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Optimization of a GaN-based irregular multiple
quantum well structure for a dichromatic white LED*
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GaN-based irregular multiple quantum well (IMQW) structures assembled two different types of QWs emitting

complementary wavelengths for dichromatic white light-emitting diodes (LEDs) are optimized in order to obtain near

white light emissions. The hole distributions and spontaneous emission spectra of the IMQW structures are analysed

in detail by fully considering the effects of strain, well-coupling, valence band-mixing and polarization effect through

employing a newly developed theoretical model from the k- p theory. Several structure parameters such as well material

component, well width, layout of the wells and the thickness of barrier between different types of QWs are employed to

analyse how these parameters together with the polarization effect influence the electronic and the optical properties of

IMQW structure. Numerical results show that uniform hole distributions in different types of QWs are obtained when

the number of the QWs emitting blue light is two, the number of the QWs emitting yellow light is one and the barrier

between different types of QWs is 8nm in thickness. The near white light emission is realized using GaN-based IMQW

structure with appropriate design parameters and injection level.
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1. Introduction

With recent breakthroughs in material growth
and device fabrication technologies, GaN-based light-
emitting diodes (LEDs)
progress. The GaN-based white LEDs have attracted

more and more attention for their many applications

have made tremendous

such as backlight of liquid crystal display panels, white
light wireless communication and illumination light
replacing bumps or even daylight lamps. Commer-
cial white LEDs are usually fabricated using blue
LED covered by a phosphor absorbing part of the
blue or UV light and re-emitting yellow, Green/Red
or Blue/Green/Red light.'=® The other common
method is multi-chip LEDs composed of more than
two different colour LEDs whose emissions can be
combined to generate white light. However, the phos-
phors covered LEDs encounter lower efficiency and
environmental issues and the multi-chip LEDs have
the disadvantages of process complication, short life-
time and high cost. As result, many approaches to
the fabrication of single-chip white LEDs without us-
ing phosphors have been proposed. In the photon re-
cycling LED a fraction of the light emitted by the
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blue LED is absorbed by the A1GalnP active region
and recycles the light with complementary colour.[! In
Ref. [7], the stable and near visible white light emis-
sions can be generated by combining dual-wavelength
GaN-based MQWs with the transverse p-n junction.
Other techniques, such as laterally distributed In-
GaN/GaN MQW LEDs!® and Si and Zn codoped In-
GaN/GaN MQW LEDs, ) were also proposed.
GaN-based
(IMQW) structures can also realize the phosphor-

irregular multiple quantum well
free single-chip white LEDs which have been reported
in our previous work.['% For the dichromatic white
LED the IMQW structure is composed of two differ-
ent types of QWs emitting complementary monochro-
matic wavelengths. The IMQW structure for the
trichromatic white LED is assembled by three dif-
ferent types of QWs emitting blue, green, and red
light. White light is expected from the mixtures of
different colour light with an appropriate ratio. In
the present study, the IMQW structure for dichro-
matic white LED is optimized by adjusting the de-
sign parameters, such as well material components,
well width, layouts of the different types of QWs, and
the thickness of barrier between different QWs in or-
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der to obtain white light emission. Polarization ef-
fect plays a major role in determining the electronic
and the optical properties of GaN-based IMQW struc-
tures due to the polarization-induced built-in electro-
static fields.['1=13] The carrier distributions and spon-
taneous emission spectra of the IMQW structures with
different structure parameters are systematically anal-
ysed using the simulation program which we have writ-
ten based on a detailed theoretical model by fully con-
sidering the effects of strain, well-coupling, valence
band-mixing and polarization effect. Near white light
emission is obtained by optimizing the structure pa-
rameters of IMQW structure for dichromatic white
LED.

2. Theoretical model

The effective-mass Hamiltonian deduced from the
k - p method is employed for calculating the electronic
band structures and the optical gain spectra of (0001)
oriented, the strained wurtzite GaN single quantum
well (SQW) structure.'*=17 In the present work, the
classical theoretical model is modified in order to ob-
tain the electronic and the optical properties of the
IMQW structure with considering the polarization ef-
fect. The effects of strain, well-coupling, valence band-
mixing and polarization effect are fully considered in
our theoretical model.

The coupling between the conduction band and
the valence band is ignored due to the large band
gaps of GaN material system, and the valence band
structures are calculated using six-by-six effective-
mass Hamiltonian. For the conduction band the sub-
band energies E¢ (k) and associated envelope func-
tion h,, (z; k) are determined by solving the following
effective mass equation expressed as

[ﬁz (’C? LK ) 4 E, (z)} I (23 )

2 \mt  mZ
— B () o (23 1) (1)

The total potential profile E. (z) for the conduction
band is

Ec(2) = B¢ (2) + Pec (2) + le] Bz — |e] 6 (2),  (2)

where E? (2) is the unstrained conduction band edge,
P, (z) is the hydrostatic energy shift in the conduc-
tion band induced by mechanical stresses, |e| Ez de-
notes the additional Hamiltonian term due to the
spontaneous polarization (SP) and the piezoelectric

(PZ) polarization, and ¢ (2) is the electrostatic poten-
tial which satisfies Poisson equation. For a strained-
layer wurtzite crystal grown along the (0001) oriented
substrate, P, (z) is given by

P (Z) =2 (act - acz%> Exxs (3)
033

where a¢; and a., are the conduction band hydrostatic
deformation potentials, C13 and Cs3 are the stiffness
constants, and e, is the diagonal element of the strain
tensor. In MQW structure the electric field inside j-th
layer is given by

Ej = (D — Fj)/ey, (4)

where D is the displacement field, P; is the total polar-
ization including SP and PZ and ¢; is static dielectric
constant in layer j. Using the condition of zero aver-
age electric field in the MQW region, the displacement
field can be expressed as*?!

Do lkPr/ek
%
Sole/er
%

where [, is the thickness of the k-th layer. It should
be noted that if polarization effects are taken into ac-

D= (5)

count, the sign of the barrier field will be opposite to
that of the well so that the square confinement poten-
tial will change into triangle potential.

For the valence band, the six-by-six Hamiltonian

can be block-diagonalzed!*]
. HY . (k) 0
Hgy g (k) = 3 L ) (6)
0 Hy(k)

where HY = (HL)* and HY is defined as

F K, —iH,;
HY=|K, G A-iH, |, (7)
iHy A+iH, A

F=A1+As+X+6,
2

h
A= g (AR + Aok?) + Dicea + Do (euw +2yy)
0

52
0= T (Agk?g + A4kt2) + Dse.. + Dy (Ea?w + Eyy) ’

G=A1—Ay+\+0,

mo
h? h?
Ky =5 —Aski, Hy= 5—Ak:ky,
2m0 2m0

A= \/§A3, (8)

where A;s are the valence-band effective-mass parame-
ters, A; is the crystal-field split energy, A and Ag are
the spin-orbit split-off energies, and D;s are the defor-
mation potentials. The valence-subband structure for
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the upper Hamiltonian l(g) (k¢) and the correspc.)nd— % (‘gfﬁ)‘ I ‘g,(ﬁ)’ I ‘97(3)’ > (1)
ing envelope functions gm’ (z; k) can be determined

by solving the following effective equation: . o
where f¢(k:) and fY, (k:) are Fermi-Dirac distribu-
3

0 ; ti for the elect in th ducti d for th
Z <HZ[JJ <kt;kz _ iaz) 6B, (z)) 99 (21 k) ions for the electrons in the conduction and for the

; hole in the valence bands, given by

= Ep, (k) 95 (23 k2) - (9)
f;(kt): Ec(k)—F
The total potential profile for the valence band E\ (z) 1+ exp <ntc>
is KBT
By (2) = By (2) +|e| Bz — |e| ¢ (2), (10) ~ and
where E? (2) is the unstrained valence band edge. £ (k) = 1 (12)
The electron and the hole density distributions in " 1+ exp (E:% (kt) — Fv) 7
an active region are given respectively by kBT
n(z) = l Z /oo kydke £ (ky) |hn|2 where F, and F, are the quasi-Fermi levels for elec-
g 0 trons and holes, respectively.
and For the upper Hamiltonians the momentum ma-

2
! - trix elements |(M.)" (k)| can be expressed as for
p(z) = ;Z/ kedky fY (Ky) ‘( ) ( t)‘ D
— Jo

e=1x and 2

v 21 , () , (2)
0n)l, | =1 | [ asti il 09| +| [ ashi (il 062 |
0o 2
U 2 1 . (3)
O, | =3 | [ dshiisinal ) o2 (13)

where the band-edge momentum matrix elements are obtained from Ref. [15] to be

|(S |p ‘X>|2 =T <m0 — 1) B [(Eg+A1 +A2> (Eg+2A2> _ZA:%}
T 2 mé (Eg+A1+A2) (E -|—A2)_A2 )
27@ mOf (Eg+A1+A2)(E +2A2)*2A2
(8 Ip:l X)2 = <mg 1> L) Eer "

The expressions of momentum matrix elements in this work are different from those obtained from the theoretical
model in Ref. [15] because the band-edge matrix element varies with position for the spatially varying effective
mass and energy parameters in the IMQW structure. The momentum matrix elements for the lower and the
upper Hamiltonians have almost the same values although the IMQW is not of reflection symmetry structure
and can be expressed as |(Me),,,, (k¢)|” in a unified form. The final expression for spontaneous emission rate
per unit volume per unit energy interval (s7!- cm™3-eV 1) can be written as

) = (e )Z [ (2102 RO+ 1), )

mhcdeom3L,

r/(2m)
(ESy, (k) — hw)? + (I'/2)

where I' is the linewidth of the Lorentzian function, and the expression

ercz (kt) (1 - fv‘;@ (kt))7 (15)

B, (k) = By (k) — By, (kt) (16)

is the interband energy of the conduction band and valence band.
The parameters for wurtzites GaN and InN are listed in Table 1 and the parameters of InGaN are obtained
using Vegard’s law and appropriate bowing parameters.!14-18—21]
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Table 1. Parameters for wurtzites GaN and InN.

parameters GaN InN
lattice constants/nm?P

a at 300 K 0.3189  0.3545
cat 300 K 0.5185  0.5703
energy parameters,/eVe:P

Eg at 300 K 3.392 0.744
Ay = Acr 0.019 0.041
349 =3A3 = Ago 0.014 0.001
E9 (2) -2.64 -1.59
electron effective masses

mt/mo 0.20 0.12
mZ/mgo 0.20 0.12
hole effective masses parameters &4

Aq —6.56 -8.21
Ao -0.91 —0.68
As 5.65 7.57
Ag —2.83 —5.23
As -3.13 -5.11
Ag —4.86 —5.96
deformation potential/eV (this work)

act —6.5 -3.5
Qcz -11.8 -3.5
Dy -3.0 -3.0
Doy 3.6 3.6
Ds 8.82 8.82
Dy —4.41 -4.41
stiffness constants/GPad

Cis 106 92
Css 398 224

2from Ref. [14], Pfrom Ref. [19].
°from Ref. [20], 9from Ref. [21].

3. Simulation result and discus-
sion

According to the above-mentioned theoretical
model, several structure parameters such as well ma-
terial component, well width, layouts of the different
types of QWs and the thickness of barrier between dif-
ferent QWs, were employed to study how these param-
eters change the carrier distribution and spontaneous
emission spectrum of the IMQW structure. Nearly
white light emission was obtained by optimizing the
structure parameters of IMQW structure for dichro-
matic white LED.

3.1. Material components and width of
well

The IMQW structure for the dichromatic white
LED is assembled by two different types of QWs emit-

ting complementary monochromatic wavelengths with
a certain intensity ratio which can mix up to gener-
ate white light. First of all, the material components
of the well layers were chosen in order to satisfy the
band gap energy conditions for emitting complemen-
tary blue and yellow light, respectively. Due to the
quantum effects, the emission spectrum of the MQW
structure is sensitive to well width, which can also be
used as an optimization parameter. Figure 1 shows
the peak emission wavelengths of the MQW structures
with different well material compositions for 2 nm well
width and different well widths, with the same well
material selected as Ing 2Gag gN. GaN was selected as
the barrier material and the thicknesses of barriers are

all taken to be 8 nm for simplifying the simulation.

24
& g
8 20 i
E =
17 el
2. E
5 3
o 16
= =
12 ! 1 1 1114
460 470 480 490

Peak wavelength/nm

Fig. 1. Peak emission wavelengths of blue MQW for dif-
ferent well material compositions and well widths.

For white light mixing, 485 nm and 585 nm can be
chosen as the peak emission wavelengths of the blue
and the yellow light from MQW structure, respec-
tively. If the above two complementary wavelength
light mix to yield an overall emission with a certain
intensity ratio, they will give the perception of white
light. It can be obtained from the simulation result
shown in Fig. 1 that the Ing »Gag sN/GaN MQW with
2 nm well width, whose spontaneous emission spectra
are plotted in Fig. 2, has a 485 nm peek emission wave-
length and accords with the above blue light emission
condition. Similarly, the yellow light emission hav-
ing a 585 nm peek wavelength can be obtained by
the Ing 3Gag.7N/GaN MQW with a 2 nm well width,
whose spontaneous emission spectra are also plotted
in Fig. 2. For the Ing 3Gag7N/GaN MQW the spon-
taneous emission spectra under different injection lev-
els given in Fig. 2 are very different from each other,

which can be explained by the carrier distribution.
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Fig. 2. Spontaneous emission rates of blue and yellow
MQWs at different injection levels.
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Figure 3 shows the hole distributions of the
Ing 3Gag7N/GaN MQW with two QWs under 2.2 V
and 2.5 V applied to different subbands shown in
Fig. 3(a) and different QWs plotted in Fig. 3(b).
There are more holes distributed in light hole (LH)
band at higher injection levels, which will lead to the
broadening of spontaneous emission spectrum for the
MQW structure. In addition, the nonuniform distri-
butions of the holes in different QWs can also influ-
ence the spontaneous emission spectra of the MQW

structures at different injection levels.

Hole density distribution/10*® ¢m—3
Valence band edge/eV

5 10 15 20
Position/nm

Fig. 3. (a) Subband structures and (b) hole density distributions of yellow MQW at different injection levels.

3.2. Layout of different QWs

In order to obtain white light output, the layout
of the different QWs for the IMQW structure should
be carefully designed. The final spontaneous emission
spectrum depends mainly on the hole density distribu-
tion in valence band due to the fact that holes are more
nonuniformly distributed than electron for a given in-
jected carrier density. However, the hole distribution
depends on both the band gap width of well layer and
the sequence of different QWs. In the IMQW struc-
ture the QWs with larger band gap width are more
difficult to obtain the hole distribution and the QWs
close to P-region have a higher probability to obtain
the hole distribution.[?l As a result, the IMQW struc-
tures in which the blue QWs are close to the P-region
and the yellow QWs are close to the N-region have
a high opportunity to obtain enough blue and yellow
light emissions for white light mixing.

Figure 4 indicates the spontaneous emission spec-
tra of the IMQW structures with different fractions of
the blue and the yellow QWs at the same injection
level. The layout A for IMQW structure has one yel-
low QW and two blue QWs, layout B has one yellow
QW and one blue QW, and layout C has two yellow
QWs and two blue QWs. The well material compo-
nents and well width for each type of QWs are the
same as the above mentioned and the thickness of the
barrier is 8nm for the three IMQW structures. In or-
der to obtain white light emitting the nonuniform hole
distributions in the different QWs for IMQW struc-
ture play important roles.

As seen in Fig. 4(a), the IMQW structures with
layout B and layout C have not enough blue light emis-
sions and only the IMQW structure with layout A has
enough blue and yellow light in the spontaneous emis-
sion spectrum for the white light mixing . The above
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conclusion shown in Fig. 4(a) can be explained by
the carrier density distribution in active region of the
IMQW structure shown in Fig. 4(b). For the IMQW
structures with layout B and layout C, there are much
less holes distributed in the blue QWs than yellow
QWs and electrons are almost uniformly distributed,
which accords with the above conclusion.

10 T T T T T
— IMQW with layout 1

gk == IMQW with layout 2 Pad
-+« IMQW with layout 2 §

!
!
i
!

/1028 s~l.cm—3.ev—1!
N

Spontaneous emission rate

0 b———— "N
350 450 550 650
Wavelength/nm
(2)
al: T T T
—— electron ——electron i
g —hole 14 —hole 4
]
=
Ea >
S ®
2 2
5 5 g
5 k
w
L:
g 0
g L
o 10 20 30 4
Position/nm

(b)

Fig. 4. (a) Spontaneous emission rates and (b) hole den-
sity distributions of the IMQW structure with different
layouts.

3.3. Thickness of barrier between differ-
ent QWs

The spontaneous emission spectra of the above
IMQW structures composed of two blue QWs and
one yellow QW with different thicknesses of barriers
between blue and yellow QWs at the same injection
level are plotted in Fig. 5(a). The simulation result in-
dicates that the blue light emission increases and the
yellow light emission decreases with the increase of
barrier thickness between different QWs. This is be-
cause the hole in the IMQW structure with a thinner
barrier has a higher probability to transport and tun-
nel into yellow QWs, which is in accordance with ex-

perimental result in Ref. [23]. Figure 5(b) displays the
hole density distribution in active region of the IMQW
structure with 8nm and 12 nm of barrier thickness. It
can be seen from Fig. 5(b) that with the increase of
barrier thickness the hole distribution in the blue QWs
increases and the hole distribution in the yellow QW
decreases, which is consistent with the above discus-
sion about the spontaneous emission spectra.

T T T T T
15 b= = 4 nm barrier . -
8 nm barrier |\ (a)
- -+ - 12 nm barrier !

10 b = 1

Spontaneous emission rate
/1028 s~L.em—3.ev—1

350 450 550 650

Wavelength /nm
5 T T T 4
B 8 nm barrier
= = -12 nm barrier (b)

Valence band edge/eV

Hole density distribution/10'® cm—3

Position/nm

Fig. 5. (a) Spontaneous emission rates and (b) hole den-
sity distributions of the IMQW structures with different
thicknesses of the barrier between different QWs.

The mixture from blue and yellow colours in an
appropriate intensity ratio will fall at Dgs used as a
white light reference on the Commission International
de I'Eclairage (CIE) chromaticity diagram. The spon-
taneous emission spectra of the IMQW structure hav-
ing an 8nm barrier thickness between different QWs
at different bias voltages are shown in Fig. 6(a) and
indicate that almost only the intensity of blue light
changes with the injection level which can simplify the
adjustment of intensity ratio. The hole distribution of
the middle blue QW increases obviously with the in-
crease of injection level shown in Fig. 6(b), which is
the main reason why the blue light intensity varies.
Then, an appropriate intensity ratio of blue and yel-
low light is obtained by adjusting injection level.
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Fig. 6. (a) Spontaneous emission rates and (b) hole den-
sity distributions of the IMQW structure with an 8 nm
thick barrier between different QWs.

Figure 7 exhibits the spontaneous emission spec-
trum of such an IMQW structure under 2.6 V of ap-
plied voltage and its comparison with emission spec-
trum of blackbody.

that the spontaneous emission spectrum of such an

The simulation result indicates

IMQW structure at an appropriate injection level is

close to that of nearly white light emission.

e ] L} T L) T L)
= =+ biackbody (6500 K)

—— white IED

3

cm
T
1

1

.S

Emission rate/eV

350 450 550 650
Wavelength/nm

Fig. 7. Spontaneous emission rate of the IMQW structure at
2.6 V of applied voltage and emission spectrum of blackbody.

4. Conclusion

GaN-based IMQW structures for dichromatic
white LEDs are optimized and the spontaneous emis-
sion properties of the IMQW structure are studied by
employing a newly developed theoretical model. We
theoretically demonstrate that the IMQW structure
can generate nearly white light emissions by adjust-
ing the design parameters, such as material compo-
nent and well width, layout of different QWs and the
thickness of barrier between different types of QWs.
The simulation result shows that with the increase
of barrier thickness between different QWs the blue
light emission increases and the yellow light emission
decreases. For the dichromatic white LEDs the GaN-
based IMQW structure can be composed of two QWs
emitting blue light at 485 nm wavelength, and one
QW emitting yellow light at 585 nm wavelength, with
each QW being 2 nm thick.
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