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Bandstructure of Interdiffused InGaN/GaN
Quantum Well

Elaine M. T. Cheung, Michael C. Y. Chan, and E. Herbert Li
Department of Electrical and Electronic Engineering, University of

Hong Kong, Pokfulam Road, Hong Kong

ABSTRACT

Quantum well composition intermixing is a thermal induced interdiffusion of the constituent atoms through the hetero-
interface. The intermixed structures created by both impurity induced and impurity-free vacancy promoted processes have
recently attracted high attention. In recent years, blue green LED and laser of 111-nitride semiconductors have attracted a
large amount of interest. This is mainly due to its large bandgap range from 1.89eV (wurtzite InN) to 3.44eV (wurtzite
GaN). InGaN/GaN single quantum well structures have been used to achieve high lumens blue and green light emitting
diodes. In this paper, we will present the band structure of strained InGaN/GaN single quantum well under the influence of
interdiffusion. Band structure is a fundamental aspect in determining the electronic and optical properties of the materials
such as optical gain, refractive index, absorption, etc.
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1. INTRODUCTION

Short wavelength semiconductor lasers are very important for high-density optical storage applications. Wide-
bandgap semiconductors including GaN, A1N, InN and their ternary compounds have been studied for the realization of
semiconductor blue-green laser. The demonstration of high-brightness blue-green light-emitting diodes from the wurtzite
GaN semiconductor has stimulated a lot of research on the fabrication of blue-green laser diodes using nitride-based
semiconductors [11. InGaN/GaN single-quantum-well structures have been used to achieve high-power blue and green light-
emitting diodes [2]. Room temperature pulsed lasing of a strained InGaN/GaN multiquantum-well laser diode has recently
been demonstrated [3].

The nature crystal structure of most of the group III nitrides is wurtzite. Strain is also present in most of group III
nitrides because of the lack of substrate materials with a matched lattice constant and thermal expansion coefficient.
Fundamental studies ofthe effects of strain on wurtzite band structure play an important role in understanding the electronic
and optical properties of GaN-based optoelectronic materials and devices. In below sections, we will study the effect of
interdiffusion of group III atom (In) in the QW ofWZ-InGaN/GaN band structure.

2. THEORETICAL MODEL

This paper presents a theoretical study of the effects of interdiffusion in a InGaN/GaN single QW structure. The
effects of interdiffusion on the strains, the splitting of the heavy-hole (RH), light-hole (LH), and the crystal-field split-hole
(CH) subbands and their dispersion, are calculated theoretically based on the Hamiltonian derived using the multi-band k.p
model. The Ha.miltonian is actually a set of coupled linear differential equations for the envelope functions, which can also
be solved using the finite-difference approximation and the Hamiltonian is derived by S. L. Chuang and Chang using the k.p
methed [4].
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The effective Hamiltonian we used in the calculation of WZ-InGaN/GaN QW band structure was:

H6(k) =
[H3(k)

L ]
(1)

0 H33(k)

where HU and H' are 3x3 matrices,

F K —iH
HU= K G A-iH

iH A+iH
(2)

F K iH
H'= K G A+iH

—iH A—iH 2

Note that these relations hold: HU=(H)*(H)t, where the superscript ''means complex conjugate and 't' means transpose
of the matrix elements, where

F=A1 2 +?+0
G=L\1 —A2

—Xk
2

k =—(A1k +A2k)
2m0

= D1 e +D2(a, + E)
o = +

2
=—(A3k + A4k)

2m0
= D3 e +D4(E, +

2

K =—A5k
2m0

h2
H =—A6kk

2m0

(3)

wherek = is the magnitude of the wavevector in the k-k plane.

In the above Hamiltonian, we have assumed that the strain tensor is diagonal, i.e. c =0 for i not equal to j. The
strained exists can be calculated by

a0 — a

a
—

2c13 (4)
C33

0
where a0 and a are the lattice constants of the substrate and the well layer material respectively, C are the stiffness constants.
The bases for the block diagonalized Hamiltonian are defmed as
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I2>=fllYii't >+)8*IYlrt,>

l3>fl*IYio1>+flIYio>
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5 >= flIY-i1 > _fl*lYlrJ(>
6 >= —/3}j1 > +flIYio>

Yu

Yb =IZ>

Y1_1 =*1XiY>
.(3;r 30

1 11 -—+-—

a
' e4 2

.(r 0
1 iI—+—'4 2

Ø=tan'(k /k) (5)

where 4 is the azimuthal angle in the k-k plane and covers a range between 0 and 2ic.

It should be pointed out that under the cubic approximation, the following relations hold among the parameters A,

DandA:

A1 — A2 = —A3 = 2A4

A3+4A5=Ji46 (6)
D1 —D, =--D3 =2D4

A2 A3

Typically, five band structure parameters such as A1, A2, A5, A1 and A7, plus two deformation potentials D1 and D2, are
necessary for the calculation ofthe valence band structures. The other parameters can be obtained from the above relations.

QW composition intermixing is a thermal induced interdiffusion of the constituent atoms through the hetero-
interface. The interdiffused structures created by both impurity induced and impurity-free vacancy promoted processes have
recently attracted high attention [5-7]. The interdiffusion mechanism can be a single-phase diffusion for two constituent
atoms or it can be two or multiple phases and/or for multiple species. In InGaN/GaN QW structures only the interdiffusion
of group-Ill atoms occurs, i.e. In and Ga atoms, since there is no N concentration gradient across the interface. The
diffusion of group III atoms in the QW structure is usually described by the Fick's law with constant diffusion coefficients in
both the well and barrier layers. The composition profile after interdiffusion is characterized by a diffusion length Ld, which
is defmed as LdJ(Dt), where D is the diffusion coefficient and t is the annealing time of thermal processing. The In mole
fraction across the InGaN/GaN QW structure after interdiffusion is given by:

x(z) = [erf(±2Z)
+
erf(2Z)] (7)
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where z denotes the co-ordinate along the crystal growth direction, L is the as-grown well width, x is the as-grown In mole
fraction.

3. RESULTS AND DISCUSSION

The in-plane valence band dispersion oflnGaN/GaN SQW was calculated using the parameters of GaN, InN shown
in Table 1 . Alloy properties of InGa1N are obtained by linear interpolation except for the gap energy in which a bowing
parameter of b=l.75 eV for InGaN/GaN respectively are taken. The partition ratio for the band edge discontinuity at the
heterojunction for the valence and conduction bands is assumed to be 33:67 for both QW systems.

Tablel : Material Parameters used in calculating the band structure oflnGaN/GaN QW.
Parameters GaN InN

a(A) 3.189878 3.544

Eg(eV)at300K 3.44 1.89

AiAcr (meV) 10 27.8

A2A3 (meV) 5. 170204 3.9

Z() 0.2 0.11t() 0.18 0.1

A1 -6.56 -9.28

A2 -0.91 -0.6

A3 5.65 8.68

A1 -2.83 -4.34

A5 -3.13 -4.32

A6 -4.86 -6.08

a(eV) -11.8 -1.2

D1 (eV) 0.7 0.35

D2(eV) 2.1 1.05

D3(eV) 1.4 1.31768

D4 (eV) -0.7 -0.7412

C13(l011dyncnf2) 10 9.4

C33(lO11dyncm2) 39.2 20

The strain of InGaN/GaN QW is compressive in nature. The strain exists will push the valence subbands
downwards. Therefore, it was shown on Fig. 1 & Fig. 2 that the valence band dispersion of InGaN/GaN shifts downwards
due to larger strain associated in InGaN/GaN QW structure. With larger In mole fraction as shown in Fig. 1 & Fig. 2 with In
mole fraction of 0.09 and 0. 1 6 respectively, the strain associated increase with In mole fraction, then the valence band
structure shifts further downward. The top two valence subbands, HHI and LH1, shifts downwards by almost the same
amount at the F point. The comparison of experimental transition energy and theoretical values are shown in Table 2 (we
assumed the exciton level to be 28meV).
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Table2: Comparison ofexperimental results with our works at room temperature

QW Ini6Gaos4N/GaN In09Ga91N/GaN
Expt. PL PL

Ref. [8] [911

L(A) 50 80

Expt. Results (eV) 3.032 3.1633
Our Works (eV) 3.028 3.1712

Error (meV) -4 7.9
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For as-grown well with L5OAand x0.16 (Fig. 1), it was found that there is a strong coupling ofLHl and HH2 at
region k greater than O.03A' and coupling of HH2 and LH2 in region where k greater than O.05A1. It was also found that
HH1 was quite parabolic in shape. Besides, higher order subbands and subbands in regions where k is large enough are
parabolic in shape.
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Fig. 1 The valence band structure of
In0 16Ga084N/GaN with L=50A and Ld=O.
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Fig 2 The valence band structure of
Iflo09G091N/GaN with L8OA and Ld0.
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Fig. 3 The potential profile of In16Ga84N/GaN with
L=5OA and Ld=O.
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Fig. 4 The valence band structure of In016Ga84N/GaN
with L=5OA and L=1OA

321



•1i7O•O=)! jUflOJ1 HH P'-' THD uijdnoo uois pu 1ycoo =i pmo 
ZH'I PUt fTTfj uoiwoq &I!jdnOO pu oxuoo uoz punoii UO)J1OM HH P IH1 uoiw1oq ujdnoo oqj. sptutop 
Jo11.mJ sjiqs UE djs u oijoqimd iom pui ornoiuis puq nq oip sqoEo1ddE spuqqns OOUOJEA Jo uosJds!p 
xaiouo oqi 'yoc=i JOd 1ytOO I W' UO!O1 ZH1 P HH uooiwioq &I!JdflOO oq put yOO 'P 
JEoJ2 j uoioi iq ojuj i SUO)J1OM nq sspco js jrjj pu TH1 uwoq &ijdnoo oq 'sops odrns u oiJoqEid Jom 

put uosJodsp spmqqns OOUOJI?A JtflUtS A1T4 JCOLfl 'yØJ pth yø="i UI flO tflOOWS ptfl q&IOJ UOiSflJJp u OSEOJOU 

JMUMO sijqs spmqqns OUOjA JO uoisiodsip iou ifl E4 pimoj M ' J S JODJO OJfl43tUS puiqqns uJS 3M 8 

pu L •8'd 'Z •8!d '-'! UMOtjS S yoc ° Ot tj8noJq2 y0P1 woij yOS=M'lE IOJ MO MO/NDUI JO fl8UOj uosnjjp JO OSOJOU 

o1r q!A odqs u oioqEmd om qnouo o8Ji ST )J JO4M SUOTO1 Ut spmqqns pu spuqqns iopio iq8 'sps odEqs 

U! joqind ainb S1M JHH 42 jDUflOJ OSj1 S1M II 1yEOO tItB JoEoJ8 ))j OJOt{M UO1 U H1 pU J1JJ JO 8ujdnoo pui 
JUo oUoz E 1TJ Ul THTE J 8utjdnoo 8uois s oioq punoj SEM ' 8j woij 9 UO UMOjS SEM pui yoc=Mi 

P!M 02 J1HW!S am H P'-' Hi 'HR JO jgoid pi2uod otp '6OOX pim y08=M1 Tp!M flOAt ILtO1-S1 JOJ 

•1t;O.O=2N puflOit? 1I HH PU THD UM2 &ujdnoo uons pu 1yEO•O =I punam 

T H'1 PU HH uoiw1oq 8u!jdnoo )TOM 13 Ut OiUOO UOZ punoii jijj pu wj uoioq 8uqdnoo oqj spmMuOp 

ioqirj sjiqs pui odqs u oqoqi.md aiow pui ampius puq jjnq otj spioidd sputqqns OOUO1A J uo!slods!p 

c2iu 'yoc=i 10t1 OtjSTUTUIT H1 PU1 ZHH uooq uijdnoo oq pui i7O•O uq JOEaI 

1 pj i SU)jOM nq ssix jjps j-jj pu IWJ uMq u!Idnoo p 'sp!sH odEqs U! orjoqmd OJOW pim uoisJdsp 
spuqqns OUIEA mWu!s OAq 1coTfl 'yo T y0P'- •2fl0 jOOWS pTIt3 q2uoj uoisnjjip u sioiou q J1MUMOP sijqS 

spuiqqns DUOJ1A jo uo!sJds!p iouo oq p punoj M 'j 8j si iopio inorus puqqns ouis qp ç put 8ij 'j 8 
U! UMOS S yoc o OT y0Pj wag yoc=M'i ioJ MO MED/NDUI JO 1PUOI UOSl1JJP JO °°'! 'D!M sjgoid 

Jrnu2od oq q lI!At iodp oip 'uop jow UI rn os1nu! ii UI jo uosnijpiou oAoqo o ojqssod s 'NW 

tP!M pomdwoo jos aiow s p io ioitnpu jo Aouogj o osoiou o JOUJIO Jo UUJUUOO oq toj JJOM jiuood 
o snqpiuoo sqj ipoq io ow uoismp .io Uoojjooo uoisnjjip ro8nj o np q 'u y0çP1 io JjoM jo ojppuJ 

Ui Uouo1xJ ojom lij wnunxiuu q UO!punJ ioiio Xq pouuxuoop OSJE Si uoioiij oow u1 jo uoinqusip oij pu uoipunj 
iq pomuuoop an sojjod PPuood oip 'yoc pu o1=1 oi Os o ijpus oi sojgoid juood oq' y0P1 

IbM UMOJ-S IOJ punOJ M II ° yoc=Mi JJ HD P' Hi '}lJj JO ojijoid piuuood oq ' 8jj 

Z S!X IflMOJO 
0091. 0001. 009 

y0çP1 pmi yoc=M'i T' ND/NtsoO9bouI 

JO OJtUOiUS puiiq OOUOJEA oTI ç H 

00'O 
81.0- 

=i pUll y08=Mi 'ni" 
NED/N'8 °ED6° °u jo ojjjod JEuood oJJ 9 !d 

.Ioloe/\ eAeM eueid-u 
0•0 9V0 OVO 900 

0.0- 

SVO- D 
0 
CD 

D) 
0L0- - 0 -k 

CD 
Cl) 

900- 

000 

9V0- 

m 
CD 

i40- '< 
CD 

01.0- 



>
a)
>
C)
a)

w

>
a)
>a)
a)C
uJ

4. CONCLUSIONS

We have presented a detailed study of the interdiffusion electronic band structures of WZ-InGaN/GaN and
compared with SQW. Our calculation is based on the effective mass Hainiltonian derived using the k.p method by fmite
difference method. As interdiffusion proceeds, the valence band dispersion approaches parabolic in shape with similar band
structure with small diffusion length but large difference with large diffusion length, which is due to the modification of the
well shape, i.e., depth and width, in terms of a crossover point. A depth-dependent well width is discussed and a cutoff
scheme is introduced to distinguish between the bound and unbound states. The envelope wave functions were found to be
more spread out with the probability away from the well centre increasing as Ld increases
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