for-
bidden’ in nonpolar semiconductors—may have an appreciable
transition probabilities as indicated by the nonzero values of
their matrix elements, and therefore have to be included in the
calculation [26].
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The calculations of the eigen energies and wave functions in
our analysis here are based on a self-consistent model by solving
the Poisson equation [27] expressed as follows:

2 (Zee) = e
(97;687; DA

where the term V. incorporates the potential function including
the effect of the spontaneous and piezoelectric polarizations,
and p(z) is the charge distribution given by

p(z) = le| [p(2) = n(2)] .

Note that the electron and hole concentrations are related to the
wave functions of the nth conduction subband [¢,,(z)] and the
mith valence subband [g,,, ()] as well as their corresponding sur-
face electron concentration (V,,) and surface hole concentration
(Py,) as follows:

(26)

27

n(z) =Y ln(2)[* Ny (28)

2
p(2) =Y lgm(2)]* Pon. (29)
m
The surface electron concentration in the nth conduction
band can be expressed as

(oo}

27rk‘t 1
A%__2/n@WP]-+dEw@0—EVk5F

dky (30)

and the surface hole concentration in the mmth valence band is
given by

i 27l'k't 1
P, = 2/ (27[')2 14+ elFo—Enpm (ki)]/kpT
0

dk,.  (31)

The inclusion of self-consistent electrostatic potential V.(z)
will modify both the total potential profiles for electrons [U, ()]
and holes [Uy(z)] as follows:

Ue(2) =Up(2) = le|Vie(2)
Un(2) = Ug (2) = le]Vae(2)-

(32)
(33)
Thus, the self-consistent Schrodinger equations taking into

account the carrier screening effect for electrons and holes can
be expressed as follows:

K2 d?
UG 60 =Bk G

R
{ﬁz@ + Uh(z)} 9(z) = Epg(2). (35)

The numerical flow chart to compute the spontaneous
emission and optical gain of III-Nitride semiconductor nanos-
tructure is shown in Fig. 3. Based on the general formalism
for the calculation of the band structure for semiconductor
heterostructure/nanostructure (i.e., quantum well or quantum
dots systems), finite difference method is used to solve the
Schrodinger equations similar to the treatment in [28]. The
spatial interval for the finite difference method is 1 A. The
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Fig.3. Numerical flow chart of the simulation process for self-consistent model
of 6-band k - p for wurtzite semiconductor QW active region.

band-edge potential has to be solved self-consistently due to the
interdependent of the carrier distribution and band-edge poten-
tial. Therefore, a closed loop is formed to solve the Schrodinger
equations and Poisson equation alternately until the eigen
energy converges. Then the wave functions are simultaneously
solutions for both Schrodinger and Poisson equations. In the
self-consistent calculation, the convergence condition is set
such as the error of the eigen energy converge to less than 0.1%,
which requires 15 up to 20 iterations for each carrier density
computation.

IV. BAND STRUCTURE AND PARAMETERS

The in-plane valence band dispersions of both the
conventional InGaN-GaN QW and strain-compensated
InGaN-AlGaN QW structures were calculated from (1)—(13)
using the parameters of GaN, InN, and AIN shown in Table I
[29], [30]. The bowing parameters to calculate the bandgap for
InGaN and AlGaN are 1.4 eV and 0.8 eV, respectively. Other
parameters for the ternary alloys (AlGaN, InGaN) use linear
interpolation of the binary alloy (InN, GaN, AIN) parameters.

Fig. 4 shows the band-edge valence band structures for
the conventional and strain-compensated structures, which
were calculated self-consistently at the carrier density level
6 x 1019 cm—3. First, for both the conventional and
strain-compensated QW structures, the HH and LH bands near
the band edges have very similar effective masses. While far
away from the zone center, the HH band has a heavier effective
mass than that of the LH band. By comparing Fig. 4(a) and 4(b),
the heavy hole and light hole subband energies will be very

n =
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Fig. 4. Valence band structure for the (a) conventional
Ing »5Gag. 7o N—-GaN QW and (b) strain-compensated
Ing 25Gag.72N-Alp 2Gag sN QW  with free-carrier screening.
carrier density is 6 X 10'° cm~3.

close for both InGaN QW structures. The density of states of
the heavy hole subbands will be much larger than that of the
light hole subbands, in particular for the strain-compensated
QW structure. Second, the HH1 and LH1 subbands shift up in
the strain-compensated structure, and the energy separation be-
tween n = 1 and n = 2 is larger compared to the conventional
structure.

V. MOMENTUM MATRIX ELEMENTS CHARACTERISTICS

The (14) and (15) describe the momentum matrix ele-
ments for TE polarization and TM polarization, respectively.
Fig. 5(a) and 5(b) show the dispersion relation of the square
of the momentum matrix elements (Mw)ﬁm(k:t) for TE-polar-
ization as a function of the in-plane wave vector k; for con-
ventional Ing 28Gag 7oN-GaN QW [Fig. 5(a)] and strain-com-
pensated Ing 2gGag 7oN-Alp 2Gag sN QW (Fig. 5(b)) with
transitions between CI1-HH1, C1-LH1, C1-HH2, C1-LH2,
C2-HHI, C2-LHI, C2-HH2, and C2-LH?2 at carrier density of
n =3 x 109 cm™3.

By comparing the transition matrix elements among all the
confined state transitions, the C1-HH1, C1-LH1, C1-HH2, and
C1-LH2 transitions are comparatively strong, which contribute
dominantly to the spontaneous emission rate. The C2-HHI,
C2-LH1, C2-HH2, and C2-LH2 transition matrix elements
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Fig.5. Square of momentum matrix elements as a function of the in-plane wave
vector k; in the TE-polarization for (a) conventional 24-A Ing 28 Gag.7oN-GaN
QW and (b) strain-compensated 24-A Ing 25Gag 72N-Aly 2Gag sN QW. The
carrier density is 3 x 10!° cm~3.

for both structures are comparatively weaker. Note that the
strain-compensated structure shows stronger transitions for the
C1-HHI, C1-LH1, C1-HH2 and C1-LH2 as compared to those
of the conventional InGaN-GaN QW structure.

Fig. 6(a) and 6(b) show the relation of (Mm)rzlm(kt) atk; =0
as a function of the carrier density. Note that the transition ma-
trix element at the zone center (k; = 0) between the conduc-
tion band and heavy-hole subband is similar to that between the
conduction band and light-hole subband. From the comparison,
as the carrier density is increasing, the (Mm)%m(kt = 0) in-
crease for C1-HH1, C1-LH1, C1-HH2, C1-LH2, C2-HH1 and
C2-LHI1 transitions. However, the C2-HH2 and C2-LH2 ma-
trix elements decrease, as the carrier density increases. Note
that the dominant terms of the matrix element square at zone
center (k; = 0) of the strain compensated InGaN-AlGaN QW
(C1-HH1, C1-LH1, C1-HH2 and C1-LH2), which contribute to
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Ing 25Gag.72N-Aly 2Gag sN QW.

the spontaneous emission rate, are larger than those of the con-
ventional InGaN QW structure.

VI. SPONTANEOUS EMISSION CHARACTERISTICS

Following (16) and (23), the spontaneous emission spectra
for both conventional Ing 2sGag 7oN-GaN QW and strain-com-
pensated Ing 28 Gag 7o N-Aly o Gay sN QW were calculated from
low carrier density (n = 2 x 10'® cm™=2) up to high carrier den-
sity (n = 6 x 10 cm™3) at T = 300 K, as shown in Fig. 7
and Fig. 8. Note that the carrier densities (n) refer to the den-
sities of the injected carrier that recombines radiatively in the
QW active region. For the low carrier density regime ranging
fromn =5 x 10" cm™2 up to n = 10 x 10'® cm—2 (Fig. 7),
the peaks of the spontaneous emission spectra for both conven-
tional QW and strain-compensated QW exhibited slight blue-
shift, which can be attributed primarily from the state filling
effect (for n < 1 x 10'® cm™3). The spontaneous emission
spectra for the strain-compensated QW structure are enhanced
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QW and strain-compensated 24-A Ing .sGag.72N-Alg 2Gag sN QW for
n=2x10®cm 2upto6 x 10° cm~3.

by 50-60% for low carrier density regime in comparison to
those of the conventional structure.

In Fig. 8, the spontaneous emission spectra are compared for
conventional and strain-compensated QW structures at high car-
rier density regime (from n = 2 x 10 cm™3 up to n =
6 x 10'? cm—2). In contrast to Fig. 7, the peaks of spontaneous
emission spectra in Fig. 8 show large blue shifts for both con-
ventional and strain-compensated QW structures for increasing
carrier density, and these blueshifts can be attributed to the en-
hanced carrier screening effect for high carrier density opera-
tion. In the high carrier density regime, the peak spontaneous
emission spectra of the strain-compensated InGaN-AlGaN QW
structure are found to be approximately 20-50% higher than that
of the conventional QW.

Figs. 9(a) and 9(b) illustrate the spontaneous emission radia-
tive recombination rate per unit volume ( Ry,,) of strain-compen-
sated 24-A Ing 08Gag 79N-Aly oGag sN QW and conventional
24-A Ing.28Gag.7oN-GaN QW plotted against carrier density
(n), for the low carrier density (n = 2 x 10'® cm™3 up to
10x 10'® cm~3) and high carrier density (n = 2x 10'® cm~3 up
to 6 x 10'? cm™—?) regimes, respectively. The spontaneous emis-
sion radiative recombination rate per unit volume (Rsp,) can be
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Fig. 10. Ratio of spontaneous emission radiative recombination rate (R, ) for
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24-A Ing.5Gag.7oN-GaN QW as function of carrier density at temperature of
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6 x 109 cm=3.

obtained from (24). Fig. 10 shows the ratio of the spontaneous
emission radiative recombination rate (Rsp) for strain-compen-
sated 24-A Ing.2sGag.7oN-Alg.2Gag sN QW and conventional
24-A Ing.05Gag 7oN-GaN QW as function of carrier density at
temperature of 300 K, for carrier density n = 2 x 10'® cm=3
upton = 6 x 1019 cm—3.
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Fig. 11. TE-polarized optical gain spectra of strain-compensated 24-A
Ing.25Gag 72 N-Aly 2 Gag s N QW and conventional 24-A Ing »25Gag 7o N-GaN
QW for carrier density (n) from 3 x 10*° cm~2 up to 6 x 101° cm—3.

The typical carrier density for LED operation ranges from
2—-5x 108 cm—3 uptol X 109 cm—3 [31]-[33]. As shown
in Figs. 9(a) and 10, the strain-compensated QW exhibited
50-60% enhancement of the radiative recombination rate for
the low carrier density regime of n = 2 x 10'® cm™2 up to
n = 10 x 10'® cm~3. Thus, the significant enhancement of
the spontaneous emission radiative recombination rate for the
strain-compensated QW will lead to a significant improvement
in the radiative efficiency of the LEDs.

For laser operation, the typical threshold carrier density
of InGaN QW lasers ranges from 3.5 x 10 cm=3 up to
7 x 101 cm ™3 [34]. As shown in Figs. 9(b) and 10, for the case
of n = 3x10¥ em™3 (n = 5x10'? cm~2), the strain-compen-
sated InGaN QW structure exhibits approximately 37% (25%)
higher spontaneous emission radiative recombination rate of
Ryp = 8.9%x10%¢ s7Lem™3 (R, = 2.73x10%7 s~ cm~3) than
that of the conventional one of Ry, = 6.5 X 1026 =1 cm—3
(Rsp = 2.19 x 10?7 s7! cm~3). The improvement of the
spontaneous emission rate by using the strain-compensated
InGaN-AlGaN QW is due to the better carrier confinement of
the AlGaN barriers, which induce the higher electron and hole
wave function overlap. The enhancement of the spontaneous
emission rate indicates that the strain-compensated structure
can be applied for LEDs with higher radiative efficiency.

VII. OPTICAL GAIN CHARACTERISTICS

By using the (16) and (17.a), the TE optical gain spectra
were calculated self-consistently for both conventional and
strain-compensated structures. Fig. 11 shows the comparison
of gain spectra for both structures at carrier densities from
3 x 10 cm™3 up to 6 x 1019 cm~3 at T = 300 K. The optical
gain is enhanced by using the strain-compensated structure. As
the increase of the carrier density, the peak of the gain spectra
for both structures shift to the shorter wavelength due to the
carrier screening effect.

Fig. 12 shows the peak optical gain for both conventional and
strain-compensated structures. The transparency carrier densi-
ties (ny-) for both conventional and strain-compensated QW
structures are relatively similar in the range of ny. ~ 1.5 X
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10 cm—3. The strain-compensated QW structure exhibited in-
crease in the peak optical gain for carrier density (n) above trans-
parency, in comparison to that of conventional QW. For example
in the relatively high carrier density regime n = 5 x 1019 cm=3
(near threshold condition), the peak optical gain of the strain-
compensated 24-A Ing 28Gag 72N-Aly.oGag sN QW structure
exhibited peak material gain (gp) of 1629 cm~!, which cor-
responds to improvement of 23.3% in comparison to that of
conventional 24-A Ing 28Gag.7oN-GaN QW structure (g, =
1321.7cm™ !, for n = 5 x 1019 cm™3).

The differential gain of strain-compensated QW is found to
be optimum (dg/dn = 5.48 x 10717 cm?) at carrier density
n = 3.0 x 1019 cm™3, which is approximately 29.2% higher
than that of conventional QW (dg/dn = 4.24 x 10717 cm?).
For the case without considering screening effect, the maximum
differential gain is found at near transparency condition. How-
ever, for the case taking into consideration the screening effect,
the optimum differential gain exhibits low dg/dn at near trans-
parency due to the ‘softer’ transparency condition. It is impor-
tant to note here by using the strain-compensated structure, the
optical gain and differential gain are improved compared to the
conventional structure, which leads to the reduction of the non-
radiative recombination current density (the detail will be dis-
cussed in Section VIII).

VIII. RADIATIVE CURRENT DENSITY AND THRESHOLD
CURRENT DENSITY ANALYSIS

To study the feasibility of strain-compensated InGaN-AIGaN
QW as active region for diode lasers application, we employed
a laser structure with single QW as active region similar
to the structure reported in [35]. The active region of 24-A
Ing.28Gag.7aN-Alg.2Gag sN QW is implemented as the active
region of the laser structure for emission in the 480-nm regime.
The optical confinement (I,,;) and internal loss («;) are 0.01
(1%) and 8.6 cm™!, respectively. The laser cavity length is
assumed as 650 pm with end facets reflectivities of 95% and
56%, which correspond to mirror loss o, = 4.85 cm~ !,
The threshold gain (g¢n) required for lasing is estimated as
gtn ~ 1345 cm™!. From the peak gain—carrier density rela-
tion in Fig. 12, the threshold carrier density (n.},) required to
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achieve threshold condition for the strain-compensated QW
is ngp = 4.4 x 10'® cm™3, which corresponds to ~13.7%
reduction compared to that (ng, = 5.1 x 1019 cm™3) of the
conventional InGaN-GaN QW structure. It is important to note
that the reduction in the threshold carrier density is important
for minimizing the nonradiative recombination rate, which in
turn will lead to reduction in the nonradiative component of the
threshold current density.

The radiative recombination current density (Jgaq) for the
QW can be obtained from (25). From the calculated mate-
rial gain (Fig. 12) and radiative spontaneous emission rate
[Fig. 9(b)], the relation of material gain (g,) versus radiative
current density (Jraq) can be obtained as shown in Fig. 13.
Note that the strain-compensated QW exhibited higher differ-
ential gain resulting in lower threshold carrier density (Fig. 12),
however both conventional and strain-compensated QW ex-
hibited relatively similar g, versus Jraq relation (as shown
in Fig. 13). Thus, the key advantage of the implementation
of the strain-compensated QW is the reduction in threshold
carrier density, which leads to a reduction in the threshold
current density. The total recombination mechanisms include
both the radiative and nonradiative recombination processes.
In our analysis, we only consider the monomolecular current
density (Jmono = A - n) as the nonradiative term, where A is
the monomolecular recombination constant. The Auger current
density (Jauger) component is neglected, as this recombination
is negligible for wide bandgap InGaN QW [36].

The relationships of the peak material gain as a function of
the total recombination current density (Jtotal = Jrad + Jnr) for
both the strain-compensated 24-A Ing.28Gag.7oN-Aly.2Gag gN
QW and conventional 24-A Ing 08Gag.7oN-GaN QW structures
are shown in Fig. 14. The analysis consists of QW active regions
with three different monomolecular recombination constants
[26], A=6x108s"1, A=1x10°s"tand A = 1.5x10s L.
For laser structure employing single QW with threshold gain
(gen) of 1345 cm™1, the calculated threshold current densities
for the strain-compensated QW lasers are 1120 A/cmz, 1800
A/em? and 2650 A/cm?® for the case of A = 6 x 108 s~ 1,
A =1x102s"1 and A = 1.5 x 10° s~1, respectively.
The comparisons of the threshold current densities for both
strain-compensated InGaN-AlGaN QW and conventional
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Fig. 14. Material gain versus radiative current density for conven-
tional 24-A Ing25Gap72N-GaN QW and strain-compensated 24-A
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TABLE II
THE TOTAL THRESHOLD CURRENT DENSITY (J¢h_tota1) FOR
24-A Ing.»5Gag.7oN-GaN QW AND STRAIN-COMPENSATED 24-A
Ing 28Gag.7oN-Alp 2 Gag gN QW WITH VARIOUS MONOMOLECULAR
RECOMBINATION RATES (A)

Total threshold current
density (Jtn_total) for
conventional InGaN-GaN

Total threshold current
density (Jh_totat) for strain
compensated InGaN-

Monomolecular
recombination
rate

AlGaN QW (A/cm?) QW (A/em?)
A=6x10%s"! 1120 1260
A=1x10°s"! 1800 2025
A=1.5x10° 5! 2650 3020

InGaN-GaN QW lasers are shown in Table II, for various
monomolecular recombination coefficients. Note that the
reduction of the threshold current densities observed in the
strain-compensated InGaN-AlGaN QW lasers can be attributed
to the improved differential gain and reduced threshold carrier
density, which leads to the suppression of the nonradiative
threshold current density.

It is important to note that recently Shen and co-workers [32]
found Auger recombination current density (Jauger) may play
important role in thick InGaN-GaN double-heterostructure ac-
tive regions (dactive = 10 — 77 — nm) in particular for high
carrier density operation. Note that the Auger recombination
coefficients (Cauger) in InNGaN-GaN QW system still require
further studies, due to the large discrepancies from the reported
Auger coefficients (Ca yger ) ranging from 0.9—1x 10732 cmb/s
[36] up to 1.4 — 2 x 10739 ¢cm6 /s [32]. A significant reduction
in threshold carrier density (nqy,) achievable in the strain-com-
pensated InGaN QW will be crucial for suppressing the J A uger»
as the Jauger is proportional to ~ n,‘:’h. The reduction in the
threshold carrier density (n;,) due to the use of strain-compen-
sated InGaN-AlGaN QW will correspond to ~44.3% reduction
in Auger current density at threshold (Jin_auger)-

IX. STRAIN-COMPENSATED InGaN-AlGaN QWS WITH
VARIOUS INDIUM CONTENTS (15%, 22% 28%)

The spontaneous emission and optical gain properties for
both conventional In,Ga;_,N-GaN QW and strain-compen-
sated In,Ga;_,N-Alp2GagsN QW structures are studied
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Fig. 15. Ratio of spontaneous emission radiative recombination rate ( Rsp) for
strain-compensated InGaN-AlGaN QW and conventional InGaN-GaN QW as
function of carrier density at temperature of 300 K for different Indium contents
(15%, 22%, 28%).

and compared for QWs with different indium (In) contents
(x = 15%, 22%, and 28%). All the In,Ga;_,N QW active
regions studied have thicknesses of 24-A.

Fig. 15 shows the ratio of the spontaneous emission radiative
recombination rate for strain-compensated InGaN-AlGaN
QW and conventional InGaN-GaN QW for three different
In-contents. For the case of QW with lower indium content
(15%), the strain-compensated QW exhibited improvement
up to ~80% in the low carrier density regime compared to
the conventional QW. However, the improvement reduces to
~20% for near threshold condition (n = 3 x 109 cm™3).
As the indium content in the QW increases from 15% up to
28%, the improvement of the spontaneous emission rate for
the strain-compensated QW is reduced from ~80% to ~60%
for the low carrier density regime. However, the improvement
observed in the high In-content strain-compensated QW is
relatively high in the range of ~30%—-40% for high carrier
density regime of n = 3 — 4 x 1019 cm™3.

Fig. 16 shows the comparison of the peak material gain
for both conventional and strain-compensated structures for
different indium contents. The transparency carrier densities
(n4,) for these three cases are relatively similar in the range
of ny ~ 1.5 x 10" cm~3. However, both conventional
and strain-compensated QW structures with lower In-content
(15%) exhibit higher material gain in comparison to those
of higher In-contents (22% and 28%) QW structures. The
use of strain-compensated QW structures lead to improve-
ment in the peak material gain for all three different indium
contents in the QWs. At n = 3.5 x 10" cm™3, the strain
compensated QWs exhibited improvement of 20%, 27.9%,
33.2% for In-contents of 15%, 22%, and 28%, respectively.
The improvement in the material gain is more pronounced
in particular for the green-emitting strain-compensated QW
(In — content = 28%), due to the much improved matrix
element and carrier confinement in QW from the use of large
bandgap AlGaN barriers surrounding the high In-content
InGaN QW.
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Fig. 17 shows the differential gain (dg/dn) for both conven-
tional and strain-compensated structures as a function of in-
dium contents (15%, 22%, and 28%) at the carrier density (n) of
3 x 1019 cm~3. As the indium contents in the conventional and
strain-compensated QWs increase, the differential gains reduces
due to reduced matrix elements. However, the use of strain-com-
pensated QWs leads to increase in the differential gains, in com-
parison to those of conventional QWs. For the structure with
indium content of 15%, the differential gain for strain-com-
pensated QW is ~ 1.35 x 1076 cm?2, which indicates 13.5%
improvement as compared to that of the conventional struc-
ture (dg/dn = 1.19 x 10716 cm?). For the structure with in-
dium content of 28%, the differential gain for the strain-com-
pensated structure (dg/dn = 5.5 x 10717 cm?) is enhanced
by 29.7% compared to the conventional structure (dg/dn =
4.24 x 10717 cm?).

In Fig. 18, the threshold current densities (Jin_total =
Jih_rad + Jth_mono) are compared as a function of the indium
contents for different monomolecular recombination rates
(A=6x108s"1, A=1x10s"1,and A = 1.5 x 10% s71).
As the indium content increases from 15%, 22% up to 28%,
the threshold current density increases for both conventional
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Fig. 18. Threshold current density for strain-compensated InGaN-AlGaN QW
and conventional InGaN-GaN QW as function of Indium contents (15%, 22%,
28%) at the threshold gain of 1345 cm~*.

InGaN QW and strain-compensated InGaN-AlGaN QW. The
defect nonradiative recombination is a major concern for ni-
tride-based diode lasers, and the use of strain-compensated QW
structure will lead to reduction in the threshold current density
in particular for the case of QW with large monomolecular
recombination rates.

X. SUMMARY

In summary, this paper presents self-consistent compre-
hensive theoretical and numerical studies on the spontaneous
emission, optical gain properties and threshold analysis of
strain-compensated InGaN-AlGaN QW as active region for
lasers and LEDs with indium-contents ranging from 15%, 22%,
and 28%. Due to the tensile AlGaN barriers, the strain-com-
pensated InGaN-AlGaN structure provides a strain-balance
structure, which improves the material quality in the active
region. The higher band offset of the InGaN-AlGaN QW
structure is advantageous for high temperature operation. The
calculation of the energy dispersion is based on a 6-band k - p
formalism, taking into account the valence band mixing, strain
effect, spontaneous and piezoelectric polarization, and carrier
screening.

From our analysis, both the spontaneous emission spectra
and optical gain of strain-compensated InGaN-AlGaN
QW exhibit enhancement in comparison to those of
conventional InGaN-GaN QW. The strain-compensated
Il‘lo_28G30_72N—A10_2G30_8N QW exhibited 50-60% en-
hancement of the spontaneous emission radiative recom-
bination rate for carrier density for low carrier density
regime (n = 2 x 108¥ ecm™3 upton = 1 x 10'° cm™3),
which is advantageous for LED operation. At high car-
rier density (n = 1.5 — 6 x 10'® cm™3), the spontaneous
emission radiative recombination rate of strain-compensated
Ing.28Gag.7oN-Aly.2Gag sN QW is found to be enhanced
by 50% and 30% at transparency and threshold conditions,
respectively. The strain-compensated InGaN-AlGaN QW
also exhibited improvement of 28% in the peak optical gain,
in comparison to that of uncompensated InGaN-GaN QW,
resulting in reduction in the threshold carrier density. The peak
gain improvement in strain-compensated InGaN-AlGaN QW
is a result of its higher differential gain, which is attributed to
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the larger momentum matrix element of the QW active region
[7]1-[11], [37]. The reduction in threshold carrier density in the
QW is important for suppressing the nonradiative recombina-
tion current density (Jmono ~ 7th; JAuger ~ n?h), which in
turn will lead to a reduction in the threshold current density of
the QW lasers. The threshold analysis, taking into account the
monomolecular recombination process as the only nonradiative
process, indicates that a reduction of 12% in the threshold
current density for the strain-compensated InGaN-AlGaN QW
lasers. The reduction in the threshold carrier density (n.y,) in
the strain-compensated InGaN-AlGaN QW will correspond
to ~44.3% reduction in Auger current density at threshold
(Jth_Auger). As comparison purpose, the observed improve-
ments in strain-compensated InGaN-AlGaN QWs are in the
same range with those observed for the strain-compensated
InGaAsN-GaAsP QW systems, where ~15-30% increase
in peak optical gain [38] and 20% reduction in threshold
current density [20] were achieved over the uncompensated
InGaAsN-GaAs QW.
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